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Lipids fulfill various functions in life as membrane constituents,

for energy storage, or as signaling molecules. If the human lipid

metabolism is disturbed, this may lead to serious illnesses such

as adipositas and its subsequent complications including cardio-

vascular diseases or diabetes mellitus. Other consequences of a

disordered lipid metabolism include brain dysfunctions, espe-

cially if the sphingolipid metabolism is affected, which can

often be related to a specific genetic mutation. Sensu stricto,

lipids are defined as apolar natural products that can be classi-

fied as fatty acids, whose derivatives are waxes, triacylglyc-

erides, phospholipids, sphingolipids and glycolipids. Lipids also

constitute important post-translational protein modifications in

lipoproteins. The amphiphilic nature of compounds such as

phospholipids with a polar headgroup and a long apolar chain

results in the spontaneous formation of lipid bilayers in aqueous

environments. This was likely a crucial process for the origin of

life – and certainly still is for all existing living systems that

necessarily contain lipid membranes with their interesting and

finely balanced biophysical properties. In prokaryotes, these

membranes define the outer surface of individual cells, while in

addition to that in eukaryotic organisms membranes are of

utmost importance also for cell compartmentation, i.e., the inner

structure of a cell. A large portion of these membranes is

composed of steroids that influence membrane properties, such

as fluidity and permeability, but have a fundamentally different

biosynthetic origin from fatty acids since they are made via

terpene biosynthetic pathways. Nevertheless, steroids are highly

apolar yet may contain a polar headgroup such as a 3-hydroxy

function (as in lanosterol). Besides membrane formation, the

highly apolar character of lipids has another important conse-

quence for signaling compounds that travel with high speed in

aqueous environments – an effect that is immediately recogniz-

able if a drop of oil is spilled on a water surface. An impressive

example is reported in this Thematic Series with the use of

highly apolar lactones from the African reed frog that are likely

amphibian signaling compounds [1]. Sensu lato, and this is the

definition relevant to this Thematic Series: lipids include all

kinds of apolar (or less polar) primary and secondary metabo-

lites, including molecules that are formed via fatty acid biosyn-

thesis, the biosynthetically related polyketide pathways, and
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terpenoid biosynthesis. I hope that the present Thematic Series

of the Beilstein Journal of Organic Chemistry on the interdisci-

plinary topic of “Lipids” will cover many topics of high interest

to readers from chemistry, biochemistry, biophysics, medicine,

pharmacy and related disciplines.

Jeroen S. Dickschat

Bonn, April 2017

Reference
1. Menke, M.; Peram, P. S.; Starnberger, I.; Hödl, W.; Jongsma, G. F. M.;

Blackburn, D. C.; Rödel, M.-O.; Vences, M.; Schulz, S.
Beilstein J. Org. Chem. 2016, 12, 2731–2738. doi:10.3762/bjoc.12.269

License and Terms
This is an Open Access article under the terms of the

Creative Commons Attribution License

(http://creativecommons.org/licenses/by/4.0), which

permits unrestricted use, distribution, and reproduction in

any medium, provided the original work is properly cited.

The license is subject to the Beilstein Journal of Organic

Chemistry terms and conditions:

(http://www.beilstein-journals.org/bjoc)

The definitive version of this article is the electronic one

which can be found at:

doi:10.3762/bjoc.13.78

https://doi.org/10.3762%2Fbjoc.12.269
http://creativecommons.org/licenses/by/4.0
http://www.beilstein-journals.org/bjoc
https://doi.org/10.3762%2Fbjoc.13.78


2731

Identification, synthesis and mass spectrometry of a
macrolide from the African reed frog
Hyperolius cinnamomeoventris
Markus Menke1,§, Pardha Saradhi Peram1,§, Iris Starnberger2, Walter Hödl2,
Gregory F.M. Jongsma3, David C. Blackburn3, Mark-Oliver Rödel4, Miguel Vences5

and Stefan Schulz*1

Full Research Paper Open Access

Address:
1Technische Universität Braunschweig, Institute of Organic
Chemistry, Hagenring 30, 38106 Braunschweig, Germany,
2Department for Integrative Zoology, Althanstraße 14, 1090 Vienna,
Austria, 3Florida Museum of Natural History, University of Florida,
Gainesville, Florida 32611, United States of America, 4Museum für
Naturkunde, Leibniz Institute for Evolution and Biodiversity Science,
Invalidenstr. 43, 10115 Berlin, Germany and 5Technische Universität
Braunschweig, Institute of Zoology, 38106 Braunschweig, Germany

Email:
Stefan Schulz* - stefan.schulz@tu-bs.de

* Corresponding author
§ Βoth authors share first authorship.

Keywords:
chemical communication; chiral gas chromatography; macrocyclic
lactones; ring-closing metathesis; pheromones

Beilstein J. Org. Chem. 2016, 12, 2731–2738.
doi:10.3762/bjoc.12.269

Received: 28 September 2016
Accepted: 02 December 2016
Published: 13 December 2016

This article is part of the Thematic Series "Lipids: fatty acids and
derivatives, polyketides and isoprenoids".

Guest Editor: J. S. Dickschat

© 2016 Menke et al.; licensee Beilstein-Institut.
License and terms: see end of document.

Abstract
The contents of the gular glands of the male African reed frog Hyperolius cinnamomeoventris consist of a mixture of aliphatic

macrolides and sesquiterpenes. While the known macrolide gephyromantolide A was readily identified, the structure of another

major component was suggested to be a tetradecen-13-olide. The synthesis of the two candidate compounds (Z)-5- and (Z)-9-

tetradecen-13-olide revealed the former to be the naturally occurring compound. The synthesis used ring-closing metathesis as key

step. While the Hoveyda–Grubbs catalyst furnished a broad range of isomeric products, the (Z)-selective Grubbs catalyst lead to

pure (Z)-products. Analysis by chiral GC revealed the natural frog compound to be (5Z,13S)-5-tetradecen-13-olide (1). This com-

pound is also present in the secretion of other hyperoliid frogs as well as in femoral glands of male mantellid frogs such as Spino-

mantis aglavei. The mass spectra of the synthesized macrolides as well as their rearranged isomers obtained during ring-closing me-

tathesis showed that it is possible to assign the location of the double bond in an unsaturated macrolide on the basis of its EI mass

spectrum. The occurrence of characteristic ions can be explained by the fragmentation pathway proposed in the article. In contrast,

the localization of a double bond in many aliphatic open-chain compounds like alkenes, alcohols or acetates, important structural

classes of pheromones, is usually not possible from an EI mass spectrum. In the article, we present the synthesis and for the first

time elucidate the structure of macrolides from the frog family Hyperoliidae.
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Figure 1: Macrolactones produced in scent glands of frogs: (Z)-Tetradec-5-en-13-olide (1) or (Z)-tetradec-9-en-13-olide (2), phoracantolide I (3),
phoracantolide J (4), gephyromantolide A (5).

Introduction
The lactone motif is found in many compounds that are used in

chemical communication. Among them, macrocyclic lactones

are an important class because of their biosynthetic availability

and their inherent compound properties. During the biosynthe-

sis of macrocyclic lactones, a fatty acid precursor is often

oxidized near the end of the chain to form a polar hydroxy acid.

The following ring-closure reduces the hydrophilicity of the

compound and increases its vapor pressure, making the result-

ing macrocycle well-suited to serve as a signal [1]. Fatty acid

derived macrolactones were therefore repeatedly invented

during evolution and are used by different animals such as bees,

beetles, butterflies, cockroaches, or frogs as pheromones [1].

Finding and choosing mates in frogs is usually regarded as

being primarily acoustically mediated. Nevertheless, some

families like the Mantellidae from Madagascar also use chemi-

cal cues. Macrocyclic lactones such as phoracantholide I (3),

phoracantholide J (4) or gephyromantolide A (5), are released

by males from femoral glands to serve as signals, often accom-

panied by secondary alcohols (Figure 1) [2-4]. Another frog

family most likely using volatile compounds during courtship

are the African reed frogs, Hyperoliidae. The males of most

species emit acoustic cues to attract females. During the call, an

often conspicuously colored gland on their vocal sac (the gular

gland), only innervated during the mating season in at least

some species, releases a complex blend of volatiles when

exposed [5]. A first analysis revealed the presence of mostly

unknown terpenes, macrolides and other components in species

specific compositions [5].

Detailed exploration of the function of these frog volatiles

requires the analysis of the secretion and the synthesis of the

identified compounds for biological testing. Because of the

small amount of natural material available, only GC–MS inves-

tigations can be used to identify the compounds. The analysis

revealed unsaturated macrocyclic lactones to be major

constituents of the secretion of the cinnamon-bellied reed frog,

Hyperolius cinnamomeoventris. The location and configuration

of the double bond might be relevant for their function, as it is

the case in many insect pheromones. In typical pheromone com-

ponents of insects, including long chain alkenes, alkenols, or

unsaturated aldehydes, the location of the double bond can

usually not be determined by analysis of their mass spectra.

Positional isomers often exhibit almost identical spectra [6] and

derivatization or special mass spectrometric techniques are

needed to localize double bonds [7-9]. Because this might also

be the case for macrolides [10], it is of interest for their identifi-

cation to compare mass spectra of positional isomers of unsatu-

rated macrolactones. Furthermore, a fast synthetic strategy is

needed to synthesize various isomers. In the present work we

describe 1) the identification of macrolides from H. cinnamo-

meoventris, 2) discuss EI mass spectra of unsaturated macrolac-

tones, and 3) show how ring-closing metathesis reaction condi-

tions can be selected to obtain either pure compounds or a

library of compounds useful for evaluation of their mass spec-

tra.

Results and Discussion
The GC–MS analysis of a gular gland extract of Hyperolius

cinnamomeoventris showed the presence of several unknown

compounds, sesquiterpenes and macrolides (Figure 2).

Figure 2: Total ion chromatogram of the gular gland extract of Hyper-
olius cinnamomeoventris. X: frog anaesthetic ethyl 3-aminobenzoate.
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Scheme 1: Synthesis of (9Z,13R)-tetradec-9-en-13-olide (2).

Gephyromantolide A (5), known from the mantellid frog

Gephyromantis boulengeri [4], was readily identified. A second

macrolide (A in Figure 2) showed a mass spectrum similar to

that reported for (Z)-tetradec-5-en-13-olide (1) by Millar et al.

[11], exhibiting a molecular ion at m/z 224. This macrolide,

called cucujolide III, is used by the flat grain beetle Cryp-

tolestes pusillus as pure (S)-enantiomer and by C. turcicus as a

33:67 R/S mixture [12], and acts as a synergist to the respective

pheromones [11,13]. Microhydrogenation of the frog extract

furnished 13-tetradecanolide, thus confirming compound A to

be a 13-tetradecenolide. The double bond position in this

macrolide likely is at C-5, because of the similarity of the mass

spectrum to that of the beetle macrolide. Nevertheless, because

locating double bonds in such compounds based on the mass

spectrum alone seemed not to be reliable, we opted to synthe-

size two positional isomers.

Compound 1 is biosynthetically formed by the Cryptolestes

beetles starting from oleic acid [14] that is shortened to

5-tetradecenoic acid, followed by ω − 1 oxidation and ring

closure [15]. Another possibility would be that a common satu-

rated acid such as stearic acid is chain-shortened first to tetrade-

canoic acid, on which a common Δ9-desaturase is acting,

leading after ω − 1 oxidation and ring closure to tetradec-9-en-

13-olide (2). Therefore, we opted to synthesize 2 as well.

To allow later enantiomer determination of A, an enantioselec-

tive synthetic strategy was followed. Several synthetic routes

for the synthesis of 1 have been reported [16-20]. These synthe-

ses were performed before the advent of ring-closing metathe-

sis (RCM), requiring more than 10 steps each. RCM can shorten

the synthesis remarkably, but requires careful selection of the

RCM catalyst to control the double bond configuration. For ex-

ample, Fürstner and Langemann obtained rac-1 in 31:69 (E/Z)-

mixture using a Ru-carbene type catalyst similar to a Grubbs I

catalyst [21].

The synthesis of (R)-2 using RCM as key step is shown in

Scheme 1. Enantiomerically pure 1,2-epoxyhex-5-ene (6) was

obtained by Jacobsen hydrolytic kinetic resolution on commer-

cially available 6 (Scheme 1) [22,23]. Surprisingly, the yield of

69% of the (R)-enantiomer was higher than the theoretically

upper limit of 50%. We discovered that 6, sold by Acros

Organics as racemic compound, was actually enriched in the
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Scheme 2: Synthesis of (5Z,13R)-tetradec-5-en-13-olide ((R)-1). The enantiomer was obtained in a similar sequence, starting from (S)-propylene
oxide instead of 13.

desired (R)-enantiomer (see Supporting Information File 1 for

optical rotation values). Diene (R)-9 was obtained by reduction

of the epoxide 6 with LiAlH4 to form alcohol (R)-7, followed

by esterification with 9-decenoic acid (8) using 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC) and 4-(dimethyl-

amino)pyridine (DMAP) [24,25]. The following RCM was per-

formed using Grubbs–Hoveyda II catalyst (11) and hexafluoro-

benzene as an additive [26]. During the reaction isomerization

occurred, leading to a mixture of positional isomers and chain

shortened as well as elongated products. Addition of p-benzo-

quinone [27] and improved purification methods [28] sup-

pressed isomer formation only partially. Replacing catalyst 11

with the Grubbs second generation catalyst (1,3-bis(2,4,6-tri-

methylphenyl)-2-imidazolidinylidene)dichloro(phenylmeth-

ylene)(tricyclohexylphosphine)ruthenium reduced the isomeri-

zation, leading to an (E/Z)-mixture of 2. Finally, the (Z)-selec-

tive Grubbs catalyst 12 furnished the best results [29,30]. This

catalyst yielded only the desired product (R)-2 with a (Z)-

configured double bond, although in moderate yield (see Sup-

porting Information File 1 for full experimental data).

A similar synthetic strategy was applied for the synthesis of

macrolide 1 (Scheme 2). The stereogenic center was introduced

using commercially available (R)-propylene oxide (13) as

starting material. After copper-catalyzed opening of the epoxide

with 6-heptenylmagnesium bromide obtained from 7-bromo-1-

heptene (14) and Steglich esterification with 5-hexenoic acid

(16), RCM using (Z)-selective Grubbs catalyst 12 was used to

synthesize macrolide (R)-1 without any isomerization. Compar-

ison of the mass spectra (Figure 3) and gas chromatographic

retention times of pure (Z)-1, the (E/Z)-mixture obtained by the

Hoyveda–Grubbs II catalyst, and 2 with those of the natural

compound proved the frog compound to be (Z)-tetradec-5-en-

13-olide (1).

Figure 3: Mass spectra of A) the natural compound A, B) (Z)-tetradec-
5-en-13-olide (1), and C) (Z)-tetradec-9-en-13-olide (2). Characteristic
ions useful for location of the double bond are marked in red.
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For the determination of the absolute configuration of the

natural compound, the other enantiomer (S)-1 was needed as

well. It was synthesized according to the synthesis shown in

Scheme 2, starting from (S)-propylene oxide instead of the (R)-

enantiomer 13. The stereochemistry was determined by chiral

gas chromatography as shown in Figure 4. The coinjection of

pure (S)-1 with the racemic mixture proved the first eluting

peak to be this enantiomer. Injection of the natural sample as

well as (S)-1 showed both compounds to be enantiomerically

pure. Finally, coinjection of both samples showed their identity.

Figure 4: Total ion chromatogram of the enantiomer separation of
(Z)-1 on a chiral β-TBDMS- Hydrodex phase. Temperature program:
isothermal for 60 min at 110 °C, then with 2 °C/min to 160 °C, followed
by a sharp ramp with 25 °C/min to 220 °C. A) Racemic mixture,
B) coinjection of racemic mixture and (S)-1, C) natural extract, D) coin-
jection of the natural extract and (S)-1, E) Overlay of A and C showing
that the minor peak present in the extract is not the (R)-enantiomer of
1. Black: racemate, red: natural extract. Peak identities were con-
firmed by mass spectrometry.

With the synthetic material in hand, we analyzed the EI mass

spectra of 1 and 2. No significant differences were detectable

between the E/Z-isomers of each compound. Nevertheless, con-

trary to open chain compounds, characteristic differences could

be found for the positional isomers. While most ions are similar

in both spectra, the prominent ion m/z 126 present in 1 is shifted

to m/z 182 in 2. These ions can be used to assign the location of

the double bond in the macrocyclic ring.

A possible fragmentation pathway leading to these ions is

shown in Figure 5. One can speculate that after ionization of the

double bond in 1 an allylic cleavage occurs, leading to the

radical cation 18 along pathway a. An additional bond cleavage

of a C–O single bond releases a neutral molecule, e.g., methyl-

cyclohexane, giving rise to ion m/z 126 (20). High-resolution

mass spectral data support the hypothesis because the ions

m/z 126 as well as m/z 182 (25) formed from 2 have a molecu-

lar composition of C7H10O2 (HRMS: 126.07005 found, calcd.

126.0681) or C11H18O2 (HRMS: found 182.13206, calcd.

182.1307), respectively. Ion 20 is accompanied by the ion

m/z 140 (HRMS: found 140.08545, calcd. 140.08373) of the

same ion series CnH2n–4O2 that occurs in lower abundance. Its

formation along pathway b can be explained by homoallylic

cleavage of 18 into 21 and further fragmentation into 22. The

formation of the ions of this series is obviously determined by

the position of the double bond in the chain. Therefore, ion

m/z 182 of 2 arises by the same mechanism, indicating the loca-

tion of the double bond at C-9 (Figure 5). A b-type ion cannot

be formed, because pathway b is not operative due to the close

proximity of the C–O group. The pathways shown in Figure 5

are speculative. Another possible mechanisms leading to the

same ions and starting with ionization of the C–O oxygen atom

instead of the double bond is shown in Supporting Information

File 1 (see Figure S1). Nevertheless, the proposal is useful to

predict the position of double bonds in mono-unsaturated

macrolides. This position can be deduced from the ion

Cn+4H2n+4O2, generated by a double bond in the n + 2 position,

as shown in 26.

We subsequently tested our method with mass spectra of other

macrolides previously reported or present in our compound

library. In the mass spectra of (Z)-octadec-9-en-13-olide [31]

and octadec-9-en-17-olide peaks at m/z 182 with higher and

m/z 196 with lower intensity are present, consistent with a C-9

double bond. In contrast, (Z)-octadec-11-en-13-olide does not

show such ions, because the close proximity of the double bond

and the C–O group does not allow fragmentation along path-

way a or b. The spectra of 4-methyl-5-decen-9-olide and

8-methyl-5-decen-9-olide [3] exhibit the expected ions m/z 140

and m/z 126, respectively. Pathway b is not operative because of

the proximity of the C–O group. A slight alteration of the frag-
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Figure 5: Proposed mass spectrometric fragmentation of macrolides 1 and 2 leading to diagnostic ions of the ion series CnH2n−4O2 (Cn+4H2n+4O2 in
the figure), indicating the position of the double bond in the ring.

mentation can be observed if the double bond is located at C-4,

as in phoracantholide J, 4-decen-9-olide [32]. Now in pathway

a, additionally an H-atom is transferred leading to the uneven

ion CnH2n−3O2, m/z 113, while pathway b remains unchanged,

furnishing m/z 126. In the methylated analog 6-methyl-4-decen-

9-olide [3], these ions shift to m/z 127 and 140. If the double

bond moves closer to the C=O group as in 3-dodecen-11-olide

[33], both ions a and b are visible, but their abundance is so low

that their diagnostic value is largely decreased. Another limita-

tion is that mass spectra of unsaturated unbranched macrolac-

tones, formally derived from ω-hydroxy acids, do not show the

characteristic ions generated by pathways a or b. Obviously, the

primary C–O bond is not attacked by intermediates like 19.

Nevertheless, the mass spectrometric interpretation presented

here will largely ease the identification of a broad range of

unsaturated macrolides. The procedure may also be applicable

for di- or triunsaturated compounds.

We then focused on the products of the RCM using the

Hoveyda–Grubbs II catalyst 11. It is well known that during

RCM isomerization of the double bond might occur, especially

with the Grubbs second generation catalysts, leading to prod-

ucts with migrated double bonds or smaller ring size [27,34-36].

Both types of products, 11-dodecenolides, 12-tridecenolides and

isomerized 13-tetradecenolides were obtained. In addition, ring

expanded 14-pentadecenolides were observed. The latter can be

explained by dimerization of esters 9 or 17, isomerization of the

double bond, and final ring closure, leading to either ring-

contracted or expanded products. Such processes have been re-

ported before in polymerization experiments using Grubbs cata-
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lysts [36-38]. While the isomerization is usually regarded as a

negative side reaction in RCM, it turned out to be advantageous

for the identification of naturally occurring macrolides in our

hands. The isomerized mixtures constitute a library of closely

related macrolides differing slightly in position of double bonds

and ring size. With the diagnostic mass spectrometric ions

discussed above, each compound can be assigned a structure

after GC–MS analysis. These mass spectra together with the

gas chromatographic retention index are stored in our EIMS

database, easing identification of similar compounds in the

future. Using this approach, we could collect mass spectra

of 5-dodecen-11-olide, 5- and 6-tridecen-12-olide, 5- to

9-tetradecen-13-olide, as well as 5- and 6-pentadec-14-olide

(see Supporting Information File 1 for some spectra). This set

of mass spectra allowed the identification of macrolides in other

frog species.

We also found macrolide 1 in the gular glands of other hyper-

oliids including H. concolor, H. adametzi, and Afrixalus

dorsalis. It occurs also outside this frog family. It is a major

constituent of the femoral gland of the mantellid frog Spino-

mantis aglavei, again in (S)-configuration. Minor amounts of 1

were also present in the glands of an undescribed species of

Guibemantis similar to G. bicalcaratus as well as in Gephyro-

mantis ceratophrys, accompanied by the isomer 8-tetradecen-

13-olide in the latter species.

Conclusion
RCM using the (Z)-selective Grubbs catalyst 12 is a convenient

strategy to prepare unsaturated macrocyclic lactones in a short

sequence. Although isomerization is usually regarded as a

disadvantage of RCM, it can be used to allow fast access to

mass spectra of several isomers, helpful for the structure eluci-

dation of natural compounds, e.g., in chemical ecology or

fragrance research. The mass spectral fragmentation of

macrolides differs markedly from that of open-chain esters,

because initial bond cleavage often does not lead to the release

of an uncharged radical, but to the formation of a distonic

cationic radical prone to further fragmentation. The analysis of

the fragmentation led to a rationale for the determination of the

bound bond position in unsaturated macrolides. The identifica-

tion of 1 and 5 in the gular gland of H. cinnamomeoventris and

other species underlines the importance of macrolides for the

chemical ecology of hyperoliid and mantellid frogs. On the con-

trary, other compounds such as the terpenes commonly found in

hyperoliids remain largely unknown. Their identification and

synthesis are a priority and would constitute a major step

towards a biological evaluation of the gland secretion and its

compounds to understand their real function in the behavior of

the frogs. Although no experimental evidence has been ob-

tained so far, the close association of the innervation of the

gland with the mating period, its location and use during

calling, and its male-specific occurrence strongly hint to a func-

tion of 1 and 5 as signaling compounds and a role in the chemi-

cal ecology of this species.

Supporting Information
Supporting Information File 1
Experimental procedures, mass spectra of macrolides,

alternative fragmentation pathway, enantiomer separation

by GC–MS, 1H and 13C NMR spectra.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-12-269-S1.pdf]
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Abstract
Herein, we report on the synthesis and characterization of novel fluorescent fatty acids with large Stokes shifts. Three examples

consisting of the same number of carbon atoms and thus of similar chain length are presented differing in their degree of unsatura-

tion. As major fluorogenic contributor at the terminus benzo[c][1,2,5]thiadiazole was used. Respective syntheses based on Wittig

reactions followed by iodine-mediated isomerization are presented. The absorption properties are modulated by the number of

conjugated C=C double bonds of the oligoene chain ranging from one to three. Large Stokes shifts of about 4900–5700 cm−1 and

fluorescence quantum yields of up to 0.44 were observed.

2739

Introduction
The membrane of living cells consists of a variety of lipids.

More than 40 years ago, biological membranes were first de-

scribed as Fluid Mosaic in which proteins were embedded [1].

During recent decades it became more and more clear that such

a simple model is not sufficient to understand membrane dy-

namics and function. Often membrane domains are formed in

which certain lipids, glycolipids or proteins are enriched [2-4].

Such domains – also called lipid rafts – do not only differ in

their chemical composition, but also show different physical

properties (e.g., differences in membrane thickness and stiff-

ness, different diffusion coefficients etc.) [5,6]. Tools to investi-

gate lipid membranes are multifaceted; however, all optical

methods are hampered by the missing absorption and fluores-

cence properties of natural occurring lipid components. There-

fore, indirect methods are commonly employed. Either unnat-

ural fluorescent dyes are inserted into the membrane (e.g.,

pyrene) or the hydrophilic part of lipids is utilized for the cova-

lent attachment of fluorophores. Another possibility is the use

of fluorescently labelled antibodies which bind membrane com-

ponents such as the carbohydrate part of glycolipids [7,8].

A further alternative is to render the lipid and especially the

fatty acid part fluorescently active by the introduction of

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:d.werz@tu-braunschweig.de
https://doi.org/10.3762%2Fbjoc.12.270


Beilstein J. Org. Chem. 2016, 12, 2739–2747.

2740

Figure 1: Examples for previously prepared fluorescent fatty acids and our present work.

fluorescent moieties (Figure 1). Prominent examples in this area

are NBD- (nitrobenzoxadiazole) [9,10], BODIPY- (boron-

dipyrromethene) [11,12], BOIMPY- (bis(borondifluoride)-8-

imidazodipyrromethene) [13] and pyrene-labeled fatty acids

[14]. Of course, all these alterations might also affect the mem-

brane structure and its dynamics. While the NBD-fluorophore

suffers from unsuitable polarity, a pyrene motif disrupts the

unpolar membrane core with high bulkiness. BODIPY and

BOIMPY scaffolds on the other hand expose fluoride residues

which might be able to interact with polarized H–X bonds.

Therefore, we synthesized pentaene and hexaene fatty acids

which bear five or six double bonds at the terminus or in the

middle of the acyl chain [15]. Their slim shape mimics the

natural geometry of a saturated hydrocarbon chain and should

therefore only lead to minimal disturbances [16]. Nevertheless,

we found that their stability with respect to both, oxygen and

strong laser beams, is relatively low. The design of novel fluo-

rescent fatty acids is therefore a challenging tightrope walk be-

tween advantageous spectroscopic properties, overall stability

and a non-interfering molecular shape. As a promising contribu-

tion we designed alternative fatty acids which are constructed as

a combination of double bonds and benzo[c][1,2,5]thiadiazole

as a relatively unpolar terminal headgroup (Figure 1). Its elec-

tron-withdrawing strength adds on the one hand significant

stability towards acidic environments and should furthermore

trigger a red-shift in absorption. As another strategic goal the

fluorescent fatty acids were supposed to be equipped with very

similar geometrical parameters differing only in their absorp-

tion and emission wavelengths. The grade of unsaturation as the

sole geometrical difference thus provides a set of probes to

study the effect of rigidified ethene moieties as straight-chain

alkane surrogates within biological membranes.

Results and Discussion
Synthesis
The most prominent methods to access oligoene structures are

either cross-coupling reactions [17-19] or Wittig-type reactions

[20-22]. The advantage of the latter ones is that they are often

conducted at low temperatures and therefore are employed for

sensitive compounds. However, a drawback of Wittig reactions
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Scheme 1: Synthesis of fatty acid 3 with one olefinic unit.

Scheme 2: Synthesis of fatty acid 7 with two olefinic units.

is the fact that the stereochemistry of the emerging double bond

strongly depends on the type of substituent used. Aliphatic

residues tend to give the (Z)-isomer. If the thermodynamically

more stable (E)-isomer is needed, a subsequent isomerization

has to take place.

To access the benzothiadiazole (BTD) fatty acid 3 with just one

conjugated double bond we made use of the Wittig reaction

starting with commercially available aldehyde 1. As expected,

the (Z)-isomer was the major product; thus, we performed a

subsequent cis–trans isomerization with traces of iodine as cata-

lyst (Scheme 1). It proved to be crucial to employ degassed

hexane and to ensure a strict exclusion of oxygen. Considering

both, the isomerization was finished just by removing the sol-

vent while the yield of compound 3 was not hampered.

For a BTD fatty acid analogue of the same length, but of more

extended conjugation we made use of the Horner–Wads-

worth–Emmons (HWE) reaction. Phosphonate 4 was reacted

with the respective aldehyde 1. In a facile three-step one-pot

process the emerging α,β-unsaturated ester 5 was immediately

converted to the alcohol 6 in 87% yield in the presence of a

Lewis acid and DIBAL at low temperatures. MnO2-mediated

oxidation afforded the respective aldehyde that was immedi-

ately transformed by Wittig reaction. Iodine-catalyzed cis–trans

isomerization yielded the desired fatty acid 7 in 35% over three

steps (Scheme 2).

The analogue with three conjugated double bonds was accessed

by a similar route that differs only in the type of the phos-

phonate being employed as starting material. Since three double

bonds are required a tailor-made α,β-unsaturated phosphonate 8

was used, which we already employed successfully in former

oligoene syntheses [15]. Whereas the second double bond is the

result of the HWE reaction the third one is generated in the final

Wittig reaction furnishing BTD-equipped triene fatty acid 11c

in an overall yield of 32% (Scheme 3). Notably, the ester inter-

mediate 9 showed already a strong fluorescence at ambient
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Scheme 3: Synthesis of fatty acid 11c with three olefinic units.

light. By choosing a Wittig salt with a longer alkyl chain the

synthesis of the fatty acid 11d with a chain of 21 carbon atoms

in addition to the BTD unit was equally feasible.

Spectroscopic properties and quantum
chemical calculations
If one follows the oligoene chain and includes the two s-cis-

shaped double bonds of the BTD headgroup one could regard

the fluorogenic core as an oligoene with a geminal diimine

acceptor group. Since oligoene absorptions are well-known we

anticipated here to access a somehow red-shifted level of excita-

tion energy. Indeed, a bathochromic shift of more than 60 nm

relative to a corresponding underivatized oligoene moiety was

observed in each case. As anticipated, λmax values increase

with a growing number of double bonds from 3 via 7 to 11

(Figure 2).

Concomitantly, the rather low attenuation coefficient at the

longest wavelength absorption rises from 3.400 M−1cm−1 (7) to

11.000 M−1cm−1 for fatty acid 11 with three conjugated double

bonds (Table 1). Fluorescence excitation spectra (not shown)

for all three fluorophores pretty much coincide with the corre-

sponding absorption spectra in Figure 2, which allows the fluo-

rescence to be switched on at the longest wavelengths respec-

tively.

Figure 2: Absorption spectra of fatty acids 3, 7 and 11. Solid lines
show the UV absorption while dashed lines show fluorescence emis-
sion. Excitation was performed at the longest wavelength in each case.

Stokes shifts are large (≈5000 cm−1) and increase in the same

manner with the size of the π-system albeit to a smaller extent.

These findings can be quite consistently rationalized when the

frontier orbitals of the chromophoric cores (cc3, cc7, cc11) are

taken into account. DFT calculations (B3LYP/6-311G(d,p))

reveal that the HOMO is predominantly located at the oligoene
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Table 1: Spectroscopic data of synthesized fatty acids in THF at room temperature. Attenuation coefficients ε refer to the longest wavelength absorp-
tion peaks respectively.

λA
max [nm] λF

max [nm] ε [103 M−1cm−1] Δ  [cm−1] φF (rt) Brightness [103 M−1cm−1]

3 374 459 3.4 4950 0.44 1.5
7 395 501 7.6 5360 0.33 2.5

11c 412 537 9.6 5650 0.18 1.7
11d 412 537 11.0 5650 0.18 2.0

Figure 3: Frontier orbital energies (DFT) and their pictorial representation for the chromophoric cores (cc) of 3, 7, and 11.

chain while the LUMO is rather spread over the BTD terminus

(Figure 3).

Indeed, further TD-DFT calculations (not shown) assign the

longest wavelength absorptions of all three compounds to a

high contribution of a HOMO–LUMO transition. Thus, the low

overlap between both wavefunctions results in a small transi-

tion dipole moment and subsequently a quite weak absorption.

The situation is even aggravated by the specific small angle

(≈64°) between the oligoene and the longitudinal axis of the

BTD moiety, which diminishes the dipole moment of the elec-

tronic shift additionally. However, the large displacement of

electron density from one part of the π-system to another

enforces a geometrical equilibration of the nuclei which trig-

gers the emission event to take place from a considerably

relaxed excited state. As a consequence, the fluorescence is sig-

nificantly red-shifted, Stokes shifts are large and fluorescence

efficiencies decrease when the expansion of the oligoene moiety
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induces a pronounced geometrical relaxation upon excitation.

Furthermore, as double bonds are added, the structure starts to

resemble polyene systems whose fluorescence quantum yields

are known to be quite modest. For comparison, a prototypical

pentaene motif exhibits a fluorescence quantum yield of 0.06 in

EtOH [23]. Our fatty acids 11c and 11d, however, which can be

regarded as terminally substituted pentaene derivatives, can still

reach values of 0.18 in THF.

Conclusion
In conclusion, we have developed a robust approach to three

oligoene-shaped fluorescent fatty acids whose fluorescence effi-

ciency is markedly boosted by an unpolar benzo[c][1,2,5]thia-

diazole (BTD) moiety as terminal headgroup. Wittig reactions

in combination with Horner–Wadsworth–Emmons reactions

proved to be the method of choice to access the desired struc-

tures, which vary only in the grade of unsaturation while the

length of their hydrocarbon chain is maintained. The absorption

properties were thus modulated by the number of double bonds

ranging from λA
max = 374 nm (one double bond) to λA

max =

412 nm (three double bonds) which matches the requirements

for modern laser equipments to trigger efficient excitation. All

three variants show remarkably large Stokes shifts ranging from

4900–5700 cm−1 and fluorescence quantum yields in the range

of 0.18 to 0.44. As a set of geometrically similar, but spectro-

scopically different fluorescent probes we believe that these

fatty acids might find interest as useful candidates to study the

sensitive hydrophobic area of membranes in terms of domain

formation or as labeling agents in general.

Experimental
General. All solvents for column chromatography were

distilled before use unless otherwise stated. Tetrahydrofuran

(THF) and diethyl ether (Et2O) were distilled from sodium/

benzophenone under an argon atmosphere. Dichloromethane

(CH2Cl2) and tetrachloromethane (CCl4) were distilled from

CaCl2 under an argon atmosphere. All other solvents were used

as analytical grade and were stored over suitable molecular

sieves (3 Å or 4 Å). Air and moisture sensitive reactions were

carried out in oven-dried or flame-dried glassware, septum-

capped under atmospheric pressure of argon. Commercially

available compounds were used without further purification

unless otherwise stated. Absolute fluorescence quantum yields

were determined using a PTI QuantaMaster 40 UV–vis spectro-

fluorometer equipped with an integrating sphere. The provided

corrections for excitation and emission were applied.

(E)-13-(Benzo[c][1,2,5]thiadiazol-4-yl)tridec-12-enoic acid

(3): The corresponding Wittig salt (165 mg, 0.305 mmol,

1.0 equiv) was suspended in THF (1 mL). Methyllithium (1.5 M

in diethyl ether, 0.44 mL, 0.670 mmol, 2.2 equiv) was added at

−78 °C and the reaction mixture was warmed to rt over 30 min.

A solution of aldehyde 1 in THF (1 mL) was added at −78 °C

while the solution turns nearly colourless. After 15 min methyl-

lithium (1.5 M in diethyl ether, 0.22 mL, 0.336 mmol,

1.1 equiv) was added again at −78 °C and the reaction mixture

was warmed to −30 °C for 90 min. HCl was added (1 M in

diethyl ether, 0.67 mL, 0.670 mmol, 2.2 equiv) and the reaction

was warmed to rt for 2 h. The reaction was quenched with

excess of HCOOH and the crude product was adsorbed directly

on silica. Column chromatography (5% EtOAc, 0.1% HCOOH

→ 6% EtOAc, 0.15% HCOOH in pentane) gave 11 mg of

trans-fatty acid with still 10% of the corresponding cis-isomer.

The crude product was suspended in 80 mL of degassed

n-hexane and treated with 6 µL of saturated solution of I2 in

n-hexane. The reaction mixture was heated to 70 °C for 2.5 h.

After removal of solvent fatty acid 3, a pale yellow solid, was

obtained as trans-isomer without loss of material. It should be

mentioned that the compound is first dissolved in tiny amounts

of THF before hexane is added to yield a fine suspension.
1H NMR (300 MHz, THF-d8) δ 1.20–1.65 (m, 16H), 2.20 (t, J =

7.3, 2H, CH2COOH), 2.34 (m, 2H), 6.92 (m, 1H), 7.17 (m, 1H),

7.55 (m, 2H), 7.83 (dd, J = 7.3, 2.6 Hz, 1H): 13C NMR

(75 MHz, THF-d8) δ 29.58, 29.69, 29.75, 29.79, 29.94, 29.99,

33.72, 34.12, 119.7, 126.0, 126.5, 129.9, 131.5, 137.1, 153.7,

156.1, 173.9); IR (ATR)  (cm−1): 2919, 2850, 1696, 1532,

1466, 1428, 1302, 1263, 1237, 1209, 967, 907, 756; HRMS

(ESI) m/z: calcd for C19H26N2O2SNa+, 369.16072; found,

369.16088.

(E)-3-(Benzo[c][1,2,5]thiadiazol-4-yl)prop-2-en-1-ol (6): To a

solution of triethyl phosphonoacetate (266 mg, 1.18 mmol,

1.3 equiv) in THF (5 mL) was added n-butyllithium (2.5 M,

0.48 mL, 1.18 mmol, 1.3 equiv) dropwise at 0 °C. After 15 min

aldehyde 1 was added as solid. Stirring was continued for 1 h at

0 °C. At −78 °C BF3·OEt2 (0.15 mL, 1.18 mmol, 1.3 equiv) was

added and directly afterwards DIBAL (1 M in hexane, 3.7 mL,

3.65 mmol, 4 equiv) was added. Stirring was continued at

−78 °C for 1 h. The reaction was quenched with excess of

MeOH at −78 °C, warmed to rt and treated with excess of

Rochelle salt solution. Stirring continued vigorously at rt for

1 h. After an aqueous work-up with EtOAc the crude product

was submitted to column chromatography on silica gel (30%

EtOAc in pentane) to give 153 mg (0.80 mmol, 87%) of pure

alcohol 6, a pale yellow solid, as trans-isomer. 1H NMR

(300 MHz, CDCl3) δ 1.95 (s, 1H, OH), 4.48 (dd, J = 5.3, 1.4

Hz, 2H, CH2OH), 7.11 (m, 1H), 7.26 (m, 1H), 7.54 (m, 2H),

7.88 (dd, J = 7.8, 2.0 Hz, 1H); 13C NMR (75 MHz, CDCl3) δ

63.8, 120.3, 126.3, 126.8, 129.5, 130.0, 134.4, 153.1, 155.4; IR

(ATR)  (cm−1): 3315, 3067, 2898, 2854, 1533, 1084, 1044,

996, 969, 908, 754; HRMS (EI) m/z: calcd for C9H8N2OS,

192.03573; found, 192.03451.
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(10E,12E)-13-(Benzo[c][1,2,5]thiadiazol-4-yl)tridec-10,12-

dienoic acid (7): To a solution of alcohol 6 (160 mg,

0.832 mmol, 1.0 equiv) in DCM (8 mL) was added MnO2

(1.5 g, 16.6 mmol, 20 equiv) at rt. Stirring was continued for

45 min. A mixture of SiO2/Al2O3 (1:1) was added and the sol-

vent removed to obtain the adsorbed crude product. A short

column filtration (20% EtOAc in pentane) gave 102 mg of the

corresponding aldehyde which was used directly in the next

step. The corresponding Wittig salt (363 mg, 0.707 mmol,

1.3 equiv) was suspended in THF (5 mL). NaHMDS (1 M in

THF, 1.40 mL, 1.40 mmol, 2.6 equiv) was added at rt. Stirring

was continued until a red solution was established (10 min). At

0 °C freshly prepared aldehyde dissolved in THF (2 mL) was

added and stirring continued for 1 h at 0 °C. The reaction was

quenched with some excess of HCOOH and the reaction mix-

ture was directly adsorbed on silica. Column chromatography

(5% EtOAc, 0.1% HCOOH → 7% EtOAc, 0.1% HCOOH in

pentane) gave 100 mg (0.290 mmol, 54%) of fluorescent fatty

acid 7 as cis–trans mixture (≈15% cis-isomer). Isomerization in

300 mL of degassed n-hexane with 30 µL of saturated I2 solu-

tion in n-hexane at 65 °C for 90 min gave compound 7, a yellow

solid, as pure all-trans-isomer after removal of solvents. It

should be mentioned that the compound is first dissolved in tiny

amounts of THF before hexane is added to yield a fine suspen-

sion. 1H NMR (300 MHz, THF-d8) δ 1.20–1.65 (m, 12H),

2.13–2.25 (m, 4H, CH2COOH, -C=CCH2), 5.99 (dd, J = 14.7,

7.1 Hz, 1H), 6.34 (m, 1H), 6.96 (d, J = 15.7 Hz, 1H), 7.50–7.63

(m, 2H), 7.72 (dd, J = 15.7, 10.6 Hz, 1H), 7.78–7.88 (m, 1H);
13C NMR (75 MHz, THF-d8) δ 30.11, 30.13, 30.23, 30.28,

30.33, 33.84, 34.25, 120.3, 126.9, 126.9, 130.5, 132.1, 132.4,

135.8, 138.3, 154.1, 156.7, 174.5; IR (ATR)  (cm−1): 3031,

2994, 2919, 2851, 1703, 1469, 1415, 1310, 1287, 1257, 1219,

988,  897,  829,  747;  HRMS (ESI)  m /z :  ca lcd  for

C1 9H2 4N2O2SNa+ ,  367.14507;  found,  369.14518.

Methyl (2E,4E)-5-(benzo[c][1,2,5]thiadiazol-4-yl)penta-2,4-

dienoate (9): To a solution of conjugated phosphonate 8

(189 mg, 0.792 mmol, 1.3 equiv) in THF (5 mL) was added

n-butyllithium (2.5 M, 0.32 mL, 0.792 mmol, 1.3 equiv) at

0 °C. Stirring was continued at this temperature for 15 min. A

solution of aldehyde 1 (100 mg, 0.609 mmol, 1 equiv) in THF

(2 mL) was added dropwise at 0 °C and strirring continued for

1 h. The reaction was then quenched with aqueous saturated

NH4Cl solution and worked-up with DCM. Column chromatog-

raphy on silica gel (5% EtOAc, 20% DCM in pentane) gave

124 mg (0.503 mmol, 83%) of highly fluorescent ester 9 as a

yellow solid. 1H NMR (300 MHz, CDCl3) δ 3.80 (s, 3H, OMe),

6.16 (m, 1H), 7.31 (m, 1H), 7.45–7.65 (m, 3H), 7.80–8.00 (m,

2H); 13C NMR (75 MHz, CDCl3) δ 51.65, 121.7, 122.4, 128.9,

129.4, 129.5, 131.7, 136.0, 145.0, 152.9, 155.5, 167.4; IR

(ATR)  (cm−1): 2993, 2956, 1711, 1619, 1528, 1462, 1330,

1244, 1225, 1137, 990, 837, 750; HRMS (ESI) m/z: calcd for

C12H10N2O2SNa+, 269.03552; found, 269.03557.

(2E,4E)-5-(Benzo[c][1,2,5]thiadiazol-4-yl)penta-2,4-dien-1-ol

(10): To a solution of ester 9 (124 mg, 0.503 mmol, 1.0 equiv)

in DCM (3 mL) was added DIBAL (1 M in hexane, 1.51 mL,

1.51 mmol, 3 equiv) at −20 °C. Stirring continued for 1 h at

−20 °C and for 1 h at 0 °C. MeOH was added, then Rochelle

salt solution and vigorous stirring continued for 1 h at rt. After

an aqueous work-up the crude product was submitted to column

chromatography on silica gel (20% EtOAc, 30% DCM → 30%

EtOAc, 30% DCM in pentane) to give 85 mg (0.390 mmol,

77%) of the pure alcohol 10 as a yellow solid. 1H NMR

(300 MHz, CDCl3) δ 1.75 (s, 1H, OH), 4.31 (d, J = 5.5 Hz, 2H,

CH2OH), 6.14 (m, 1H), 6.54 (m, 1H), 7.03 (d, J = 15.7 Hz, 1H),

7.48–7.58 (m, 2H) 7.67 (dd, J = 15.7, 10.4 Hz, 1H), 7.85 (dd, J

= 7.8, 2.0 Hz, 1H); 13C NMR (75 MHz, CDCl3) δ 63.34, 120.1,

126.6, 128.4, 129.6, 130.6, 131.7, 133.5, 134.6, 153.1, 155.5);

IR (ATR)  (cm−1): 3416, 3358, 3014, 2991, 1529, 1483, 1275,

1155, 1094, 1066, 980, 905, 837, 742; HRMS (ESI) m/z: calcd

for C11H10N2OSNa+, 241.04060; found, 241.04071.

(8E,10E,12E)-8-(Benzo[c][1,2,5]thiadiazol-4-yl)tridec-

8,10,12-trienoic acid (11c): To a solution of 10 (40 mg,

0.183 mmol, 1.0 equiv) in DCM (1.5 mL) was added MnO2

(318 mg, 3.66 mmol, 20 equiv) at rt. Stirring was continued for

45 min. A mixture of SiO2/Al2O3 (1:1) was added and the sol-

vent removed to obtain the adsorbed crude product. A short

column filtration (20% EtOAc in pentane) gave 34 mg of the

corresponding aldehyde (86%) which was used directly in the

next step. The corresponding Wittig salt (116 mg, 0.238 mmol,

1.3 equiv) was suspended in THF (2 mL). NaHMDS (1 M in

THF, 0.78 mL, 0.480 mmol, 2.6 equiv) was added at rt. Stirring

was continued until a red solution was established (10 min). At

0 °C freshly prepared aldehyde dissolved in THF (1 mL) was

added and stirring continued for 1 h at 0 °C. The reaction was

quenched with HCOOH (3 equiv) and directly adsorbed on

silica/Al2O3 (1:1). Column chromatography (10% EtOAc in

pentane to remove rests of aldehyde, then 5% EtOAc, 0.1%

HCOOH → 6% EtOAc, 0.15% HCOOH in pentane) gave

20 mg (0.058 mmol, 37%) of fatty acid. In some cases size

exclusion chromatography in CHCl3 was helpful to remove

rests of Wittig salt. Isomerization was performed in n-hexane

(200 mL, degassed) with 15 µL of saturated I2-solution in

n-hexane for 90 min at 65 °C. It should be mentioned that the

compound was first dissolved in tiny amounts of THF before

hexane was added to yield a fine suspension. After removal of

solvents fatty acid 11c, a yellow solid, was obtained as pure all-

trans isomer. 1H NMR (300 MHz, THF-d8) δ 1.20–1.65 (m,

8H), 2.06–2.26 (m, 4H, CH2COOH, -C=CCH2), 5.83 (dd,

J = 15.1, 7.1 Hz, 1H), 6.21 (m, 1H), 6.45 (m, 2H), 7.03 (d,



Beilstein J. Org. Chem. 2016, 12, 2739–2747.

2746

J = 15.6 Hz, 1H), 7.50–7.66 (m, 2H), 7.72–7.86 (m, 2H);
13C NMR (75 MHz, THF-d8) δ 25.78, 29.88, 29.94, 30.11,

33.75, 34.21, 120.4, 127.1, 128.2, 130.5, 131.8, 132.0, 132.4,

135.7, 136.5, 137.2, 154.1, 156.7, 174.4; IR (ATR)  (cm−1):

3009, 2927, 2853, 1695, 1526, 1265, 993, 906, 750; HRMS

(ESI) m/z: calcd for C19H24N2O2SNa+, 365.12942; found,

365.12956.

(16E,18E,20E)-21-(Benzo[c][1,2,5]thiadiazol-4-yl)henicos-

16,18,20-trienoic acid (11d): To a solution of alcohol 10

(40 mg, 0.183 mmol, 1.0 equiv) in DCM (1.5 mL) was added

MnO2 (318 mg, 3.66 mmol, 20 equiv) at rt. Stirring was

continued for 45 min. A mixture of SiO2/Al2O3 (1:1) was added

and the solvent was removed to obtain the adsorbed crude prod-

uct. A short column filtration (20% EtOAc in pentane) gave

31 mg of the corresponding aldehyde (78%) which was used

directly in the next step. The corresponding Wittig salt (111 mg,

0.186 mmol, 1.3 equiv) was suspended in THF (1.5 mL).

NaHMDS (1 M in THF, 0.37 mL, 0.372 mmol, 2.6 equiv) was

added at rt. Stirring was continued until a red solution was

established (10 min). At 0 °C freshly prepared aldehyde dis-

solved in THF (1 mL) was added and stirring continued for 1 h

at 0 °C. The reaction was quenched with HCOOH (3 equiv) and

directly adsorbed on silica/Al2O3 (1:1). Column chromatogra-

phy (10% EtOAc in pentane to remove rests of aldehyde, then

5% EtOAc, 0.1% HCOOH → 7% EtOAc, 0.1% HCOOH in

pentane) gave 45 mg (0.099 mmol, 54%) of fatty acid. Isomeri-

zation was performed in n-hexane (300 mL, degassed) with

20 µL of saturated I2-solution in n-hexane for 90 min at 65 °C.

It should be mentioned that the compound was first dissolved in

tiny amounts of THF before hexane was added to yield a fine

suspension. After removal of solvents fatty acid 11d, a yellow

solid, is usually obtained as pure all-trans-isomer. 1H NMR

(300 MHz, THF-d8) δ 1.20–1.65 (m, 8H), 2.06–2.26 (m, 4H,

CH2COOH, -C=CCH2), 5.82 (dd, J = 15.1, 7.1 Hz, 1H), 6.20

(m, 1H), 6.45 (m, 2H), 7.03 (d, J = 15.6 Hz, 1H), 7.50–7.66 (m,

2H), 7.72–7.86 (m, 2H); 13C NMR (75 MHz, THF-d8) δ 29.59,

29.65, 29.74, 29.80, 29.93, 29.95, 30.05, 30.08, 33.28, 33.72,

119.8, 126.6, 127.7, 123.0, 131.3, 131.5, 131.9, 135.2, 135.9,

136.8, 153.6, 156.2, 173.9; IR (ATR)  (cm−1): 3010, 2920,

2849, 1696, 1527, 1464, 1260, 993, 927, 802, 750, 725; HRMS

(ESI) m/z: calcd for C27H38N2O2SNa+, 477.25462; found,

477.25542.
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Abstract
The synthesis of five novel methyl 10-undecenoate-based lipoconjugates of phenolic acids from undecenoic acid was carried out.

Undecenoic acid was methylated to methyl 10-undecenoate which was subjected to a thiol–ene reaction with cysteamine hydro-

chloride. Further amidation of the amine was carried out with different phenolic acids such as caffeic, ferulic, sinapic, coumaric and

cinnamic acid. All synthesized compounds were fully characterized and their structures were confirmed by spectral data. The anti-

oxidant activity of the synthesized lipoconjugates of phenolic acids was studied by the 2,2-diphenyl-1-picrylhydrazyl (DPPH)

radical scavenging assay and also by the inhibition of linoleic acid oxidation in micellar medium by differential scanning calorime-

try (DSC). The prepared compounds were also screened for their cytotoxic activity against five cell lines. It was observed that the

lipoconjugates of caffeic acid, sinapic acid, ferulic acid, and coumaric acid displayed anticancer and anti-oxidant properties. The

anticancer properties of these derivatives have been assessed by their IC50 inhibitory values in the proliferation of MDA-MB231,

SKOV3, MCF7, DU 145 and HepG2 cancer cell lines.
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Introduction
Phenolic compounds are a class of natural compounds which

are found ubiquitously in the plant kingdom. They are reported

to possess a wide range of biological properties like anti-

oxidant, antimicrobial, anti-inflammatory, anticarcinogenic and

antiviral activities [1]. The phenolic acids are also reported to

show in vitro anti-oxidant activity against many reactive oxygen
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mailto:kvpadmaja@iict.res.in
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Scheme 1: Synthetic procedure for the preparation of 10-undecenoic acid methyl ester-based lipoconjugates of phenolic acids.

species and to protect neuronal cells against various types of ox-

idative damage [2,3]. To increase the effectiveness of phenolic

compounds, their lipophilization has been the choice of deriva-

tization as it provides beneficial effects of both the phenolics

and the lipid involved in one chemical entity [4,5]. Lipids, espe-

cially fatty acids and their derivatives are known for their broad

spectrum of activity which expands their application in devel-

oping new hybrid biomolecules which help in host defenses

against potential pathogenic microbes. Research interest in pro-

ducing new phenolipids has been increasing due to the poten-

tial applications of such products in biomedical fields. Earlier

reports on the production of phenolipids were focused on the in-

corporation of phenolic compounds into triglycerides where a

number of phenolic acids were transesterified with different oils

or triglycerides [6]. Apart from these structured phenolipids,

different fatty acids were esterified with phenolic compounds to

produce novel esters which were evaluated for anti-oxidant and

antimicrobial activities [7,8]. However, there are very few

reports where the phenolic acids have been derivatized with

other functionalities apart from esters. The reported compounds

other than esters were amides where bioconjugates of fatty

acids and amino acids were prepared and evaluated for their

anti-oxidant activity by a DPPH radical assay [9]. In view of

developing new conjugates of phenolic lipids, we have synthe-

sized novel derivatives of phenolic lipids from undecenoic acid

where the phenolic acids were linked to the olefinic group of

undecenoic acid via a thioamide spacer. Among the various

fatty acids reported, 10-undecenoic acid is unique due to its

bifunctional nature with an odd-numbered carbon atom chain

length derived from castor oil. There have been several reports

on the synthesis and evaluation of undecenoic acid-based deriv-

atives due to its wide applicability ranging from biological ac-

tivity, natural products and polymer applications [10,11]. This

type of compounds could be useful as potential novel lipid de-

rivatives because of the presence of lipophilic chain and the

phenolic amide conjugate.

Results and Discussion
Synthesis
10-Undecenoic acid was chosen as the lipid part as the deriva-

tives of undecenoic acid have been reported to be potent bioac-

tive compounds [12,13]. Additionally the terminal double bond

of undecenoic acid provides a reactive group for further deriva-

tization for producing potential functional derivatives. The syn-

thetic route followed for the synthesis of the phenolipids is

shown in Scheme 1. Initially, undecenoic acid was treated with

sulfuric acid in methanol to obtain methyl undecenoate (1) in

quantitative yield. Next, ester 1 was treated with 1,1′-

azobis(cyclohexanecarbonitrile) (ABCN) and 2-mercaptoethyl-

amine hydrochloride in dioxane/ethanol 70:30 (v:v) to obtain
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methyl 11-(2-aminoethylthio)undecanoate (2) in 89% yield. The

structures of compounds 1 and 2 were in agreement with the re-

ported literature data [14,15].

Finally, amine 2 was reacted with different phenolic acids in the

presence of EDC·HCl and HOBt to give amides 3a–3e with

reproducible yields in the range of 84–86%.

Anti-oxidant activity
The anti-oxidant activities of the prepared derivatives were

studied by the well-established DPPH radical scavenging assay

and also by studying the oxidation of linoleic acid using DSC.

The DPPH radical is a commercially available stable free

radical which is widely used to preliminarily determine the

radical scavenging potential of compounds. The results for the

ability of the prepared compounds to scavenge the DPPH

radical are shown in Table 1 along with reference anti-oxidants

α-tocopherol (α-TP) and tert-butylhydroquinone (TBHQ). As

can be seen, all synthesized derivatives exhibit radical scav-

enging ability except the cinnamic acid derivative 3a. This

could be due to the absence of a phenolic hydroxy group which

is responsible for the anti-oxidant activity of most of the natural

phytochemicals. Among all compounds, 3c was found to be the

most efficient free radical scavenger which showed a value

closest to the standard anti-oxidant, α-TP. Compounds 3d and

3e also showed free radical scavenging activity (FRSA) of 68%

and 67%, respectively, whereas compound 3b showed only

moderate activity with 30% FRSA.

Table 1: DPPH radical scavenging activity of the synthesized
10-undecenoic acid methyl ester-based lipoconjugates.

Compound FRSA (%) at 1.0 mM concentration

3a –a

3b 30.23
3c 87.05
3d 67.68
3e 66.57
α-TP 90.23

TBHQ 92.34
ano activity.

In another study, the ability of the prepared derivatives in inhib-

iting the oxidation of linoleic acid was studied by differential

scanning calorimetry (DSC). DSC is a sensitive technique and

has been used for investigating the thermotropic properties of

several compounds including biological macromolecules, drugs

and lipid-based materials for their stability and other character-

istics [16]. In the present study, pure linoleic acid and linoleic

acid containing the synthesized compounds were subjected to

DSC analysis. The results of the assay are shown in Table 2 and

α-TP and TBHQ were included as standard anti-oxidants.

Table 2: DSC study of the synthesized 10-undecenoic acid methyl
ester–based lipoconjugates 3a–e.

Compounda OITb (°C)

LA + 3a 116
LA + 3b 130
LA + 3c 136
LA + 3d 141
LA + 3e 142

LA + α-TP 130
LA +TBHQ 126

LA 116
aLA: linoleic acid, bOIT: oxidative induction temperature.

Pure linoleic acid showed an oxidative induction temperature

(OIT) of 116 °C which was found to increase when anti-

oxidants were added. It can be observed that the prepared deriv-

atives had a positive influence on the oxidation of linoleic acid

except for derivative 3a which did not show any anti-oxidant

activity (see Supporting Information File 1, Figure S20 for DSC

curves). All other derivatives were found to exhibit very good

protective activity against oxidation of linoleic acid and the

OITs were found to be similar or in case of compounds 3c, 3d

and 3e even higher compared to the reference anti-oxidants

TBHQ and α-TP. The OIT for TBHQ and α-TP were observed

to be 126 and 130 °C, respectively, whereas compound 3b

showed an OIT of 130 °C. As the anti-oxidant activity has been

reported [17] to depend on several factors such as the medium

of an assay, number and position of phenolic hydroxy groups,

etc. the differences in the anti-oxidant potentials of the pre-

pared phenolipids could be due to different media used for the

assays; the DPPH assay is conducted in a polar medium but the

linoleic acid oxidation study is conducted in a non-polar envi-

ronment.

Cytotoxic activity
As there were studies reported on the cytotoxicity of phenolic

lipids, we have further screened the prepared compounds for

their anticancer activity [18]. The anticancer activity of com-

pounds 3a–e was tested against five cell lines along with

doxorubicin as positive control and all of them showed moder-

ate to good anticancer effects. The results are collected in

Table 3. The compounds whose IC50 values are observed to be

lower and closer to the reference drug are considered as having

good anticancer potential.
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Table 3: Anticancer activity of 10-undecenoic acid methyl ester–based lipoconjugates.a

Entry Compound IC50 values (μM)

MDA-MB-231 SKOV3 MCF7 DU145 HepG2

1 3a 21.2 ± 0.31 99.2 ± 0.79 17.2 ± 0.23 25.4 ± 0.31 38.2 ± 0.42
2 3b 14.5 ± 0.26 31.5 ± 0.41 39.2 ± 0.45 81.6 ± 0.77 58.3 ± 0.61
3 3c 12.0 ± 0.28 38.9 ± 0.37 10.55 ± 0.27 13.0 ± 0.26 67.4 ± 0.59
4 3d 29.0 ± 0.36 32.2 ± 0.32 28.8 ± 0.36 56.7 ± 0.62 93.9 ± 0.85
5 3e 12.5 ± 0.25 38.3 ± 0.40 13.9 ± 0.22 28.8 ± 0.39 141.4 ± 0.98

doxorubicin 0.8 ± 0.14 0.7 ± 0.16 0.8 ± 0.12 0.8 ± 0.15 0.7 ± 0.14
aCell lines: MDA-MB-231, breast cancer (ATCC® HTB-26™); SKOV3, ovarian cancer (ATCC® HTB-77™); MCF7, breast cancer (ATCC® HTB-22™);
DU 145, prostate cancer (ATCC® HTB-81™); HepG2, liver hepatocellular carcinoma (ATCC® HB-8065™).

Specifically compounds 3c, 3b and 3e were found to show

promising anticancer activity according to their IC50 values,

whereas 3d and 3a exhibited only moderate activity. Among all

tested derivatives, compound 3c was found to exhibit best anti-

cancer activity against MCF7, DU145 and MDA-MB-231 cell

lines with IC50 values of 10.55, 13.0 and 12.0 µM, respectively.

It was found that the anticancer activity against some cell lines

was much better compared to our previous reports on phenolic

lipids [19]. However, all prepared derivatives were observed to

exhibit lower anticancer activity when compared to the refer-

ence drug doxorubicin which showed IC50 values in the range

of 0.7 to 0.8 µM against the tested cell lines.

Conclusion
In conclusion, the synthesis of five novel methyl 10-unde-

cenoate-based lipoconjugates of phenolic acids is reported. The

synthetic route was simple with product yields in the range of

84–86% over three steps. The lipid part, methyl 10-unde-

cenoate was subjected to a thiol–ene reaction with cysteamine

hydrochloride and the resulting intermediate was conjugated

with the phenolic acid via amidation. The evaluation of the five

novel phenolic lipids as anti-oxidants was studied using the

DPPH radical scavenging assay and DSC studies where some

compounds showed excellent anti-oxidant activity. Finally the

compounds were further screened for anticancer activity where

a few derivatives showed interesting activity.

Experimental
Materials
10-Undecenoic acid, 1,1’-azobis(cyclohexanecarbonitrile)

(ABCN), hydroxybenzotriazole (HOBt) and 1-ethyl-3-(3’-

dimethylaminopropyl)carbodiimide hydrochloride (EDC·HCl),

cysteamine hydrochloride, cinnamic acid, sinapic acid, ferulic

acid, p-coumaric acid, caffeic acid, α-tocopherol (α-TP), tert-

butylhydroquinone (TBHQ), linoleic acid (LA) and 2,2-

diphenyl-1-picrylhydrazyl (DPPH) radical were purchased from

Sigma–Aldrich (St.Louis, USA), and pre-coated TLC plates

(silica gel 60 F254) were purchased from Merck (Darmstadt,

Germany). All solvents were purchased from Sd Fine Chemi-

cals (Mumbai, India) and were of the highest grade of purity

available.

Instruments
1H and 13C NMR spectra were recorded on a Bruker Avance

operating at 700/500 MHz and 175/125 MHz. The NMR spec-

tra were referenced to δ 7.26 ppm and δ 77.0 ppm in CDCl3 sol-

vent for 1H and 13C, respectively. Coupling constants (J)

patterns in the 1H NMR spectra are given as follows:

s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet

protons. Mass spectra were recorded using electron spray

ionization (ESI) on a Waters e2695 Separators module (Waters,

Milford, MA, USA) mass spectrometer. FTIR spectra were re-

corded in chloroform on a Perkin–Elmer Fourier Transform

(FTIR) spectrum BX instrument (Model: Spectrum BX;

Connecticut, USA). HRMS spectra were obtained from an

Exactive Orbitrap mass spectrometer (Thermo Scientific,

Waltham, MA, USA). Melting points of lipoconjugates of

phenolic molecules were determined with a capillary tube

melting point apparatus. Gas chromatography (GC) was per-

formed on an Agilent 6890N gas chromatograph (Delaware,

USA) equipped with a flame ionization detector using a

HP-1 capillary column (30 m × 0.25 mm × 0.25 μm). The

injector and detector temperatures were set at 280 and 300 °C,

respectively. The oven temperature was programmed at 150 °C

for 2 min and then increased to 300 °C at 10 °C/min and final

temperature hold for 20 min. The carrier gas used was nitrogen

at a flow rate of 1.0 mL/min.

Methods
Synthesis of methyl undec-10-enoate (1): 10-Undecenoic acid

(10 g, 54.34 mmol), was added to methanol (17.6 mL) and

sulfuric acid (0.1 mL, 2 wt % 10-undecenoic acid) and stirred at
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refluxing temperature of methanol for 6 h. After completion of

the reaction as shown by TLC (hexane/ethyl acetate 80:20, v/v),

excess methanol was removed under reduced pressure and the

product was diluted with ethyl acetate (30 mL), washed with

5% aqueous NaHCO3 solution (3 × 30 mL), and dried over an-

hydrous Na2SO4. The organic solvent was removed under

reduced pressure to afford crude methyl ester of 10-undecenoic

acid. The product was purified by column chromatography with

basic alumina and hexane as the eluent to get 99% pure methyl

undec-10-enoate (1) as indicated by GC. The product was

analyzed by 1H NMR, 13C NMR, ESIMS, and FTIR and the

structure was confirmed by comparing the data with those re-

ported in the literature [14].

Synthesis of methyl 11-(2-aminoethylthio) undecanoate (2):

For the synthesis of compound 2, a reported protocol was fol-

lowed with slight modifications [20]. Briefly, methyl unde-

cenoate (1, 6 g, 30.3 mmol) and ABCN (0.18 g, 3 wt % of 1)

were dissolved in 40 mL chloroform. Then, 2-mercaptoethyl-

amine hydrochloride (6.8 g, 60 mmol) and 40 mL of 1,4-

dioxane/ethanol (70:30; v/v) were added and the mixture was

stirred at 85 °C for 48 h. The progress of the reaction was moni-

tored by TLC (hexane/ethyl acetate 80:20, v/v). After maximum

conversion, the reaction mixture was extracted with dichloro-

methane (2 × 40 mL) and the combined organic phases were

washed with saturated K2CO3, brine and finally with water and

dried over anhydrous Na2SO4. This crude product mixture was

concentrated and purified by column chromatography with

hexane/ethyl acetate (92:8, v/v) to obtain pure methyl 11-(2-

aminoethylthio)undecanoate (2) in 89% yield (7.41 g). The

purified product was characterized by 1H and 13C NMR, IR and

ESIMS spectral studies and the structure was confirmed by

comparing the data with those reported in the literature [15].

Synthesis of methyl 11-((2-(cinnamamido)ethyl)sulfanyl)un-

decanoate (3a): The amidation reaction was performed

following a reported protocol with slight modifications [21].

Briefly, compound 2 (0.58 g, 2.1 mmol) and cinnamic acid

(0.4 g, 3.1 mmol) were dissolved in dichloromethane (30 mL)

and the mixture was stirred at 0–5 °C under a nitrogen atmo-

sphere. EDC·HCl (0.4 g, 2.52 mmol) and HOBt (0.3 g,

3.1 mmol) were added and the contents were stirred at 0–5 °C

for 10 min. After the addition, the mixture was stirred for 12 h

at rt under a nitrogen atmosphere and the progress of reaction

was monitored by TLC using the solvent system chloroform/

methanol (80:20, v/v). After maximum conversion, the reaction

mixture was extracted with dichloromethane, washed with

water and dried over anhydrous Na2SO4 and concentrated to

obtain the crude product. The crude product was purified by

column chromatography (chloroform/methanol 90:10, v/v) to

obtain the thioamide of cinnamic acid in 86% yield (0.73 g).

The product was characterized by 1H and 13C NMR, IR, ESIMS

and HRMS spectral studies. Mp 55–56 °C; 1H NMR (500 MHz,

CDCl3) δ 7.64 (d, J = 15.6 Hz, 1H), 7.54–7.46 (m, 5H), 6.24 (d,

J = 15.6 Hz, 1H), 3.66 (s, 3H), 3.56 (q, 2H), 2.73 (t, 2H), 2.58

(t, 2H), 2.30 (t, 2H), 1.24–1.62 (m, 12H, CH2); 13C NMR

(75 MHz, CDCl3)  δ  174.37 (-C(O)-OCH3) ,  165.50

(-NH-C(O)-), 141.25 (-NH-C(O)-CH=CH-),134.81–127.83,

120.52 (-NH-C(O)-CH=CH-), 51.47 (-C(O)-OCH3-), 38.49

(-CH2-NH-), 29.44 (-S-CH2-), 29.36 (-CH2-S-), 29.22 (-CH2-

CH2-S-), 29.19–24.96 (-CH2-CH2-); IR (cm−1, KBr): 2853,

2853, 1720, 1654, 1599, 1527, 1441, 1365; ESIMS (m/z): 406

[M + H]+, 428 [M + Na]+; HRMS (m/z): [M + H]+ calcd for

C23H36O3NS, 406.24104; found, 406.24077.

Synthesis of methyl 11-((2-((E)-3-(4-hydroxyphenyl)acryl-

amido)ethyl)sulfanyl)undecanoate (3b): Similarly, methyl

11-((2-((E)-3-(4-hydroxyphenyl)acrylamido)ethyl)sulfanyl)un-

decanoate (3b) was prepared from 2 (0.6 g, 2.1 mmol) and

coumaric acid (0.5 g, 3.2 mmol) in 85% yield (0.78 g) and the

product was characterized by 1H and 13C NMR, IR, ESIMS and

HRMS spectral studies. Mp 64–65 °C; 1H NMR (500 MHz,

CDCl3) δ 7.57 (d, J = 15.6 Hz, 1H), 7.39 (d, J = 8.6 Hz, 1H),

6.85 (d, J = 8.6 Hz, 1H), 6.26 (d, J = 15.6 Hz, 1H), 3.67 (s, 3H),

3.58 (q, 2H), 2.73 (t, 2H), 2.58 (t, 2H), 2.30 (t, 2H), 1.24–1.62

(m, 12H, CH2); 13C NMR (75 MHz, CDCl3) δ 174.71 (-C(O)-

OCH3), 166. 84 (-NH-C(O)-), 158.33, 141.51 (-NH-C(O)-

CH=CH-),129.64, 128.99, 117.32 (-NH-C(O)-CH=CH-),

115.98, 51.58 (-C(O)-OCH3-), 38.63 (-CH2-NH-), 34.16 (-S-

CH2-), 31.89 (-CH2-S-), 31.84 (-CH2-CH2-S-), 29.69–24.96

(-CH2-CH2-); IR (cm−1, KBr): 3409, 2923, 2853, 1729, 1652,

1595, 1519, 1452, 1373; ESIMS (m/z): 422 [M + H]+, 444

[M + Na]+; HRMS (m/z): [M + H]+ calcd for C26H36O4NS,

422.23596; found, 422.23491.

Synthesis of methyl 11-((2-((E)-3-(3,4-dihydroxyphenyl)-

acrylamido)ethyl)sulfanyl)undecanoate (3c): Similarly,

methyl 11-((2-((E)-3-(3,4-dihydroxyphenyl)acrylamido)-

ethyl)sulfanyl)undecanoate was prepared from 2 (0.6 g,

2.1 mmol) and caffeic acid (0.5 g, 3.2 mmol) in 85% yield

(0.81 g) and the product was characterized by 1H and
13C NMR, IR, ESIMS and HRMS spectral studies. 1H NMR

(500 MHz, CDCl3) δ 7.55 (d, J = 15.6 Hz, 1H), 7.12 (d, J = 8.6

Hz, 1H), 6.95 (s, 1H) 6.87 (d, J = 8.6 Hz, 1H), 6.24 (d, J = 15.6

Hz, 1H), 3.68 (s, 3H), 3.56 (q, 2H), 2.73 (t, 2H), 2.58 (t, 2H),

2.30 (t, 2H), 1.24–1.62 (m, 12H, CH2); 13C NMR (75 MHz,

CDCl3) δ 174.74 (-C(O)-OCH3), 167. 38 (-NH-C(O)-), 146.87,

144.53, 142.53 (-NH-C(O)-CH=CH-), 127.07, 121.33, 117.12

(-NH-C(O)-CH=CH-), 115.46, 114.71, 51.60 (-C(O)-OCH3-),

39.05 (-CH2-NH-), 38.88 (-S-CH2-), 38.76 (-CH2-S-), 34.16

(-CH2-CH2-S-), 29.59–24.96 (-CH2-CH2-); IR (cm−1, KBr):

3359, 2953, 2854, 1721, 1654, 1599, 1527, 1441, 1365; ESIMS
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(m/z): 438 [M + H]+ ,  460 [M + Na]+; HRMS (m/z):

[M + H]+ calcd for C23H36O5NS, 438.23087; found,

438.23023.

Synthesis of methyl 11-((2-((E)-3-(4-hydroxy-3-methoxy-

phenyl)acrylamido)ethyl)sulfanyl)undecanoate (3d): Simi-

larly, methyl 11-((2-((E)-3-(4-hydroxy-3-methoxyphenyl)acryl-

amido)ethyl)sulfanyl)undecanoate was prepared from 2 (0.6 g,

2.1 mmol) and ferulic acid (0.6 g, 3.2 mmol) in 84% yield

(0.82 g) and the product was characterized by 1H and
13C NMR, IR, ESIMS and HRMS spectral studies. 1H NMR

(500 MHz, CDCl3) δ 7.55 (d, J = 15.5 Hz, 1H), 7.06 (dd, J =

8.2, 1.5 Hz, 1H), 7.00 (d, J = 1.6 Hz, 1H), 6.91 (d, J = 8.2 Hz,

1H), 6.27 (d, J = 15.5 Hz, 1H), 3.92 (s, 3H), 3.67 (s, 3H), 3.58

(q, 2H), 2.73 (t, 2H), 2.58 (t, 2H), 2.30 (t, 2H), 1.24–1.62 (m,

12H, CH2); 13C NMR (75 MHz, CDCl3) δ 174.36 (-C(O)-

OCH3), 166. 21 (-NH-C(O)-), 147.48, 146.76, 141.26 (-NH-

C(O)-CH=CH-), 127.33, 122.22, 118.06 (-NH-C(O)-CH=CH-),

114.76, 109.64, 55.95 (-OCH3-), 51.45 (-C(O)-OCH3-), 38.42

(-CH2-NH-), 34.11 (-S-CH2-), 31.97 (-CH2-S), 31.74 (-CH2-

CH2-S-), 29.47–24.95 (-CH2-CH2-); IR (cm−1, KBr): 3375,

2926, 2853, 1730, 1656, 1596, 1516, 1433, 1273; ESIMS (m/z):

452 [M + H]+, 474 [M + Na]+; HRMS (m/z): [M + H]+ calcd

for C24H38O5NS, 452.24652; found, 452.24475.

Synthesis of methyl-11-((2-((E)-3-(4-hydroxy-3,5-dimethoxy-

phenyl)acrylamido)ethyl)sulfanyl)undecanoate (3e): Simi-

larly, methyl 11-((2-((E)-3-(4-hydroxy-3,5-dimethoxyphenyl)-

acrylamido)ethyl)sulfanyl)undecanoate was prepared from 2

(0.6 g, 2.1 mmol) and sinapic acid (0.7 g, 3.2 mmol) in 85%

yield (0.89 g) and the product was characterized by 1H and
13C NMR, IR, ESIMS and HRMS spectral  studies.

Mp 69–70 °C; 1H NMR (500 MHz, CDCl3) δ 7.53 (d, J = 15.5

Hz, 1H), 6.76 (s, J = 8.2, 1.5 Hz, 2H), 6.28 (d, J = 15.5 Hz, 1H),

3.93 (s, 6H), 3.67 (s, 3H), 3.58 (q, 2H), 2.73 (t, 2H), 2.58 (t,

2H), 2.30 (t, 2H), 1.24–1.62 (m, 12H, CH2); 13C NMR

(75 MHz, CDCl3)  δ  174.37 (-C(O)-OCH3) ,  166.07

(-NH-C(O)-), 147.22, 141.43 (-NH-C(O)-CH=CH-),136.64,

126.29, 118.44 (-NH-C(O)-CH=CH-), 104.82, 56.34 (-OCH3-),

51.48 (-C(O)-OCH3-), 38.39 (-CH2-NH-), 34.11 (-S-CH2-),

31.96 (-CH2-S-), 31.69 (-CH2-CH2-S-), 29.65–24.95 (-CH2-

CH2-); IR (cm−1, KBr): 3371, 2926, 2852, 1730, 1658, 1612,

1514, 1455 1285; ESIMS (m/z): 482 [M + H]+, 504 [M + Na]+;

HRMS (m/z): [M + H]+ calcd for C25H40O6NS, 482.25709;

found, 482.25532.

Anti-oxidant activity
DPPH radical scavenging assay
The anti-oxidant activity was determined by the radical scav-

enging ability using the stable DPPH radical method as re-

ported [22]. Briefly, 200 µL of a methanolic solution of the syn-

thesized phenolic lipoconjugates (1 mM concentrations) were

added to 2 mL of a methanolic solution of the DPPH radical

(1 mM concentration) and the total volume was made up to

3 mL with methanol. After 40 min of standing, the absorbance

of the mixture was measured at 517 nm against methanol as

blank sample. TBHQ and α-TP (1 mM concentration) were

used as a positive control. The radical-scavenging activities (%)

of the tested samples were evaluated by comparison with the

control (2 mL DPPH radical solution and 1 mL methanol). Each

sample was measured in triplicate and averaged. The free-

radical scavenging activity (FRSA) was calculated using the

following formula: FRSA = [(Ac − As)/Ac] × 100 where Ac is

the absorbance of the control and As is the absorbance of the

tested sample after 40 min.

DSC measurements
The anti-oxidant activity was also evaluated by differential

scanning calorimetry using pure linoleic acid as a lipid model

system [23,24]. All studied anti-oxidants were dissolved in

methanol to prepare 1 mM solutions. Samples of linoleic acid

(2.5–3.0 mg) were placed in standard aluminum pans

and spiked with 10 µL of the anti-oxidant solution.

A blank run of linoleic acid, spiked with 10 µL of

methanol was also carried out simultaneously to find the

oxidative induction temperature (OIT) of linoleic acid. OIT is

determined from the first exothermal peak of the plot of heat

flow (mW/g) vs temperature. All measurements for

each compound were run in triplicate and the results were aver-

aged.

Cytotoxicity test (MTT assay)
The cytotoxicity assay (MTT) was evaluated for all test com-

pounds as described in our earlier work [25]. Five different

cancer cell lines viz., MDA-MB-231, breast cancer (ATCC®

HTB-26™); SKOV3, ovarian cancer (ATCC® HTB-77™);

MCF7, breast cancer (ATCC® HTB-22™); DU 145, prostate

cancer (ATCC® HTB-81™); HepG2, liver hepatocellular carci-

noma (ATCC® HB-8065™) were obtained from the ATCC

(Bethesda, MD, USA) and maintained in DMEM supplemented

with 10% FBS, 2 mM L-glutamine, 100 U/mL penicillin, and

100 μg/mL streptomycin at 37 °C in a 5% CO2 incubator.

After seeding of cells in 96 well culture plates, they were

allowed to attach properly. Test compounds of different concen-

trations ranging from 1 to 50 µM were added in triplicates

and incubated for 24 h. The cells were then incubated

with MTT (0.5 mg/mL) for 3 h and, to dissolve the insoluble

formazan  c rys ta l s ,  100  µL DMSO was  added  to

each well. Finally the absorbance of the plates was

measured using a Synergy H1 multi-mode plate reader

(USA). Doxorubicin was used as the positive control for com-

parison.
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Abstract
Posttranslational isoprenylation is generally recognized as a universal modification of the cysteine residues in peptides and the thiol

groups of proteins in eukaryotes. In contrast, the Bacillus quorum sensing peptide pheromone, the ComX pheromone, possesses a

posttranslationally modified tryptophan residue, and the tryptophan residue is isoprenylated with either a geranyl or farnesyl group

at the gamma position to form a tricyclic skeleton that bears a newly formed pyrrolidine, similar to proline. The post-translational

dimethylallylation of two tryptophan residues of a cyclic peptide, kawaguchipeptin A, from cyanobacteria has also been reported.

Interestingly, the modified tryptophan residues of kawaguchipeptin A have the same scaffold as that of the ComX pheromones, but

with the opposite stereochemistry. This review highlights the biosynthetic pathways and posttranslational isoprenylation of trypto-

phan. In particular, recent studies on peptide modifying enzymes are discussed.
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Introduction
Posttranslational modification is the chemical modification of

proteins after their translation from mRNAs to the correspond-

ing polypeptide chains synthesized by ribosomes. Since a post-

translational modification generates a novel amino acid residue

in ribosomally synthesized proteins consisting of the twenty

normal amino acid residues, it increases the structural diversity

of ordinary proteins. In addition, newly synthesized proteins

lacking the modification often cannot perform the functions of

the mature proteins. Therefore, posttranslational modifications

dynamically regulate the biological activities of proteins. Novel

modifications have been discovered over the last several

decades, revealing numerous post-translational modification

patterns, including isoprenylation [1,2]. This review will discuss

the posttranslational isoprenylation of tryptophan in bacteria. In

particular, this review will focus on current findings which have

not been available at the time we published a review on this

topic previously [3].

Review
Posttranslational isoprenylation of cysteine
Posttranslational isoprenylation is generally referred to as the

farnesylation or geranylgeranylation of the thiol group of the

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:okadam@mol.f.u-tokyo.ac.jp
https://doi.org/10.3762%2Fbjoc.13.37
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Figure 1: (A) Schematic representation of pheromone-induced conjugation tube formation for mating in Tremella mesenterica. (B) Chemical struc-
tures of tremerogens A-10 and a-13. The isoprenyl side chains are shown in red. (C) C-terminal amino acid sequences of the precursors of isopreny-
lated peptides and proteins. The CaaX motifs are shown in red.

C-terminal cysteine residue in peptides and proteins [4-7]. The

isoprenylation of cysteine was first found in the peptide phero-

mones of basidiomycetous yeast [8-10]. Two peptide phero-

mones, tremerogen A-10 and tremerogen a-13, are secreted by

the yeast-form haploid A-type and a-type cells of Tremella

mesenterica, respectively (Figure 1A). Tremerogen A-10 is a

decapeptide containing a hydroxyfarnesylated C-terminal

cysteine methyl ester, whereas tremerogen a-13 is a tridecapep-

tide containing a farnesylated C-terminal cysteine (Figure 1B)

[9,10]. Each pheromone causes the opposite type of cell to in-

duce the reciprocal conjugation of the heterothallic cells,

through the formation of a conjugation tube for mating. A struc-

ture–activity relationship study on tremerogen A-10 demon-

strated that both the amino acid sequence and the hydrophobic

side chain were essential for the initiation of the conjugation

tube formation [11]. Soon thereafter, the consensus sequence

for the isoprenylation of the cysteine in the precursor peptide

was identified as the CaaX motif, in which "a" refers to an ali-

phatic amino acid and "X" refers to an appropriate amino acid,

depending on the types of modifying enzymes (Figure 1C)

[4-7]. Therefore, in the process of isoprenylated peptide and

protein biosynthesis, the cysteine residue of the CaaX motif is

isoprenylated by isoprenyltransferase, and then the last three

amino acids are processed, often with methyl esterification of

the resulting C-terminal isoprenylcysteine. Considering the

consensus sequence, a variety of organisms may produce
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Figure 2: Chemical structures of (A) surfactin A and (B) poly-γ-glutamic acid.

isoprenylated peptides and proteins. Subsequently, numerous

isoprenylated peptides and proteins, such as G-proteins

including the human oncogene product K-Ras, were identified

from various organisms based on the consensus sequence

(Figure 1C). Since the tumor growth induced by K-Ras is

highly dependent on the farnesylation, the K-Ras farnesyltrans-

ferase has attracted keen attention as a target protein for anti-

cancer therapy [12]. Posttranslational isoprenylation is now

recognized as being universal in eukaryotes, and playing an

essential role in protein functions.

ComX pheromone
In contrast to eukaryotes, cysteine isoprenylation has not been

detected in prokaryotes. Posttranslational isoprenylation in

prokaryotes was first found in a tryptophan residue of the

quorum sensing pheromone from Bacillus subtilis, the ComX

pheromone [13]. Quorum sensing is a specific gene expression

system dependent on the cell density [14]. In terms of a compe-

tition for survival, the cell population density is one of the

largest factors for microorganisms because of a high prolifera-

tion rate. In the quorum sensing process, bacteria constitutively

secrete specific extracellular signaling molecules, called

quorum sensing pheromones, to gather information about their

cell population density [15-18]. Various phenomena are stimu-

lated by an increase in the bacterial population density, or in

other words, the concentration of the specific secreted phero-

mone. The ComX pheromone induces natural genetic compe-

tence under the control of quorum sensing in B. subtilis. Specif-

ically, the ComX pheromone induces competent cell formation

for DNA transformation at a high population cell density in

B. subtilis [19,20]. In addition, the ComX pheromone promotes

the production of surfactin A, a cyclic lipopeptide with antibiot-

ic and biological surfactant activities (Figure 2A) [21,22].

Furthermore, the ComXnatto pheromone from B. subtilis subsp.

natto contributes to the phenotypic characteristics involved in

biofilm formation by B. subtilis subsp. natto, which is closely

related to the Bacillus laboratory strains and renowned as the

producer strain for the quite sticky, traditional Japanese food

natto, made from fermented soybeans [23]. B. subtilis subsp.

natto is obviously distinct from the other laboratory strains with

respect to the biofilm formation. The biofilm mainly consists of

the highly sticky poly-γ-glutamic acid (γ-PGA) polymer

(Figure 2B), and the ComXnatto pheromone activates γ-PGA

biosynthesis in B. subtilis subsp. natto at nanomolar levels [24].

The ComX pheromones are oligopeptides, and their amino acid

sequences and lengths vary widely among Bacillus strains

(Figure 3A) [13,21,25]. However, each ComX pheromone pos-

sesses an invariant tryptophan residue as a single common

denominator, and the tryptophan residue is isoprenylated with

either a geranyl or farnesyl group at the gamma position to form

tricyclic skeleton that bears a newly formed pyrrolidine, which

is similar to proline (Figure 3A) [26-28]. The posttranslational

modification of ComX pheromones with an isoprenoid plays an

essential role for specific quorum sensing responses in

B. subtilis and related bacilli [3]. Structure–activity relationship

studies on the ComXRO-E-2 pheromone derived from Bacillus

strain RO-E-2, which is a hexapeptide with a geranyl-modified

tryptophan residue, revealed that the exact chemical structure of

the geranyl group and the absolute configurations of the

tricyclic core scaffold were essential and more critical for its

pheromonal activity than the amino acid sequence of the

ComXRO-E-2 pheromone [29-32]. In addition, a previous study

using a conditioned medium with Bacillus strains suggested that

the chemical structure of the isoprenyl side chain is an influen-

tial factor of the group- (or species-) specific pheromonal activi-

ty [25]. Intriguingly, the same applies for group- (or species-)

specificity in Gram negative bacteria because the chemical

structure and length of the acyl side chain in acylhomoserine

lactones, which are quorum sensing pheromones secreted by

Gram negative bacteria, have a great effect on the group speci-

ficity (Figure 3B) [33,34]. Modifications of the lipophilic side
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Figure 3: (A) Two types of posttranslational isoprenylations of ComX variants. The modified tryptophan residues are colored blue. The isoprenyl side
chains are shown in boldface and colored blue. (B) Chemical structures of acyl homoserine lactones. The acyl side chains are shown in boldface.

chain in quorum sensing pheromones are probably a common

strategy to acquire group specificity in bacteria.

ComQ
Molecular genetic analyses of the natural competence of

B. subtilis revealed that the comQXPA gene cluster was respon-

sible for B. subtilis to induce the genetic competence involved

in the secretion of the ComX pheromone (Figure 4A)

[13,21,25]. ComQ, the first protein encoded in the cluster, func-

tions as an isoprenyltransferase for the ComX peptide, which is

encoded next in the cluster [35]. The downstream ComP is

homologous to transmembrane histidine kinase, and ComA is

homologous to a response regulator [36]. Therefore, the two

proteins constitute the large family of two-component regula-

tory systems widely found in bacteria. ComP becomes

autophosphorylated in response to the secreted ComX signaling

molecule as a receptor, and donates a phosphate group to

ComA. The phosphorylated ComA subsequently transmits the

signal for activating the surfactin synthase srfA operon and

mediates the genetic competence in B. subtilis. ComQ lacks

homology to cysteine isoprenyltransferases, tryptophan

dimethylallyltransferases for cyanobactins [2,37,38] or prenyl-

transferases for indole alkaloids [39-42]. However, ComQ

shares some homology with farnesyl diphosphate (FPP)

synthases and geranylgeranyl diphosphate (GGPP) synthases,

which catalyze the condensation of isopentenyl diphosphate

(IPP) with geranyl diphosphate (GPP) or FPP to form C5-ex-

tended isoprenyl diphosphates FPP or GGPP (Figure 4B)
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Figure 4: (A) Schematic representation of the signal transduction cascade of quorum sensing stimulated by the ComX pheromone in B. subtilis.
(B) Amino acid sequences of the aspartate-rich motif and the pseudo aspartate-rich motif in ComQ from seven Bacillus strains. Essential amino acid
residues for function are shown in bold and colored blue. EcGGPPS is a geranylgeranyl diphosphate synthase derived from Escherichia coli ISC56.
It’s essential amino acid residues for function are shown in boldface, and the aspartate-rich motifs are underlined.

[43,44]. In the both typical diphosphate synthases, two aspar-

tate-rich motifs containing “DDxxD” residues, in which x refers

to any amino acid, are highly conserved. The two “DDxxD”

motifs, named the first and second aspartate-rich motifs (FARM

and SARM), function as the binding sites for the two substrates,

GPP or FPP and IPP, through Mg2+ and play a crucial role in

the FPP and GGPP syntheses. FARM is also conserved in

ComQ, and a previous study demonstrated that the mutation of

the first or fifth aspartate of FARM in ComQ to alanine resulted

in the elimination of the downstream pheromonal signaling

[21]. This result suggested that FARM of ComQ is necessary

for the production of the ComX pheromone and possibly func-

tions as a binding site for the extension substrate, GPP or FPP.

In contrast to FARM, the amino acid residues corresponding to

SARM in ComQ are quite different from those in the typical

FPP and GGPP synthases (Figure 4B). Since only the second

aspartate is preserved in the corresponding region of ComQ, the

region is thus no longer aspartate-rich, and so hereafter it is re-

ferred to as a pseudo-SARM. A site-directed mutagenesis anal-

ysis of the ComQRO-E-2 from strain RO-E-2 with an in vitro

geranylation reaction revealed that the lone-conserved second

aspartate residue in the pseudo-SARM of ComQ is also critical

for the isoprenylation activity, similar to the second aspartate

residue in SARM in the FPP and GGPP synthases [45,46]. In

addition, the first amino acid residue of the pseudo-SARM in

ComQ, asparagine (or glycine), is crucial for the ComQ func-

tion. Particularly, the mutation from asparagine to aspartate

drastically decreased the geranylation activity. In contrast, the

last three amino acid residues of the pseudo-SARM in ComQ

are replaceable, without the loss of ComQ function. Thus, for

tryptophan isoprenylation the ComQ must have the sequence

NDxxx (or GDxxx) in the pseudo-SARM. Although most FPP
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Figure 5: Amino acid sequences of ComX from seven Bacillus strains. The sequences of the mature pheromones are underlined, and the isopreny-
lated tryptophan residues are shown in bold and colored blue.

and GGPP synthases possess the DDxx(D) amino acid se-

quence in the SARM, the sequence is unsuitable for the

isoprenylation of tryptophan.

ComX
The ComX precursor peptide possesses 53 to 58 amino acid

residues in six Bacillus strains, except for subsp. natto [25,26].

The tryptophan residue isoprenylated by ComQ is located at

either the 3rd or 4th position from the C-terminal end, and the

cleavage of the N-terminal residues leads to the production of

the mature ComX pheromone with six to ten amino acid

residues (Figure 5). In most ribosomally synthesized and post-

translationally modified peptides (RIPPs), a conserved recogni-

tion motif in the N-terminal leader region of the precursor

peptide enables the enzymatic modification of the C-terminal

core peptide, and then the leader amino acids are frequently

cleaved [2]. However, there is no obvious sequence within the

N-terminal region of the ComX peptide for ComQ recognition,

because the truncated C-terminal dodecapeptide of ComXRO-E-2

([47-58]ComXRO-E-2, LSKKCKGIFWEQ) showed significant

activity for geranyl modification by ComQRO-E-2, although the

activity was approximately 10-fold weaker than that of full

length ComXRO-E-2 [47]. Among the twelve amino acid

residues, the N-terminal leucine residue and the modified tryp-

tophan residue were the only conserved amino acids in the

ComX variants. Therefore, a common consensus sequence for

tryptophan isoprenylation does not seem to exist. In addition,

the tryptophan residue modified with a geranyl group must be

located at the 2nd, 3rd, or 4th position from the C-terminal end

of ComXRO-E-2 for geranylation by ComQRO-E-2, based on the

in vitro reactions of C-terminal sequence analogs with either a

deletion of the two residues or an alanine extension at the C-ter-

minal end. Therefore, the undecapeptide [47-57]ComXRO-E-2

from the 47th to the 57th residues of the ComXRO-E-2,

LSKKCKGIFWE, is the minimum substrate unit for geranyla-

tion by ComQRO-E-2. These results are consistent with the fact

that the ComX pheromone variants among six Bacillus strains

possess a modified tryptophan residue at the 3rd or 4th position

from the C-terminal end, except for the ComXnatto pheromone

from subsp. natto. Unlike the six ComX pheromone variants,

the ComXnatto pheromone possesses a modified tryptophan

residue with a farnesyl group at the 5th position from the C-ter-

minal end, which corresponds to the 54th residue in the 73

amino acid residues of ComXnatto; namely, at the 20th position

from the C-terminal end. In addition, the C-terminal amino acid

residues of ComXnatto as well as the N-terminal amino acid

residues are processed to form the ComXnatto pheromone, corre-

sponding to the 53rd to 58th residues of the ComXnatto precur-

sor peptide [24,48]. Although it is presently not clear which step

occurs first, the farnesylation of the tryptophan residue or the

truncation of the C-terminal amino acid residues, the posttrans-

lational farnesylation was not necessarily limited to a trypto-

phan near the C-terminus, but also has occurred at an internal

tryptophan residue of the precursor peptide.

Kawaguchipeptin A
Apart from the ComX pheromones, post-translational dimethyl-

allylations of the tyrosine, threonine, serine, and tryptophan

residues of cyclic peptides from cyanobacteria were reported

[49-51]. The RiPPs derived from cyanobacteria, including

dimethylallylated cyclic peptides, are called cyanobactins

[2,37,38]. Although several cyanobactins exhibit significant bi-

ological activities, such as antibacterial and enzyme inhibitory

properties, the actual biological role of prenylation in

cyanobactins is still unknown at this time. Kawaguchipeptins A

and B are members of the cyanobactin family and are macro-

cyclic undecapeptides with the cyclic amino acid sequence of

[WLNGDNNWSTP]. They are produced by Microcystis aerug-

inosa NIES-88 (Figure 6) [52,53]. Kawaguchipeptin A contains

one D-leucine and two prenylated tryptophan residues, while

kawaguchipeptin B consists only of L-amino acid residues.

Interestingly, kawaguchipeptin A possesses two dimethylally-

lated tryptophan residues, which are modified with a dimethyl-

allyl group at the gamma position, resulting in the formation of
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a tricyclic structure with the same scaffold as that of the ComX

pheromones, but with the opposite stereochemistry [54]. The

KgpA to G gene cluster was identified as encoding the

kawaguchipeptins synthase in M. aeruginosa NIES-88 [55].

KgpF is a member of the ABBA prenyltransferase family,

which shares a common structural motif known as the ABBA

fold and exhibits some similarity to other dimethylallyltrans-

ferases for cyanobactins and prenyltransferases for indole alka-

loids, but lacks similarity to cysteine isoprenyltransferases and

ComQs [2,37-44]. Considering the in vitro prenylation analysis

of KgpF together with other biosynthetic studies on prenylated

cyanobactins, KgpF functions at the end of the biosynthesis,

and recognizes two tryptophan residues in the precursor cyclic

peptide to form kawaguchipeptin A. In contrast to typical post-

translational modifications, a specific amino acid motif adja-

cent to the core peptide sequence for directing KgpF is unlikely

to be required. In addition, the prenylation reaction by KgpF

does not seem to need a specific amino acid motif within the

core cyclic peptide, because there is no similarity between the

sequences surrounding the two tryptophan residues (PWL and

NWS) in kawaguchipeptin A. Consistently, KgpF exhibits

relaxed substrate specificity toward diverse tryptophan residues

in peptides, as KgpF can even accept a single derivatized amino

acid, Fmoc-tryptophan, as a substrate and mediate its regiose-

lective and stereoselective dimethylallylation at the C-3 posi-

tion of its indole ring.

Figure 6: Chemical structure of kawaguchipeptin A. Dimethylallylated
tryptophan residues are colored blue.

Conclusion
The posttranslational isoprenylation of tryptophan involving

pyrrolidine ring formation was first discovered in a B. subtilis

peptide pheromone, as a crucial modification for the

pheromonal function. In addition, the discovery of the

ComXnatto pheromone revealed that a tryptophan residue modi-

fied with an isoprenyl group is not always restricted to a loca-

tion near the C-terminal end. The broad substrate tolerance of

the modifying enzyme ComQ may attract attention as an en-

zyme engineering target for the synthesis of prenylated trypto-

phan derivatives. However, since the consensus sequences for

tryptophan isoprenylation in the ComX precursor peptide and

the ComX pheromone homologues have yet to be identified, it

is presently considered that the post-translational geranylation

or farnesylation of tryptophan is a special modification in

several Bacillus species. In contrast, numerous peptides and

proteins post-translationally modified with farnesyl or geranyl-

geranyl groups on the cysteine residues were identified in a

variety of organisms. However, the isoprenylation was not

considered to be universal at first. The isoprenylation of

cysteine was also first found in peptide pheromones from a spe-

cific microorganism, as an essential modification for the

pheromonal activity. Thus, it is conceivable that the posttransla-

tional isoprenylation of tryptophan is actually widespread.

Therefore, more research should be focused on the details and

the diversity of the post-translational isoprenylation of trypto-

phan.
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Abstract
Butyrolactol A is an antifungal polyketide of Streptomyces bearing an uncommon tert-butyl starter unit and a polyol system in

which eight hydroxy/acyloxy carbons are contiguously connected. Except for its congener butyrolactol B, there exist no struc-

turally related natural products to date. In this study, inspired by our previous genomic analysis, incorporation of 13C- and
2H-labeled precursors into butyrolactol A was investigated. Based on the labeling pattern and sequencing analytical data, we con-

firmed that the tert-butyl group is derived from valine and its C-methylation with methionine and the polyol carbons are derived

from a glycolysis intermediate, possibly hydroxymalonyl-ACP.
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Introduction
Actinomycetes produce structurally diverse secondary metabo-

lites with pharmaceutically useful bioactivities. Importantly,

members of the genus Streptomyces have been the main source

of drug discovery programs due to their high capacity in sec-

ondary metabolism including polyketides, peptides, terpenoids,

alkaloids, and amino acid/carbohydrate/nucleic acid derivatives

[1,2]. One of the largest groups of bacterial secondary metabo-

lites is polyketide from which a range of clinically used drugs

have been developed. Polyketides still remain in the focus of

drug development because of their structural complexity that

can provide attractive templates for new pharmacophores [3].

While the frequency of discovering new skeletons from actino-

mycetes seems declining, biosynthetic analysis of structurally

unique known compounds and the following bioengineering of

biosynthetic genes are currently becoming an essential part of

the creation of new drug-like structures [4-8].

Butyrolactol A (1) is an antifungal polyketide first isolated from

Streptomyces rochei S785-16 [9] (Figure 1). The left half of 1 is

the hydrophobic unconjugated tetraene system including one

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:yas@pu-toyama.ac.jp
https://doi.org/10.3762%2Fbjoc.13.47
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Figure 1: The structure of butyrolactol A (1).

Figure 2: Cyanobacterial polyketides bearing a tert-butyl group.

Z-olefin with a terminal tert-butyl group, whereas the hydro-

philic polyol system bearing a γ-lactone terminus constitutes the

right half of the molecule. To date, no structurally related

natural products are known except for its demethyl congener

butyrolactol B that was also isolated from the same strain and

has an isopropyl group instead of the tert-butyl terminus [9].

Very recently, isolation of butyrolactols C and D was presented

but the details are not available in public domains [10]. 1 has a

broad antimicrobial activity against fungi ranging from Candida

albicans to Trichophyton mentagrophytes with comparative ac-

tivity to nystatin [9]. Despite the uniqueness of the structure and

the antifungal potency, no further research has been reported

for 1.

There are two interesting aspects in the structure of butyro-

lactol A (1). First, among the polyketides, a tert-butyl group has

been found exclusively in metabolites of marine cyanobacteria

except for 1 [11-14] (Figure 2). Although no experimental evi-
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Figure 3: Actinomycete metabolites possessing a contiguous 1,2-diol system.

dence is available, pivaloyl-CoA (2,2-dimethylpropanoyl-CoA)

is supposed to be a starter for its biosynthesis [15]. Additional-

ly, trimethylation of malonyl-CoA is proposed for the synthesis

of the tert-butyl starter in the biosynthesis of apratoxin A [16].

Another intriguing feature of this molecule is the highly

oxygenated carbon chain in which eight hydroxy groups, one of

which is used for lactone formation, are contiguously aligned. A

1,3-diol is a common structural element in aliphatic polyketides

because the incorporation of malonate-precursors gives rise to

the alternative alignment of the methylene and the oxygenated

carbons. Meanwhile, a 1,2-diol in polyketides is known to be

formed by hydroxylation of methylene carbons as seen in the

biosynthesis of erythromycin or amphotericin B [17,18]. The

contiguously hydroxylated carbon chain of 1 is quite unusual as

a polyketide. Examples of similar but shorter polyol carbon

chains are ossamycin [19], IB-96212 [20], and antifungalmycin

[21], all of which are the secondary metabolites of actino-

mycetes (Figure 3).

In our investigation on secondary metabolites of marine actino-

mycetes, butyrolactol A (1) was found to be produced by a

Streptomyces strain collected from deep sea water of the

Toyama Bay, Japan. In order to get insight into the construc-

tion of the above-mentioned unusual structures, we performed

an in silico analysis of the biosynthetic genes of 1 through draft

genome sequencing and proposed its biosynthetic pathway [22].

In this study, biosynthetic precursors of 1 were investigated for

further genetic and enzymatic studies.

Results and Discussion
It was obvious from its structure that 1 was synthesized through

the malonate pathway. First, [1,2-13C2]acetate was fed to the

culture to ensure the alignment of malonate units. In the
13C NMR spectrum, split signals arising from 13C–13C

couplings were observed for six pairs of carbons: C-11/C-12,

C-13/C-14, C-15/C-16, C-17/C-18, C-19/C-20, and C-21/C-22

(Table 1, Figure S1 in Supporting Information File 1). In the

2D-INADEQUATE spectrum of 13C-labeled 1 obtained with a

parameter set optimized for 1JCC 50 Hz, cross peaks derived

from the intact 13C2 acetate units were detected for the carbon

pairs mentioned above (Table 1, Figure 4a).

According to the incorporation result of the doubly labeled

acetate, malonyl-CoA is not the extender unit for the lactone

(C-1 to C-4) and the pentaol (C-5 to C-9) moieties (Figure 3),

suggesting that the contiguous polyol system is not formed by

methylene hydroxylation. Another possible pathway for 1,2-diol

formation is the incorporation of hydroxymalonyl-ACP from a
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Table 1: Incorporation of 13C-labeled precursors into 1.

Position δC [1,2-13C2]acetate [U-13C6]glucose [1-13C]propionate L-[methyl-13C]methionine

1JCC
(Hz)

2D-INADEQUATE 1JCC
(Hz)

2D-INADEQUATE relative enrichmentsa

1 175.3 56 2 0.9 0.9
2 74.7 56 1 1.0 1.0
3 72.9 39 4 0.9 1.0
4 80.0 39 3 1.0 1.1
5 66.9 44 6 1.0 1.0
6 68.9 44 5 0.9 0.9
7 68.9 45 8 1.0 1.1
8 69.7 45 7 1.0 1.1
9 73.1 4.8 1.2

10 36.2 1.1 1.1
11 36.6 41 12 40 12 1.2 1.2
12 131.9 41 11 40 11 1.3 1.2
13 131.9 55 14 57 14 1.3 1.2
14 131.3 55 13 57 13 1.2 1.0
15 131.3 43 16 43 16 1.2 1.0
16 32.6 43 15 43 15 1.2 1.3
17 27.5 42 18 43 18 1.4 1.3
18 129.2 42 17 43 17 1.2 1.0
19 129.6 55 20 55 20 1.4 1.1
20 125.7 55 19 55 19 1.3 1.1
21 135.9 43 22 43 22 1.3 1.0
22 28.1 43 21 43 21 1.2 1.1
23 43.7 1.6 1.2
24 30.6 1.2 1.0
25 29.7 0.9 7.1
26 29.7 0.9 7.1
27 29.7 0.9 7.1
28 16.2 1.1 1.2

aThe 13C signal intensity of each peak in labeled 1 divided by that of the corresponding signal in unlabeled 1, respectively, normalized to give an
enrichment ratio of 1 for the unenriched C-2 peak.

glycolytic intermediate for chain elongation [23]. To investi-

gate this possibility, we conducted a feeding experiment of

[U-13C6]glucose which could label carbons derived from

malonyl-CoA and hydroxymalonyl-ACP. In the 13C NMR spec-

trum, 13C–13C couplings were observed for C-1/C-2, C-3/C-4,

C-5/C-6, C-7/C-8 in addition to the carbon pairs C-11/C-12,

C-13/C-14, C-15/C-16, C-17/C-18, C-19/C-20, and C-21/C-22

(Table 1, Figure S3 in Supporting Information File 1). The

2D-INADEQUATE spectrum showed cross peaks for the

above-mentioned two-carbon units derived from the glycolytic

degradation of [U-13C6]glucose (Table 1, Figure 4b). Combined

with the acetate-labeling result, this labeling pattern suggested

that the carbons from C-1 to C-8 are derived from hydroxy-

malonyl-ACP. This conclusion is supported by the sequencing

analysis of the gene cluster for butyrolactol biosynthesis

(Figure 5, Table 2). Four genes coding homologues of enzymes

involved in hydroxymalonyl-ACP formation in the zwitter-

micin biosynthesis (ZmaN, ZmaD, ZmaG, and ZmaE)

(Figure 6) [24] are present in the downstream of the butyro-

lactol PKS cluster. Genes coding for O-methyltransferase

homologues responsible for O-methylation of hydroxymalonyl-

ACP were not found near the cluster. Hydroxymalonyl-ACP

was first identified as an unusual polyketide extender for zitter-

micin from Bacillus cereus [25]. The occurrence of this

uncommon extender unit is limited to some bacterial species

Bacillus [25,26], Xenorhabdus [27], Paenibacillus [28], and

Streptomyces [29,30].

Methylmalonyl-CoA was readily predicted as the origin of the

methyl-branched three-carbon fragment (C-9/C-10/C-28). Actu-



Beilstein J. Org. Chem. 2017, 13, 441–450.

445

Figure 4: Feeding experiments of 13C-labeled precursors into 1 detected by 2D-INADEQUATE NMR experiments. (a) [1,2-13C2]acetate;
(b) [U-13C6]glucose.

Figure 5: Organization of the biosynthesis gene cluster for 1. Blue, transcriptional regulator; pink, PKS for polyketide backbone of 1; yellow, genes for
biosynthesis of hydroxymalonyl-ACP; gray, transporter.

ally, intense enhancement of the C-9 carbon signal was ob-

served by feeding of [1-13C]propionate (Table 1). The

remaining carbons not labeled by malonate-type precursors

were the terminal tert-butyl carbons (C-23 to C-27). The origin

of the tert-butyl group in polyketide biosynthesis is still

unknown, however, the tert-butyl functionality of bottromycin

and polytheonamide was shown to be produced by radical

C-methylation of the isopropyl group of valine [31,32]. By

analogy, the tert-butyl portion of 1 was most likely supplied

through the C-methylation of valine. To examine this possibili-

ty, feeding experiments of L-[methyl-13C]methionine and

L-valine-d8 were carried out. As expected, the tert-butylmethyl

carbons (C-25, C-26, C-27) were labeled as a result of

L-[methyl-13C]methionine incorporation (Table 1). In addition,

the 2H (deuterium) NMR spectrum showed deuterium signals

for the methyl group (H-25, H-26, H-27) of L-valine-d8-labeled

1 (Figure 7a). The mass spectrum of the L-valine-d8-labeled 1

displayed the molecular ion with a mass increment of 6 Da

(Figure 7b), corresponding to the incorporation of six deuterium

atoms into the terminal methyl groups. Based on these results

from precursor-feeding experiments, we concluded that the tert-

butyl group and the adjacent methylene carbon (C-23) are

derived from valine and the S-methyl carbon of methionine. It is

controversial whether pivaloyl CoA is loaded onto the ACP as a

starter or isobutyl-CoA is used as a starter and C-methylation

takes place afterwards. The signature sequence region of the

acyltransferase domain of the PKS starter loading module for

butyrolactol biosynthesis (FAGHS) shares some amino acid

residues with the known loading module of isobutyl CoA

(bafilomycin: LAAHS [33], α-lipomycin: LAAHS [34], tauto-

mycin: LAAHS [35]). Meanwhile, it is known that the sub-

strate recognition is not strict for the loading module of aver-
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Table 2: Annotated putative ORFs in biosynthetic gene cluster and neighboring genes of 1.

Orf10- Accession no. Size
(aa)

Proposed function BLAST search

Protein homolog, Origin, Accession number %a

8 WP_055469543 127 HxlR family
transcriptional regulator

HxlR family transcriptional regulator, Streptomyces
sp. NRRL F-7442, KOX41174

99/100

10b WP_030405160 71 acetyl-CoA carboxylase
biotin carboxyl carrier
protein subunit

acetyl-CoA carboxylase, Streptomyces sp. NRRL
F-7442, KOX41173

100/100

11b WP_055469545 6,065 PKS FscE, Streptomyces cattleya, AEW99638 76/82
12b WP_055469546 473 propionyl-CoA

carboxylase subunit
beta

propionyl-CoA carboxylase subunit beta,
Streptomyces sp. NRRL F-7442, KOX41172

99/99

13 WP_055469547 676 helix-turn-helix
transcriptional regulator

regulator, Streptomyces sp. NRRL F-7442,
KOX41171

99/99

14 WP_055469666 2,075 PKS polyketide synthase type I, Streptomyces cattleya,
AEW99622

71/80

15 WP_055469548 3,365 PKS FscC, Streptomyces cattleya, AEW99623 71/79
16 WP_055469549 3,462 PKS polyketide synthase (fragment), Streptomyces

cattleya, KOX46585
99/99

17 WP_055469550 3,135 PKS polyketide synthase, Streptomyces sp. NRRL
F-7442, KOX46586

99/99

18 WP_055469551 1,169 PKS short-chain dehydrogenase, Streptomyces sp.
NRRL-7442, KOX46587

99/99

19 WP_055469552 301 3-hydroxyacyl-CoA
dehydratase

3-hydroxybutyryl-CoA dehydrogenase,
Streptomyces sp. NRRL F-7442, KOX46623

98/99

20 WP_030403675 88 ACP Acyl carrier protein, Streptomyces sp. NRRL
F-7442, KOX46588

100/100

21 WP_055469553 381 acyl-CoA dehydratase acyl-CoA dehydrogenase, Streptomyces sp. NRRL
F-7442, KOX46589

99/99

22 WP_055469554 356 glyceroyl-ACP
biosynthesis protein

FkbH, Streptomyces sp. NRRL F-7442,
KOX46590

99/99

23 WP_030403672 261 thioesterase thioesterase, Streptomyces sp. NRRL F-7442,
KOX46591

100/100

24 WP_055469555 448 MFS transporter major facilitator superfamily permease,
Streptomyces cattleya, AEW99632

78/84

25 WP_055469556 408 hypothetical protein uncharacterized protein, Streptomyces sp. NRRL
F-7442, KOX46624

99/100

26b WP_055469557 253 multidrug ABC
transporter permease

multidrug ABC transporter permease,
Streptomyces sp. NRRL F-7442, KOX46592

99/99

27b not registered in
GenBank

373 ABC transporter
ATP-binding protein

ABC transporter related protein, Streptomyces
cattleya, AEW99635

82/89

28b WP_055469558 868 hypothetical protein beta-ketoacyl synthase, Streptomyces sp. NRRL
F-7442, KOX46593

99/99

29b WP_055469559 290 ketopantoate reductase ketopantoate reductase, Streptomyces sp. NRRL
F-7442, KOX46594

98/99

30 WP_055469560 209 TetR family
transcriptional regulator

TetR family transcriptional regulator, Streptomyces
sp. NRRL F-7442, KOX46595

99/99

31 WP_059296555 65 chitinase secreted chitinase, Streptomyces coelicolor,
NP_733504

83/87

32b WP_055469561 407 FAD-dependent
oxidoreductase

FAD-dependent oxidoreductase, Streptomyces sp.
NRRL F-7442, KOX46596

98/99

33 WP_030403663 168 MarR family
transcriptional regulator

MarR family transcriptional regulator,
Streptomyces sp. NRRL F-7442, KOX46597.1

100/100

aIdentity/similarity; bencoded in complementary strand.

mectin (VPAHS) [36] and myxalamide (VAVHS) [37] which

accept both isobutyl-CoA and 2-methylbutyl-CoA. In addition,

genes coding for C-methyltransferase are not present near the

butyrolactol PKS genes. Further enzymatic studies are neces-

sary to establish the order of the starter loading/C-methylation

events.
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Figure 6: Biosynthetic pathway of hydroxymalonyl-ACP. Adapted from [24].

Figure 7: Incorporation of L-valine-d8 into 1. (a) 1H NMR spectrum of natural 1 and 2H NMR spectrum of L-valine-d8-labeled 1. (b) ESIMS spectra of
natural 1 and L-valine-d8-labeled 1.
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Figure 8: Incorporation of 13C- and 2H-labeled precursors into 1.

Conclusion
In summary, we elucidated the biosynthetic origin of butyro-

lactol A (1) on the basis of the feeding experiments of isotope-

labeled precursors in combination with the bioinformatics anal-

ysis of its biosynthetic genes. The overall result of labeling ex-

periments is summarized in Figure 8. The tert-butyl group was

shown to be derived from the C-methylated isopropyl group of

valine. This is the first study that experimentally identified the

precursor of a tert-butyl group in a polyketide backbone. The

unusual contiguous polyol system comprising eight hydroxylat-

ed carbons was proved to be arising from the chain extension

using hydroxymalonyl-ACP by labeling experiments of

[1,2-13C2]acetate and [U-13C6]glucose. This conclusion is

consistent with our previous bioinformatic prediction that sug-

gested the presence of genes necessary for the supply of

hydroxymalonyl-ACP adjacent to the PKS gene cluster of the

butyrolactol biosynthesis. The results obtained in this study

provide useful information for further biosynthetic studies and

genome mining of structurally unique/novel secondary metabo-

lites.

Experimental
General experimental procedures
Sodium [1,2-13C2]acetate and L-valine-d8 were purchased from

Cambridge Isotope Laboratories, Inc. [U-13C6]Glucose, sodium

[1-13C]propionate, and L-[methyl-13C]methionine were pur-

chased from Sigma-Aldrich Co. LLC. 1H and 13C NMR spec-

tra were obtained on a Bruker AVANCE 500 spectrometer in

DMSO-d6 using the signal of the residual solvent signals

(δH 2.50, δC 40.0) as an internal standard. The 2H NMR spec-

trum was obtained on a Bruker AVANCE 500 spectrometer in

DMSO. Chemical shifts were referenced to the solvent signal

(δH(D) 2.50). ESITOFMS were recorded on a Bruker microTOF

focus.

Microorganism
Streptomyces sp. strain TP-A0882 was isolated from a deep

seawater collected in the Toyama Bay, Japan. The strain was

identified as a member of the genus Streptomyces on the basis

of 99.9% 16S rRNA gene sequence identity (1533 nucleotides;

NCBI GneBank number BBOK01000029.1) with Streptomyces

diastaticus subsp. ardesiacus NRRL B-1773T (accession num-

ber DQ026631).

Fermentation
Strain TP-A0882 growing on a plate culture was inoculated into

a 500 mL K-1 flask containing 100 mL of the V-22 seed medi-

um consisting of soluble starch 1.0%, glucose 0.5%, NZ-case

(Wako Pure Chemical Industries, Ltd.) 0.3%, yeast extract

(Kyokuto Pharmaceutical Industrial Co., Ltd.), 0.2%, Tryptone

(Difco Laboratories) 0.5%, K2HPO4 0.1%, MgSO4·7H2O

0.05%, and CaCO3 0.3% (pH 7.0). The flask was placed on a

rotary shaker (200 rpm) at 30 °C for 4 days. Then, the seed cul-

ture (3 mL) was transferred into 500 mL K-1 flasks each con-

taining 100 mL of the A-3M production medium consisting of

soluble starch 2.0%, glycerol 2.0%, glucose 0.5%, Pharma-
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media (Traders Protein) 1.5%, yeast extract 0.3%, and Diaion

HP-20 resin (Mitsubishi Chemical Corporation) 1%. The pH of

the medium was adjusted to 7.0 before sterilization. The inocu-

lated flasks were placed on a rotary shaker (200 rpm) at 30 °C

for 6 days.

Extraction and isolation
After incubation, 100 mL of 1-butanol was added to each flask,

and the flasks were allowed to shake for an hour. The mixture

was centrifuged at 6,000 rpm for 10 min and the organic layer

was collected from the aqueous layer. The solvent was re-

moved by evaporation to give 1.6 g of a crude extract from 1 L

of culture. This crude extract was fractionated using silica gel

column chromatography with a step gradient of CHCl3–MeOH

(1:0, 20:1, 10:1, 4:1, 2:1, 1:1, and 0:1 v/v). Fraction 4 (4:1) con-

taining 1 was concentrated to give 16.2 mg of dark yellow gum.

The final purification was achieved by preparative HPLC

(Cosmosil 5C18-AR-II, 10 × 250 mm, 4 mL/min) using a

gradient of MeCN/0.1% HCO2H (MeCN concentration:

50–100% for 0–30 min) at 4 mL/min, yielding 1 (2.7 mg) with a

retention time of 26.7 min.

Incorporation of 13C- and 2H-labeled precur-
sors
Feeding  exper iments  were  per formed for  sodium

[1,2-13C2]acetate, [U-13C6]glucose, sodium [1-13C]propionate,

L-[methyl-13C]methionine, and L-valine-d8. Inoculation, culti-

vation, and purification were performed in the same manner as

described above. Addition of 13C- and 2H-labeled precursors

was initiated at 48 h after inoculation and periodically carried

out every 24 h for four times. After further incubation for 24 h,

the cultures were extracted with 1-butanol.

1. Sodium [1,2-13C2]acetate: After feeding of sodium

[1,2-13C2]acetate (total 800 mg; 20 mg × 10 flasks ×

4 days), 3.6 mg of 13C-labeled 1 was obtained from 1 L

of culture.

2. [U-13C6]Glucose: After feeding of [U-13C6]glucose

(total 800 mg; 20 mg × 10 flasks × 4 days), 2.5 mg of
13C-labeled 1 was obtained from 1 L of culture.

3. Sodium [1-13C]propionate: After feeding of sodium

[1-13C]propionate (total 800 mg; 20 mg × 10 flasks ×

4 days), 2.1 mg of 13C-labeled 1 was obtained from 1 L

of culture.

4. L-[Methyl-13C]methionine: After feeding of L-[methyl-
13C]methionine (total 80 mg; 2.0 mg × 10 flasks ×

4 days), 3.2 mg of 13C-labeled 1 was obtained from 1 L

of culture.

5. L-Valine-d8: After feeding of L-valine-d8 (total 80 mg;

2.0 mg × 10 flasks × 4 days), 2.1 mg of deuterated 1 was

obtained from 1 L of culture.

Supporting Information
Supporting Information File 1
NMR spectra of 13C- and 2H-labeled 1.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-13-47-S1.pdf]
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Abstract
Phyllodesmium longicirrum is the largest aeolidoidean species known to date, and extremely rich in terpenoid chemistry. Herein we

report the isolation of a total of 19 secondary metabolites from a single specimen of this species, i.e., steroids 1–4, cembranoid

diterpenes 5–13, complex biscembranoids 14 and 15, and the chatancin-type diterpenes 16–19. These compounds resemble those

from soft corals of the genus Sarcophyton, of which to date, however, only S. trocheliophorum is described as a food source for

P. longicirrum. Fish feeding deterrent activity was determined using the tropical puffer fish Canthigaster solandri, and showed ac-

tivity for (2S)-isosarcophytoxide (10), cembranoid bisepoxide 12 and 4-oxochatancin (16). Determining the metabolome of

P. longicirrum and its bioactivity, makes it evident that this seemingly vulnerable soft bodied animal is well protected from fish by

its chemical arsenal.
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Introduction
Marine gastropods, of which approximately 150.000 are known,

mostly are protected by a shell. However, shell reduction or

even loss is common within several marine Heterobranchia

clades, which were united under the name Opisthobranchia in

former times [1]. To compensate this lack of physical protec-

tion, alternative defensive strategies, such as the production of

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:g.koenig@uni-bonn.de
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calcareous needles or acidic sulfates, and sequestration or de

novo synthesis of toxic metabolites emerged within the opistho-

branch taxa [2-5]. Adaptations and mimicry, which help to hide

in habitats is frequent in marine gastropods, as obvious from

very diverse and spectacular phenotypes [1,6].

A most intriguing defense strategy, the incorporation of intact

stinging cells (cnidocysts) from hydrozoan food sources, is used

by animals belonging to the Aeolidoidea [7]. One of the aeoli-

doidean genera, i.e., Phyllodesmium, however, switched to

cnidocyst poor Octocorallia as a food source. From there, some

Phyllodesmium species, including P. longicirrum incorporate

algal unicellular symbionts. These so-called zooxanthellae are

stored in branches of the digestive glands which reach into the

so-called cerata. P. longicirrum is able to maintain the

symbionts for over 6 months and is believed to benefit from ad-

ditional nutrients produced via photosynthesis [8,9]. The

greenish-brownish color of the dinoflagellates offers additional

camouflage, while being exposed grazing on soft coral surfaces.

Most importantly, the octocorallian food also offers a wide

spectrum of terpenoid chemistry, which is incorporated and

stored by Phyllodesmium.

Only few chemical investigations were undertaken on

Phyllodesmium species [10-15], describing mostly terpenoid

secondary metabolites. Indirect evidence suggests that these

compounds are sequestered from the respective octocorallian

prey organisms. In rare cases, the ecological function

of some of these metabolites as deterrent agents was demon-

strated, e.g., acetoxypukalide from P. guamensis [15] and

4-oxochatancin (16) in P. longicirrum [12] were shown to cause

a significant feeding deterrence under laboratory conditions at

concentration levels below natural abundance in the sea slug

bodies.

Herein we report on the secondary metabolome of a single

specimen of P. longicirrum, including the structure elucidation

of the new metabolites 1, 5, 9, 14 and 15, and show the

fish feeding deterrent activity of the major metabolites 10

and 12.

Results
UPLC–HRMS metabolome analysis
From the ethanolic extract of P. longicirrum the ethyl acetate-

soluble organic compounds were analyzed. A first fractionation

was achieved by vacuum liquid chromatography (VLC) on

reversed-phase material yielding 11 fractions. 1H NMR analy-

sis of these indicated the presence of chemically diverse sec-

ondary metabolites in the major fractions 3–8, whereas the

hydrophilic fractions 1 and 2 merely contained sugars and the

lipophilic ones, i.e., 9–11 simple lipids.

Detailed UPLC–HRMS investigation was thus performed with

the VLC fractions 3–8. The resulting UPLC chromatograms

(Supporting Information File 1, Figures S47–52) were

extremely complex and gave an impression on the multi-faceted

metabolome of this animal. The majority (except 4 and 17) of

the subsequently isolated and characterized secondary metabo-

lites (1–19, Figure 1) could be assigned to the detected m/z

values (Supporting Information File 1, Table S7A), e.g., promi-

nent MS data were associated with the presence of metabolites

with a molecular weight of 362 Da, relating to 4-oxochatancin

(16) or 1-oxo-9-hydroisochatancin (18). Peaks with retention

times around 14 min in the chromatograms of VLC 5 and 6

contained a metabolite showing an m/z of 319.23 (M + H) and

341.21 (M + Na), which indicated the presence of bisepoxide

12, having a molecular weight of 318.45 Da. A mass charge

ratio of 475.39 (M + H − H2O) and 493.39 (M + H), found for

the peak with a retention time of 14.7 min of the UPLC-chro-

matogram of VLC fraction 7, is characteristic for the seco-

steroid 1 or the polyhydroxylated steroid 4, both with a molecu-

lar weight of 492 Da.

More importantly, UPLC–HRMS investigations produced also

some peaks with m/z values that cannot be linked to isolated

compounds 1–19. Thus, in VLC fraction 7 and 8 an m/z value of

287.24 (M + H) indicates most probably the presence of the

instable sarcophytonin A with a molecular weight of 286.23 Da

[16]. VLC fractions 7 and 8 also contain m/z values character-

istic for steroid constituents of Sarcophyton soft corals that

could not be isolated in the current study, e.g., m/z 397.35

(M + H) suggests the presence of a steroid compound reported

by Kobayashi et al. from Sarcophyton glaucum [17] with a mo-

lecular mass of 396 Da as outlined in Table S7B (Supporting

Information File 1). Detailed analysis of the UPLC–HRMS data

also revealed the presence of m/z 711.39 (M + H) and 669.44

(M + H) in VLC fractions 6 and 7. These values would fit to not

yet reported biscembranoids, containing compound 5 as a

possible biogenetic precursor, with a suggested molecular mass

of 710 and 668 Da (see Supporting Information File 1, Table

S7B).

Notable is the occurrence of numerous peaks containing m/z

values attributable to isomers of the isolated metabolites.

Besides the isosarcophines 8 and 9 with a molecular weight of

316 Da, m/z values 317.21 (M + H) were also detected in the

chromatograms of the fractions VLC 6 and 7 in different chro-

matographic peaks (tR: 12.0, 12.7, 14.0, 15.9 min) indicating

the presence of further possible cembranoid isomers as shown

in Table S7A (Supporting Information File 1). The m/z values

(M + H, 739.44) attributable to the isobisglaucumlides B (14)

and C (15) are also found at four different retention times of the

UPLC chromatograms, suggesting the presence of the further
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Figure 1: Secondary metabolites isolated in this study from P. longicirrum.

isomeric metabolites. These findings highlight the amazingly

complex and diverse metabolome of P. longicirrum.

Regarding the reported secondary metabolites of P. longicirrum

20–22, Figure 2 by Coll et al. [13], only compound 22 with a

molecular weight of 304 Da resulting in an m/z of 305.25

(M + H) may be present in VLC 8 (see Supporting Information

File 1, Figure S7B). However, there are about 20 further

cembranoids described from Sarcophyton spp. with a molecu-

lar weight of 304 Da, making this assessment very tentative. It

can, however be stated that the P. longicirrum specimen investi-

gated in this study either belongs to a different chemotype or

has different food preference than the one investigated by Coll

and co-workers [13].



Beilstein J. Org. Chem. 2017, 13, 502–519.

505

Figure 2: Structures of secondary metabolites from P. longicirrum as described by Coll et al. in 1985 [13].

Detailed chemical investigation of
P. longicirrum including structure elucidation
of the new metabolites 1, 5, 9, 14, 15 and
stereochemical assignment of 12
Repeated fractionation of VLC fractions 5–8 resulted in the

isolation of a range of secondary metabolites, i.e., four steroids

1–4, nine cembranoid diterpenes 5–13 and two biscembranoids

14 and 15, as well as four polycyclic diterpenes of the chatancin

type 16–19 [12]. Compounds 1 and 5 are new chemical struc-

tures. The same applies to the biscembranoids 14 and 15, which

however show close resemblance to bisglaucumlides B and C

[18], but differ in their stereochemistry from the latter. Since no

studies regarding the stereochemical features of the cembranoid

bisepoxide 12 were published to date, we propose here its rela-

tive configuration. Figure 1 summarizes all metabolites found

during this investigation. It is noteworthy, that the previously

reported cembranoid diterpenes (see Figure 2, compounds

20–22) from P. longicirrum by Coll et al. [13] were not isolat-

ed from the complex secondary metabolome of the investigated

specimen, although the UPLC–HRMS data (see above) suggest

that cembranoid alcohol 22 may be present.

Compound 1 was isolated as amorphous white solid. The spe-

cific optical rotation was measured in chloroform (c 0.1), giving

[α]D
20 −21.0. The molecular formula C30H52O5 was estab-

lished by a HRMS measurement, which yielded m/z 515.3694

[M + Na] for the molecular ion. The ring double bond equiva-

lent (RDE) was calculated to be five. The IR spectrum revealed

the presence of hydroxy groups (broad band at 3360 cm−1) and

a keto function (sharp band at 1697 cm−1).

The planar structure of 1 was established by extensive NMR ex-

periments (1H, 13C NMR, COSY, DEPT, HSQC and HMBC

(see Supporting Information File 1, Table S1). The 13C NMR

spectrum showed 30 resonances attributable to 7 methyl, 9

methylene and 8 methine groups. A 13C NMR resonance at

218.4 ppm confirmed the keto group (C-9), whereas a primary

alcohol moiety was evident from a 13C NMR resonance at

δC 59.1 (C-11). Further oxygenated carbons, i.e., C-3, C-5 and

C-6 gave rise to 13C NMR resonances at δC 68.0, 80.7 and 75.7,

respectively. Proton carbon assignments were done according to

Figure 3: Significant 1H,1H COSY correlations as found in
compound 1.

correlations obtained in a HSQC experiment. The absence of
13C NMR resonances for sp2 hybridized carbons for C=C

bonds, together with a RDE of five indicated the presence of

several rings in 1, likely of steroid origin. The latter is sup-

ported by characteristically shielded 1H NMR resonances at

δH 0.54 and δH −0.05 (both dd, H2-30) as well as a multiplet at

δH 0.32 (H-22) for a cyclopropyl group, as typically found in

gorgosterols [19,20].

A 1H,1H COSY experiment led to partial structures which could

be combined using HMBC correlations. Spin system A included

H2-1 to H2-4, whereas H-6 through to H-30 formed spin system

B (see Figure 3). The connection of partial structures A and B

was established from HMBC correlations, i.e., from the reso-

nances of H-4 to C-5 and C-6, as well as H-6 to C-5. The posi-

tion of the C-9 ketone function was established due to HMBC

correlations from resonances of H2-7 and H-8 to C-9. The deca-

line system was finally confirmed by the heteronuclear long

range correlations of the resonances from H3-19. Of the five

degrees of unsaturation one is ascribed to a keto function,

another one to the cyclopropane ring in the side chain, and two

further ones to the decaline ring, thus requiring a further ring in

1. Considering this, a secosterol backbone was likely. Also, the
13C NMR resonance of the oxygenated methylene at δC 59.1

(C-11) is characteristic for marine-derived secosterols [21]. The
1H-1H spin system C only including H2-11 and H2-12 was

connected to the partial structure B via long range correlations

from H3-18 to C-12, C-13, C-14 and C-17. This also estab-

lished the still required ring D. Finally, the complete gorgos-

terol side chain could be elucidated by connection of the 1H,1H
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Figure 4: Secosterols [22,24] related to 3β,5α,6β-trihydroxy-9-oxo-9,11-secogorgostan-11-ol (1) from P. longicirrum.

spin system D with B using HMBC correlations from H3-28 to

C-23 and from H3-29 to C-22, C-23, C-24 and C-30 (see

Figure 3).

The NMR data (Supporting Information File 1, Table S1) of

compound 1 resembled most closely those of epoxy-secosterols

isolated from the gorgonian Pseudopterogorgia americana [22]

and from the soft coral Pachyclavularia violacea (now

Briareum violaceum [23]) by Anta et al. ([24], Figure 4). How-

ever, the 13C NMR chemical shifts of C-5 and C-6 in com-

pound 1 (δC 80.7 and δC 75.7, respectively) differ from shifts

for the equivalent carbons in epoxy-secogorgosterol reported by

Naz et al. (δC 61.0 and δC 60.4, respectively; [22]) and from

those of the epoxy-secosterol reported by Anta et al. (δC 65.5

and δC 58.1, respectively; [24]). The downfield shift, observed

for these carbons in 1, results from the cleavage of the epoxide

ring, and 13C values around δC 70–80 as observed for 1 are

characteristic for hydroxylated carbons.

The relative stereochemistry of the secogorgosterol 1 was estab-

lished by analysis of 1H,1H coupling constants, NOESY data,

and comparison of NMR spectral data with those of similar

compounds [22,24]. An equatorial orientation of the OH-group

at C-3 was evident, since H-3 displayed 1H,1H coupling con-

stants to the vicinal axial H-2β and H-4β of 12 Hz and to the

equatorial H-2α and H-4α of 6 Hz. NOE correlations of H-3 to

H-1α, H-2α and H-4α indicate thus an α-orientation of axial H-3

and a β-orientation of the equatorial hydroxy group at C-3. The

identical 13C NMR shift of C-3 (δC 68.0) with the reported

value [24] supports this orientation.

1H NMR measurements in pyridine-d5 led to a further down-

field shift of the deshielded H-3 resonance to δH 4.81 (com-

pared with δH 4.00 in MeOH-d4). This shift is explained by a

1,3 axial–axial interaction with the 5α hydroxy group [25,26],

demonstrating the α-orientation of the substituent at the bridge

head carbon C-5. NOEs between the resonances for H-2β as

well as H-1β to H3-19 showed the latter to be β-orientated, and

thus the trans configuration of the decaline system. The
1H NMR signal at δH 3.66 for H-6 exhibited NOE correlation

with H-4α (δH 1.70, m) indicating β-orientation of the equato-

rial OH-group at C-6. Contrary to the reported epoxy-seco-

steroid by Naz et al. [22], no NOE was observed between the

resonances of H-6 and β-oriented H3-19 confirming the β-orien-

tation of the hydroxy group at C-6 (see Figure 5).

NOE correlations between H3-19 and H-8, as well as between

H-8 and H3-18 showed the β-orientation of the methyl groups

CH3-18, CH3-19 and of the proton at C-8, which is in accor-

dance with reported stereochemistry for the related metabolites

of this compound-class [21,22]. Free rotation along the bond

between C-8 and C-14 is unlikely because of the bulky substitu-

ents on ring D. NOE correlations were observed between

α-oriented H-14 and H-17 demonstrating β-orientation of the

gorgosterol side chain. 13C NMR shifts for the carbons of the

side chain (C-20 to C-30: δC 36.3, 21.4, 33.3, 26.9, 52.2, 33.4,

22.7, 21.9, 15.8, 14.7, 22.2) were almost identical with those re-

ported by Naz et al. (C-20 to C-30: δC 34.9, 20.8, 31.9, 25.9,

50.5, 31.4, 22.3, 21.5, 15.2, 14.2, 21.2) [22]. The relative stereo-

chemistry of the gorgosterol side chain was thus suggested to be

the same. For the compound 1 we propose the name 3β,5α,6β-

trihydroxy-9-oxo-9,11-secogorgostan-11-ol.

Chemical structures of the polyhydroxylated steroids 2–4 were

established by comparison of the NMR and MS data obtained in

our laboratory (Supporting Information File 1, Figures S6–11)

with the reported values [27,28].

Compound 5 was isolated as colorless oil (1.5 mg). The specif-

ic optical rotation was measured in chloroform (c 0.09), and

yielded [α]D
20 +3.5. The molecular formula of compound 5 was

deduced by HRMS–ESI (M + Na 355.2244 Da) to be

C21H32O3. Ring double bond equivalents (RDE) were calcu-

lated to be six. The IR spectrum of compound 5 showed absorp-

tions for carbonyl bonds at 1700 cm−1 and 1679 cm−1, indicat-

ing the presence of ketone and/or ester functions.

Extensive NMR measurements (1H, 13C NMR, COSY, DEPT,

HSQC and HMBC, see Supporting Information File 1, Table

S2) revealed the presence of a methoxy group (δH 3.71 3H,
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Figure 5: Conformational structure of 1 (key NOESY correlations are indicated with blue arrows; coupling constants crucial for the determination of
the orientation of the 3-OH group are shown).

δC 52.1), an ester carbonyl (δC 170.0 , C-18) and a keto group

(δC 211.3 , C-2). The 13C NMR spectrum of compound 5

contained a total of 21 resonances attributable to 5 methyl, 6

methylene, 5 methine and 5 quaternary carbons as indicated by

a DEPT 135 experiment. Six characteristic shifts in the
13C NMR spectrum at δC 130.5 (C-4) and 142.8 (C-5), 121.6

(C-7) and 136.9 (C-8), 127.0 (C-11) and 135.4 (C-12) pointed

towards three carbon–carbon double bonds. Together with two

carbonyls (at C-2 and C-18) one RDE accountable to a ring

remained, and suggested a cembrane-class diterpene.

The proton resonances could be unambiguously assigned to

those of directly attached carbons by a HSQC measurement,

and afterwards the fragments of the molecule were elucidated

using a COSY experiment. Thus, the COSY data showed corre-

lations of the resonances H3-16, H3-17 and H-1 to H-15,

forming an isopropyl moiety. Together with COSY correlations

from H-1 over H2-14 to H2-13 spin system A was established .

Two further smaller fragments were established via COSY

correlations from H-5 to H-7 (B), and from H-9 to H-11 (C).

These subunits could be assigned to a 14-membered cembrane

skeleton according to couplings detected in the HMBC experi-

ment. Key heteronuclear long range correlations for assembling

the complete structure were from H3-20 to C-11, C-12 and C-13

connecting fragments A and C. The fragments B and C were

then connected according to HMBC cross peaks of the methyl

group resonance H3-19 with quaternary C-8 and with C-7 and

C-9 (see Figure 6).

The absence of a further 1H,1H spin system required heteronu-

clear long range correlations for the elucidation of the

remaining structural features and the closure of the cembrane

ring. Methylene group CH2-3 exhibited HMBC correlations

with resonances of the keto at C-2, sp2 quaternary carbon C-4

Figure 6: Structure of cembranoid 5. 1H,1H spin systems (A, B and C)
are indicated in bold, arrows show key HMBC correlations.

and tertiary carbon C-5 and with the ester carbonyl C-18. Due

to the deshielded nature and large 1H-coupling constant (signals

of both protons appear as doublets, J = 17.7 Hz at δH 3.49 and

3.64) of the 1H NMR resonance of the H2-3, the position of the

methylene group between keto carbonyl C-2 and the quaternary

sp2 carbon C-4 was very likely. The methyl ester moiety could

be localized at C-4 due to long range correlation of the -OCH3

resonance with ester carbonyl C-18 and quaternary C-4. A

HMBC cross peak between the resonances of H-1 and C-2

established the 14-membered cembranoid ring.

The E-geometries at olefinic double bonds Δ7,8 and Δ11,12 were

easily deduced from the 13C NMR upfield shifts of the methyl

group resonances CH3-19 (δC 16.0) and CH3-20 (δC 15.2). The

deshielded resonance of H-5 (δH 7.08) indicated E-geometry of

the olefinic double bond Δ4,5 [29].

Compound 5 resembled most closely the recently reported

cembranoid pavidolide A isolated from the soft coral Sinularia

pavida [30] and a metabolite from Sarcophyton glaucum –

methyl sarcoate reported by Ishitsuka et al. [29] (see Figure 7).

Obvious differences, however were the smaller number of keto
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Figure 7: Compound 5 and the most closely related cembranoids from soft corals.

groups in compound 5 (only one at C-2 instead of two at C-2

and C-13 as in pavidolide A or three at C-2, C-6 and C-13 in

methyl sarcoate). Both related molecules and compound 5 have

only one stereogenic center, i.e., at C-1. The reported absolute

configuration of pavidolide A ([α]D
20 +124, c 0.25, CHCl3) at

C-1 is R [30]. The specific rotation value of 5 is +3.5 and does

not allow indicating any configuration for C-1 in compound 5.

Due to the instability of the substance and its rapid degradation,

it was not possible to determine the absolute configuration un-

ambiguously. Structural similarity of the compound 5 with

pavidolide A and close relationship between Sinularia and

Sarcophyton (food source of P. longicirrum) soft corals makes

similar biosynthetic pathways involved into the synthesis of the

cembranoid 5, methyl sarcoate and pavidolide very likely. Thus,

the configuration at C-1 in the compound 5 is proposed to be

also R, although detailed studies are necessary to determine the

stereochemistry unambiguously. Due to the close relationship to

the first discovered methyl sarcoate we propose the trivial name

6,13-bisdesoxomethyl sarcoate for 5.

Known compounds 6–8, 10, 11 and 13 were unambiguously

identified comparing the obtained 1H and 13C NMR spectral

data with the literature reports [31-36].

Repeated HPLC separation of VLC fraction 7 firstly led to two

metabolites, which could not be structurally analyzed due to

their instability. It was noted however, that two stable degrada-

tion products resulted and could be isolated, i.e., compounds 8

and 9. The planar structure of 8 and 9 was established as that of

isosarcophine by 1D and 2D NMR data (1H, 13C, COSY,

HSQC and HMBC). Specific optical rotation measurements in

chloroform (c 0.1 each substance) yielded [α]D
20 values of

+92.0 for 8 and −38.0 for 9. Due to the close similarity of the
1H and 13C NMR data (Supporting Information File 1, Table

S3) compounds 8 and 9 were supposed to be stereoisomers.

NMR spectral data of compound 8 were identical with those of

(+)-isosarcophine ([α]D
20 +235.3) reported by Kusumi et al.

[32], so 8 is established as (+)-isosarcophine. The configuration

at C-2 for 8 and 9 was established with the help of CD experi-

ments (Supporting Information File 1, Figures S22 and S27).

According to Kobayashi et al. [31] (S) configuration at C-2 in

furanocembranoids causes a negative Cotton effect at 246 nm

like we obtained for compound 8, which is thus (2S)-isosar-

cophine. The CD spectrum of 9 was the inverse of 8 and

displayed a positive Cotton effect at 246 nm demonstrating that

8 and 9 are diastereomers. Thus, compound 9 is 2R-isosar-

cophine.

The cembranoid bisepoxide 12 was isolated as colorless oil,

with a specific optical rotation of [α]D
20 −44.6 (c 3.3 in chloro-

form). The planar structure was deduced by the interpretation of

the experimental data. The obtained 1H and 13C NMR data

resembled those of closely related isosarcophytoxides 10 and

11. An obvious difference between the isosarcophytoxides and

compound 12 in the 13C NMR spectrum was the absence of two

downfield resonances resulting from the lack of a carbon–car-

bon double bond. Instead, two characteristic 13C NMR shifts at

δC 66.4 and 62.3, attributable to an epoxide moiety were

present. 13C NMR data of 12 and the specific optical rotation

were identical with those reported by Bowden et al. [37],

([α]D
20 –46.7, c 0.9 in chloroform) for the cembranoid bis-

epoxide isolated from the soft coral Sarcophyton sp., pointing

towards the same structure for this secondary metabolite. How-

ever, no 2D NMR data or stereochemistry of this molecule was

reported up to now. Here we include the results of 2D NMR

(COSY, HMBC and NOESY; all NMR spectral data in Sup-

porting Information File 1, Figures S32–36 and Table S4) ex-

periments and propose the absolute configuration of bisepoxide

12.

Bisepoxide 12 has five stereogenic centers, found at the epoxide

moieties between C-3 and C-4, and C-11 and C-12, as well as

C-2 of the dihydrofuran ring. Previous studies on the stereo-

chemistry of furanocembranoids [31,36,38,39] stated a relation

between the value of the specific optical rotation, the CD

Cotton effect and the configuration at C-2. Thus, a large posi-
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tive specific rotation value corresponds with S configuration at

C-2, whereas negative rotation values are found for 2R fura-

nocembranoids. Likewise, a negative Cotton effect at ~250 nm

is observed for (2S)-furanocembranoids. Kobayashi et al. re-

ported a 2S configuration for sarcophytonin B (6) which exhib-

ited a negative Cotton effect at 247 nm and a specific optical

rotation of [α]D
20 +160 [31]. X-ray structure determination per-

formed by Bernstein et al. for the closely related sarcophine

(epoxide function at C-7, C-8) revealed also 2S configuration

[38]. Sarcophine exhibited a negative Cotton effect at 246 nm.

A CD measurement of bisepoxide 12 in acetonitrile did not

yield any significant Cotton effect at 250 nm. However, NOE

correlations are observed between the resonances of H-2, H-3

and H3-18 indicating the orientation of the proton H-3 and the

methyl group to the same side (see Figure 8). Due to the nega-

tive optical rotation of 12 ([α]D
20 −44.6), we propose the rela-

tive configuration at C-2 to be S (due to the additional epoxide

at carbons C-3 and C-4 the CIP priority has changed) and thus,

at C-3 and C-4 to be R. In addition, NOE correlations between

H-11 and H3-20 indicated a cis configured epoxide at carbons

C-11 and C-12. The 1H NMR resonance of H-11 (δH 2.88, dd,

J = 3.3, 9.9 Hz in MeOH-d4) in the bisepoxide 12 is very simi-

lar with the resonance of H-11 measured for 2R-isosarcophy-

toxide (11) (δ H 2.88, dd, J = 3.3, 9.0, Hz), indicating that 11

and 12 have the same spatial orientation at carbons C-2, C-11

and C-12 [36]. Thus, we propose the relative configuration of

12 to be 2S*, 3R*, 4R*, 11R*, 12R*. A study on a closely

related cembranoid, the 3,4-epoxysarcophytoxide [40], revealed

the absolute configuration at C-2, C-3 and C-4 to be S, R and R,

respectively. According to a similar specific optical rotation

measured for 3,4-epoxysarcophytoxid ([α]D
20 −52.8) the

absolute configuration of 12 is likely to be the same. We

propose the trivial name isosarcophytobisepoxide for com-

pound 12.

Biscembranoid 14 was isolated as an amorphous solid, with a

specific optical rotation of [α]D
20 −5.0 (c 0.3 in MeOH). The

NMR spectral data showed close resemblance with the known

compounds, bisglaucumlides (23–25) isolated by Iwagawa et al.

(see Figure 9) from the Pacific soft coral Sarcophyton glaucum

[41]. The planar structure of compound 14 was established to be

the same as that of bisglaucumlide B (24) by interpretation of

the NMR data (1H NMR, 13C NMR, COSY, HSQC and

HMBC) and comparison with the data published by Iwagawa et

al. [41]. However, some 13C NMR resonances of the carbons in

ring C and D (NMR data in Table S5, Supporting Information

File 1) of 14 were significantly different from those reported for

bisglaucumlide B (24).

In biscembranoid 14 the 13C NMR resonance of C-30 was

shifted downfield to δC 82.1 compared with the reported value

Figure 8: Proposed configuration and selected NOE correlations of
bisepoxide 12 (key NOE correlations are indicated with blue arrows).

of δC 69.2 for the same carbon in bisglaucumlide B (24). The
13C NMR shift of the methyl group CH3-38 was more shielded

(δC 16.6) than the reported resonance (δC 20.0) for 24. The
13C NMR shifts of C-2 and C-21 in 14 (δC 52.4 and 43.9) also

differed from 24 (δC 46.8 and 40.3, respectively). Moreover, the

specific optical rotation of [α]D
20 −5.0 measured for compound

14 differed significantly from the value published by Iwagawa

et al. ([α]D +126, c 0.22 in MeOH) for bisglaucumlide B (24)

[41]. The absolute configuration of the bisglaucumlides was

proposed by Iwagawa et al. according to the results of CD ex-

periments and comparison with previously reported related mol-

ecules methyl sarcophytoate and nyalolide [29,42]. Different

stereochemistry of biscembranoid 14 in the eastern part of the

molecule (rings B, C and D) was thus suggested.

A ROESY experiment showed a distinct correlation of the reso-

nances H-26 and H-30 (see conformational fragment structure,

Figure 10). The lack of an ROE correlation between H-26 and

the resonance of the vicinal methyl group CH3-39, as well as

the different 13C NMR shift of C-30 from the reported value for

bisglaucumlide B (24) indicated that 14 differed in the configu-

ration at C-30, and that both protons H-26 and H-30 are

oriented to the α-face of the molecule, and the proton H-30 is

axial. The methyl group CH3-40 is oriented to the β-face of the

molecule since no ROE correlation could be observed between

the latter and the α-oriented H-30. H3-40 has a ROESY interac-

tion with H-29b, since the latter has a 1H-coupling to H-30 of

13.9 Hz it must be axial and β and this way proves the β and

axial orientation of CH3-40. A ROE correlation between the

resonance of H-32 and the H3-40 indicated the β-orientation of

H-32, and due to the 1H-coupling constant of 13.9 Hz this
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Figure 9: Structures of bisglaucumlids A–C (23–25).

proton must be axial. We propose the configurations in com-

pound 14 to be S at C-30 and C-31, and R at C-32.

Figure 10: Proposed configuration of the eastern part (rings B, C and
D) of isobisglaucumlides B and C (14 and 15; ROESY correlations are
indicated with blue arrows).

A further discrepancy of the biscembranoid 14 with the re-

ported bisglaucumlide B is a ROE correlation between H-2 and

H-21 indicating the β-orientation of both protons and the con-

figuration change at C-21 from S to R.

The related biscembranoid 15 was isolated as an amorphous

solid with a specific optical rotation of [α]D
20 −14.0

(c 0.2 in MeOH). The NMR data (1H NMR, 13C NMR, COSY,

HSQC, HMBC and ROESY, see Supporting Information File 1,

Table S6) of 15 were very similar to those of 14. The obvious

difference was found at the 13C NMR resonance of the methyl

group CH3-19. The chemical shift of δC 24.9 (compared with

δC 18.6 in 14) indicated the Z geometry at the carbon-carbon

double bond between C-4 and C-5 in the biscembranoid 15.

This was also in accordance with the reported value by

Iwagawa et al. [18] for bisglaucumlide C (25). The stereochem-

istry of the biscembranoid 15 in the eastern part of the mole-

cule is suggested to be the same as that found in compound 14

due to the similar ROE experimental results. The difference in

the specific rotation of the compound 15 [α]D
20 −14.0 with the

reported value for bisglaucumlide C ([α]D
20 +32, in MeOH)

supports the proposed stereochemistry.

We propose trivial names isobisglaucumlides B and C for com-

pounds 14 and 15, respectively.

Investigation of defensive properties of
isolated metabolites
Subsequent experiments showed the feeding deterrent activity

of the major secondary metabolites in P. longicirrum using the

omnivorous fish Canthigaster solandri as model predator. In

preliminary assays VLC fractions 5–7 proved to have signifi-

cant deterrent effects (Supporting Information File 1, Figure

S57). After the isolation of pure metabolites the deterrent prop-

erties could be traced down to few metabolites. (2S)-isosarco-
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Figure 11: Effect of Phyllodesmium metabolites in different concentrations on predation by Canthigaster solandri (n = 8–40, depending on
availability). Experiments were repeated twice with compounds 10–12 in all tested concentrations, twice with 16 at 1% and 2% and three times at
0.5%. Mean values with SD are displayed. Significance of deterrence was shown with Fisher´s exact test (P < 0.05 for 10, 12 and 16, calculated for
each trial separately). Control pellets were 100% eaten for each trial.

phytoxide (10) and bisepoxide 12 were already deterrent at

0.5% of dry mass, and higher concentrations (1.0% and 2.0% of

dry mass) resulted in stronger effects (see Figure 11). Surpris-

ingly, the stereoisomer of 10, 2R-isosarcophytoxide (11)

showed no significant deterrence at concentrations up to 2.0%

of dry mass. No significant activity could be attributed to the

structurally related sarcophytonin B (6) at a concentration up to

1.0% of dry mass. Polyhydroxylated steroid 2 also showed no

antifeedant activity at the concentration 2.0% of dry mass.

Discussion
1. Chemical constituents of P. longicirrum
In this study a wide range of secondary metabolites was isolat-

ed from a single specimen of P. longicirrum. These belong to

the polyhydroxylated steroids 1–4, cembranoid diterpenoids

5–13 and biscembranoid tetraterpenes 14 and 15, as well as the

rare chatancin-type diterpenes 16–19.

Noteworthy is the new unusual secosteroid 1 with a side chain

as found in gorgosterol. Steroids with such a side chain were

first described from the gorgonian coral Plexaura flexuosa [43].

Later on, the so-called gorgosterols were isolated from marine

sediments, diatoms and most importantly from dinoflagellate

cultures [44-46]. Besides inhabiting the water column, dinofla-

gellates of the genus Symbiodinium live in symbiosis as the so

named zooxanthellae with various soft corals, i.e., Sarcophyton

spp. and are also hosted by P. longicirrum. The secosteroid 1

isolated in this study could possibly originate either from the

dinoflagellate symbionts of Sarcophyton, or is a product of

the biosynthetic activity of the dinoflagellates within

P. longicirrum. One possibility to explain the occurrence of

chemically closely related gorgosterols in different soft coral

clades is the presence of the same putative gorgosterol-produc-

ing Symbiodinium within their body. Overall, only few secos-

terols with gorgosterol side chain were reported, e.g., by Morris

et al. [21], Naz et al. [22] and Anta et al. [24] and the ecologi-

cal role of these compounds remains to be explored.

It cannot be ruled out completely that secosteroid 1 is an oxida-

tion product, i.e., artifact of the secosteroid reported by Naz et

al. [22] (see Figure 4). In this case, the epoxide ring at C-5 and

C-6 would have undergone a cleavage to yield 1 during chro-

matographic procedures. The analysis of HRMS–UPLC data

however, showed the presence of signals attributable to the

secosteroid 1 prior the extensive HPLC (see Supporting Infor-

mation File 1, Figure S53). This observation provides evidence
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that compound 1 is indeed a natural product, if not the epoxide

moiety was cleaved already during the storage of the specimen

in ethanol.

The new cembranoid 6,13-bisdesoxomethyl sarcoate (5) resem-

bles most closely the methyl sarcoate described by Ishitsuka et

al. [29] from soft coral Sarcophyton glaucum and the pavi-

dolide A (6-desoxomethyl sarcoate) isolated from Sinularia

pavida [30]. Methyl sarcoate is reported to be a possible biosyn-

thetic precursor of several biscembranoids, e.g., methyl sarco-

phytoate [47], a metabolite from S. glaucum and methyl neosar-

tortuate from S. tortuosum [48]. The biscembranoids are

believed to originate as products from Diels–Alder cycloaddi-

tion between two cembranoid units. Besides methyl sarcoate,

only methyl tetrahydrosarcoate and isosarcophytonolide D are

reported to act as dienophile (western part) in over 60 de-

scribed biscembranoids [49]. The western parts in the bisglau-

cumlides [18,41] and isobisglaucumlides isolated in this study

(14 and 15) correspond with the structure of methyl sarcoate.

To our best knowledge, there are no literature reports on

biscembranoids having 6,13-bisdesoxomethyl sarcoate (5) or

pavidolide A as building blocks. First evidence pointing

towards the existence of such biscembranoids provides the

UPLC–HRMS investigation in this study. As mentioned in the

results part, characteristic m/z values were detected in the chro-

matograms of the fractions VLC 6 and 7 (Supporting Informa-

tion File 1, Figures S54–56) attributable to biscembranoids in-

corporating compound 5 as the western part and the eastern part

as found in the isobisglaucumlides 14 and 15 (M + H m/z

711.39). A further possible metabolite with m/z of 669.44

(M + H) would be one with the eastern part bearing a hydroxy

instead of the acetate moiety at C-32 (as found in bisglaucum-

lide A (23) [18]). This assignment relying on the MS data only

is surely somewhat speculative.

In our former study in 2014, relying on UPLC-HRMS data

only, we assumed that isosarcophines 8 and 9 and sarcophy-

tonin B (6) could be present in the P. longicirrum extract. In the

current investigation we were able to isolate these metabolites

and demonstrate the informative value of the preliminary

UPLC–HRMS analysis. Further investigations on Alcyonacean

and/or Phyllodesmium chemistry may thus lead to the isolation

and full characterization of the putative biscembranoids.

Furanocembranoids are reported to be unstable and to quickly

autoxidize in the presence of light [16]. In our study, isosar-

cophines 8 and 9 were isolated after repeated chromatography

of purified, but labile compounds, which thus remained uniden-

tified. Additionally, during the purification of the isosarcophy-

toxides 10 and 11 peaks most probably attributable to the

isosarcophines 8 and 9 appeared in the chromatograms, demon-

strating the oxidation of the isosarcophytoxides to the isosar-

cophines. Reports on such conversions are found in the litera-

ture, e.g., Kusumi et al. described the isolation of isosarcophine

8 from Sinularia mayi and chemical conversion of the isosarco-

phytoxide 10 into 8 by exposing the DCM solution of 10 to

light, supporting our assumption that the isosarcophines 8 and 9

are artifacts [32].

2. Secondary metabolome of P. longicirrum
with regard to metabolites known from
Sarcophyton, especially in S. glaucum
Several Sarcophyton species (Octocorallia) were reported to

contain the identical metabolites as isolated in this study from

P. longicirrum. Indeed, the majority of the known compounds

was firstly found in S. glaucum (2, 4, 10–11, 13 [27,35,36]).

Other Sarcophyton species reported to contain P. longicirrum

metabolites are S. subviride, i.e., compound 3 [28] and S. cher-

bonnieri, i.e., compound 7 [33]. However, two of our

P. longicirrum compounds, sarcophytonin B (6) and isosarco-

phytobisepoxide (12) were first described from unidentified

Sarcophyton species [31,37]. Concerning the new natural prod-

ucts from P. longicirrum, they can be regarded as derivatives of

S. glaucum secondary metabolites, e.g., 1, 5, 14, 15 and the

chatancin-type diterpenes 16–19.

Samples of the same Sarcophyton species collected at different

times and habitats can differ greatly in their chemistry [39,50].

Other closely related soft corals, such as Lobophytum spp., also

contain cembranoids, e.g., the isosarcophytoxides 10 and 11

[36] as well as a numerous biscembranoid compounds [51].

Distinct patterns of chemotypes in Sarcophyton species were

demonstrated in a study by Tanaka et al. [52]. In this latter

study, the largest diversity of secondary metabolites was found

for S. glaucum, compared with the moderate chemical diversity

found in S. trocheliophorum. The latter was the observed soft

coral preyed upon by P. longicirrum and investigated by Coll et

al. [13]. The isolation of only three metabolites 20–22

(Figure 2) in their study would correlate with the results of

Tanaka et al. [52], showing the less complex metabolome of

S. trocheliophorum. Exact identification of soft corals is, how-

ever still difficult and misidentification cannot be ruled out.

An explanation for the highest metabolome diversity of

S. glaucum can lie in the taxonomic impediment of this particu-

lar species. The phylogenetic analysis by McFadden et al.

clearly showed that the relationship and systematics of the soft

coral genus Sarcophyton is not resolved (see Figure 12) [53].

S. glaucum seems to be a species complex with at least 6 differ-

ent clades. Furthermore one of the former investigated species

(S. subviride, compound 3) is considered to be synonymous

with S. glaucum [53]. A retrospective assignment of the investi-
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Figure 12: Phylogenetic tree of octocorals relevant as putative food sources for Phyllodesmium spp. Phylogram of Sarcophyton and Lobophytum,
based on a consensus phylogram of McFadden et al. [54]. Only the Sarcophyton clade with species investigated with regard to secondary metabo-
lites are given in detail. The two other clades from the original phylogram are only indicated; Lobophytum and the mixed clade consisting of Sarco-
phyton and Lobophytum species. Numbers indicate the number of specimens that represent the respective branch. Note that the single specimen of
S. cherbonnieri groups with 4 specimens of S. glaucum. S. glaucum is not monophyletic, but is represented with several independent clades. The dots
at the terminal branches of S. glaucum in the tree indicate that secondary metabolites are described from this species, but it is not known, from which
clade. Species in bold indicate that secondary metabolites were described.

gated S. glaucum specimens and the identified metabolites

mentioned above is not possible. Interestingly, S. cherbonnieri

wherefrom compound 7 was first described, shows no genetic

difference to four specimens identified as S. glaucum. The

available studies on S. cherbonnieri secondary metabolites

[33,34,52] resulted in the isolation of a range of secondary

metabolites, some of which were previously described from

S. glaucum. These results show that chemotaxonomy might help

in effective species delimitation.

The occurrence of the secosteroid 1 which is a derivative of a

compound isolated from the Gorgonian Pseudopterogorgia

americana may raise further questions about the food prefer-

ences of P. longicirrum. The soft corals (Alcyonacea) comprise

several suborders and families including Alcyoniidae within

Alcyoniina, and Gorgoniidae within Holaxonia. Phylogenetic

analyses based on molecular markers and applying maximum

likelihood methods, as well as parsimony analyses by

McFadden et al. [54] do not clarify the relationship of the mor-
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phologically, as well as chemically different Alcyoniidae (in-

cluding Sarcophyton) and Gorgoniidae (including Pseudoptero-

gorgia within Alcyonacea). Nevertheless, feeding on

Pseudopterogorgia by P. longicirrum seems extraordinary and

very unusual. The habitus of this gorgoniid is so different –

fragile with very narrow branches – compared to the mushroom

shape of Sarcophyton. Moreover, no typical gorgonian diter-

penes (e.g., pseudopterosines, [55]) were isolated from

P. longicirrum. As stated before, it is more likely that the secos-

terol is produced by zooxanthellae independently from its host

and/or the Sarcophyton soft corals produce a wider variety of

secondary metabolites as known.

Altogether, the types of the majority of the isolated metabolites

provide circumstantial evidence that the investigated

P. longicirrum specimen fed mainly, if not exclusively, on

S. glaucum which is a common soft coral in the Indo-West

Pacific coral reefs and has been observed at Lizard Island. In

contrast, the animal collected from a different place in the GBR

and studied by Coll et al. [13] preyed upon S. trocheliophorum,

which is according to McFaddens and co-workers phylogenetic

research [53] found in the different clade from the S. glaucum

species complex (see Figure 12). We can state that the highly

diverse metabolome of the herein studied P. longicirrum proba-

bly results from the different chemotypes among S. glaucum

which might reflect the cryptic speciation as well as the wide

metabolite spectrum of the S. glaucum complex. Whether a

cryptic speciation also occurs in P. longicirrum by specializing

on certain chemotypes within Sarcophyton clades remains to be

clarified.

3. Defensive role of P. longicirrum
metabolites
The coral reef is a harsh environment with a high predation

pressure, especially for slow moving and soft bodied animals

like P. longicirrum. In the past, studies were conducted trying

to shed light on the ecology of soft corals, especially with

regard to the protection against predators. A pioneering work

was done by Neeman and coworkers in 1974 [56]. There, one of

the first isolated cembranoid diterpenes from S. glaucum –

sarcophine – was reported to be a defensive agent in Sarco-

phyton colonies. Sarcophine, the main toxic substance of the in-

vestigated soft coral, was shown to be ichthyotoxic in lethality

assays using the freshwater fish Gambusia affinis, and there-

fore believed to be at least involved in the chemical defense.

Later investigations provided toxicity ranking among the Alcy-

onarian soft corals. Sarcophyton species together with Sinu-

laria, Lemnalia, Lobophytum and Nephthea soft corals showed

the highest ichthyotoxicity levels [57,58]. The study on the

defensive strategies of soft corals carried out by La Barre et al.

focused on feeding deterrence of aqueous coral extracts against

G. affinis [59]. The remarkable result was that the fish deterrent

activity and ichthyotoxicity not necessarily correlated, demon-

strating the complexity of such ecological studies. The compre-

hensive article by Pawlik provides deeper insights into the prob-

lematics concerning the determination of the defensive role of

marine natural products [60].

Defense strategy using sequestered soft coral metabolites has

been discussed for the members of the genus Phyllodesmium,

however, there are only few studies supporting this hypothesis.

Besides our earlier study [12] reporting a feeding deterrent ac-

tivity of 4-oxochatancin (16), only a study by Slattery et al. [15]

could show an antifeedant effect of a secondary metabolite

sequestered by Phyllodesmium. In the latter study, acetoxy-

pukalide, which was sequestered by P. guamensis from its prey

corals Sinularia spp., successfully deterred the omnivorous

pufferfish Canthigaster solandri under laboratory conditions at

0.5% of dry mass in artificial food. The concentration chosen

was at least an order of magnitude lower, than found in the

body tissues of P. guamensis.

Determination of the exact percentage of secondary metabolites

in the body tissues of P. longicirrum in our study was experi-

mentally not possible, since the single specimen investigated

herein was stored in ethanol (90%) immediately after collection.

Taking into account the comparable physiology and the close

relationship of P. guamensis and P. longicirrum, we have

chosen a concentration of 0.5% of the respective substance in

the dry weight of the artificial food as lowest level (according to

the study by Slattery et al. [15]) for pure compounds in labora-

tory feeding assays using C. solandri.

The major metabolites (2S)-isosarcophytoxide (10) and bis-

epoxide 12 were significant deterrent at 0.5% of the fish diet

calculated for the dry mass. The deterrence was more pro-

nounced at higher concentrations (1 and 2%) (see Figure 11).

4-oxochatancin (16), as reported earlier showed comparable ac-

tivity [12]. Remarkable, however, is the inactivity of the (2R)-

isosarcophytoxide (11) up to 2% of dry pellet mass, a mere

stereoisomer of the active metabolite 10. Such a dependence on

stereochemistry may result from a specific interaction with taste

receptors in C. solandri lips, oral cavity and pharyngeal part.

The importance of stereochemistry for taste response was

shown in studies using alanine as a ligand for taste receptors

from fish [61,62]. Investigations on the effects of cembranoid

diterpenes on receptors are published, e.g., nicotinic receptors

by Ferchmin et al. [63].

An important chemical feature of deterrent cembranoid metabo-

lites is the epoxy-moiety. Among the tested cembranoids the

strongest deterrent effect was found for the isosarcophytobise-
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poxide 12, following by (2S)-isosarcophytoxide (10). The

assayed furanocembranoid sarcophytonin B (6) could not exhib-

it reproducible effect, even though one probe was highly deter-

rent. Probable spontaneous oxidation of 6 to potentially active

epoxide-bearing metabolites, e.g., (2S)-isosarcophytoxide (10)

or isosarcophines 8 and 9 may have led to this observation.

Deterrent abilities of the latter, however, are still not deter-

mined due to insufficiently available amounts.

Isolated steroid compounds 1–4 in this study are minor metabo-

lites compared to the diterpenes present in the investigated

specimen (e.g., 10–12 and 16). The ecological role (defensive

or ichthyotoxic) of polyhydroxylated steroids could not yet been

assigned in the marine environment [59]. Here, the only assayed

steroidal compound was 2, but found to be inactive at 2% of dry

mass. The ecological significance or role of this compound

class in P. longicirrum remains unexplored.

Fish may represent the main, however not the only potential

predation threat to slugs. The omnivorous Echinodermata, Crus-

tacea and Cephalopoda could also consider Phyllodesmium as

possible prey. Whether the compounds, proven defensive

against fish predation in this study function as deterrents

towards other organisms, has yet to be shown. Even if the fura-

nocembranoids represent the protection against omnivorous

fish, it is possible that some of the numerous secondary metabo-

lites found in this study could be useful against a wider range of

predators.

In summary, chemical investigation of a single large

P. longicirrum specimen resulted in isolation of 19 secondary

metabolites of terpenoid origin. Taking the metabolites detected

by UPLC–HRMS analysis also into account, P. longicirrum

demonstrates an unprecedented level of secondary metabolite

diversity. The herein studied P. longicirrum sequesters its sec-

ondary metabolites most probably from the chemistry-rich

S. glaucum species complex, in contrary to a previously re-

ported investigated P. longicirrum. The defensive role of the

major diterpenoid constituents (10, 12 and 16) as feeding deter-

rent agents against tropical omnivorous fish C. solandri was

shown in laboratory assays, providing further strong evidence

for the use of chemical protection strategy within the scarcely

investigated aeolidoidean genus Phyllodesmium.

Experimental
General experimental procedures
Optical rotations were measured with a Jasco DIP 140

polarimeter. ECD spectra were taken on a Jasco J-810 CD spec-

tropolarimeter. UV and IR spectra were obtained using Perkin-

Elmer Lambda 40 and Perkin-Elmer Spectrum BX instruments,

respectively. All NMR spectra were recorded in MeOH-d4

using Bruker Avance 300 DPX, Bruker Avance 500 DRX or

Bruker Ascend 600 (with cryoprobe Prodigy) spectrometers, re-

spectively. Spectra were referenced to residual solvent signals

with resonances at δH/C 3.35/49.0. LC–ESIMS was performed

using an Agilent 1100 system with an API 2000 Triple Quadru-

pole LC/MS/MS with ESI source (Applied Biosystems/MDS

Sciex) and a photodiode array detector (PDA). HRMS–ESI

were recorded on a LTQ Orbitrap mass spectrometer.

UPLC–HRMS analysis was performed on a Thermo Scientific

Qexactive mass spectrometer with HESI source, Phenomenex

Kinetex C18 column (150 mm × 4.6 mm, 2.6 µm, 100 Å).

A Grace Reveleris X2 system equipped with 12 g Reveleris

C18 column was used for flash chromatography. HPLC was per-

formed either on a Merck Hitachi HPLC system equipped with

a L-6200A pump, a L-4500A PDA detector, a D-6000A inter-

face with D-7000A HSM software, a Rheodyne 7725i injection

system or on a Waters HPLC system equipped with a 1525µ

dual pump, a 2996 PDA detector, Breeze software and a Rheo-

dyne 7725i injection system. A Waters Atlantis T3 C18 column

(250 mm × 4.6 mm; 5 µm), Macherey-Nagel Nucleoshell

C18 column (250 mm × 4.6 mm; 5 µm), Knauer Eurospher

C18 column (250 mm × 8 mm; 5 µm) and Phenomenex

Luna 5 µm C18(2) 100A column (250 mm × 10 mm; 5µm) were

used.

Sample
The sample of P. longicirrum was collected 2008 during a field

trip to Lizard Island (Great Barrier Reef, Australia) by

H. Wägele. The specimen (Phlo08-LI) was stored in ethanol

(96%) until further extraction and processing in the laboratories

at the University of Bonn.

Extraction and isolation
The extraction procedure was analogous as described in [11].

The ethanolic storage solution was combined with the MeOH

extract (3 × 150 mL) of the slug biomass and the solvents were

evaporated. After liquid–liquid separation of the methanolic

crude extract (4.5 g) between 100 mL H2O and 3 × 100 mL

ethyl acetate (EtOAc), EtOAc solubles (2.2 g) were fraction-

ated by vacuum liquid chromatography (VLC) over Polygoprep

60–50 C18 stationary phase (Macherey-Nagel) using gradient

elution from 20:80 (MeOH/H2O) to 100% MeOH to yield

11 fractions. 100 mL of the mobile phase was used for each

fraction. Fractions 3–8 (6 mg, 16 mg, 207 mg, 763 mg, 696 mg,

150 mg, respectively) were analyzed with the UPLC–HRMS

system using the following solvent gradient program: A. water

+ 0.1% formic acid and B. acetonitrile + 0.1% formic acid; 5%

B 0–2 min, 5–95% B 2–14 min, 95% B 14–17 min, 95–5% B

17–22 min. The column oven was adjusted to 30 °C. Complex

chromatograms obtained from VLC fractions 5–8 by
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UPLC–HRMS analysis indicated the presence of a wide range

of secondary metabolites. These VLC fractions were thus

subsequently submitted for further chromatographic separation.

VLC fraction 7 (690 mg) was further separated by normal phase

VLC using silica gel (60Å, 70–230 mesh, 63–200 µm) and

dichloromethane (DCM):acetone gradient from 100% DCM to

100% acetone (100 mL of eluent each fraction, 20% steps) to

yield 6 fractions (7.1–7.6). HPLC of fractions 7.5 and 7.6

(MeOH/H2O 83:17, 0.9 mL/min, column: Waters Atlantis T3)

resulted in the isolation of the new secosterol 1 (1.4 mg) along

with the known steroid compounds 2 (2.5 mg), 3 (1.0 mg) and 4

(1.5 mg).

The new cembranoid diterpene 5 was isolated after RP–HPLC

separation of VLC fraction 8 (MeOH/H2O 90:10, Phenomenex

Luna column, 2 mL/min). Seven fractions (8.1–8.7) were ob-

tained, fraction 8.2 (17.4 mg) was further purified using Atlantis

T3 column (MeOH/H2O 78:22, 0.9 mL/min ) yielding 1.5 mg

of 5.

Sarcophytonin B (6) (14.0 mg), furanocembranoid 7 (2.0 mg),

isosarcophines 8 and 9 (each 2.0 mg), isosarcophytoxides 10

(13.0 mg) and 11 (12.0 mg) were isolated from fraction VLC

7.2 (530 mg) after repeated normal phase VLC with a silica gel

having a smaller particle size (60 Å, particle size < 63 µm,

mesh < 230; DCM/acetone gradient from 100% DCM to 100%

acetone in 10% steps, 50 mL of eluent each fraction) and subse-

quent RP–HPLC separation (MeOH/H2O 75:25, 0.9 mL/min,

Macherey-Nagel Nucleoshell column).

VLC fraction 6 was separated on a Sephadex LH-20 column

with MeOH as eluent to yield 11 fractions S1–11, using 100 mL

MeOH per fraction. The major fraction S7 (412 mg) was sepa-

rated on RP flash chromatography (MeOH:H2O 60:40,

30 mL/min; Reveleris C18 column, 12 g) to yield 28 mg of

cembranoid bisepoxide 12. Cembranoid 13 (1.0 mg) was ob-

tained after the separation of fraction S8 (24 mg) on RP–HPLC

(Waters Atlantis T3 C18 column; 70:30 MeOH/H2O mobile

phase, 0.8 mL/min). Separation of fraction S5 (60 mg) using

RP–HPLC (MeOH/H2O 70:30, Macherey-Nagel Nucleoshell

column, 0.9 mL/min) led to the isolation of two biscembra-

noids 14 (4.0 mg) and 15 (2.0 mg).

(3β,5α,6β)-Trihydroxy-9-oxo-9,11-secogorgostan-11-ol (1):

amorphous solid; [α]D
20 −21.0 (c 0.1, CHCl3); UV (MeOH)

λmax (ε): 245 (190) nm; IR (ATR) νmax: 3360, 2958, 2925,

2871, 1697, 1468, 1370, 1165, 1029, 974, 669 cm−1; 1H and
13C NMR (Supporting Information File 1, Table S1);

HRMS–ESI (m/z): [M + Na]+ calcd for C30H52O5Na, 515.3712;

found, 515.3694.

6,13-Bisdesoxomethyl sarcoate (5): colorless oil; [α]D
20 +3.5

(c 0.09, CHCl3); UV (MeOH) λmax (ε): 204 (510) nm;

IR (ATR) νmax: 3360, 2853, 1700, 1679, 1459, 1377, 1205,

1137, 633 cm−1; 1H and 13C NMR (Supporting Information

File 1, Table S2); HRMS–ESI (m/z): [M + Na]+ calcd for

C21H32O3Na, 355.2249; found, 355.2244.

(2R,11R,12R)-Isosarcophine (9): colorless oil, [α]D
20 −38.0

(c 0.1 in CHCl3); UV (MeOH) λmax (ε): 204 (11587), 260 (sh)

(1587) nm; IR (ATR) νmax: 3445, 2924, 1748, 1677, 1440,

1385, 1093, 997 cm−1; 1H and 13C NMR (Supporting Informa-

tion File 1, Table S3); ESIMS (m/z): [M + H]+ 317.1.

(2S,3R,4R,11R,12R)-Isosarcophytobisepoxide (12): colorless

oil, [α]D
20 −44.6 (c 3.3 in CHCl3); UV (MeOH) λmax (ε): 206

(5716) nm; IR (ATR) νmax: 3431, 2925, 2854, 1711, 1457,

1378, 1267, 1247, 1205, 1142, 995 cm−1; 1H and 13C NMR

(Supporting Information File 1, Table S4); HRMS–ESI (m/z):

[M + H]+ calcd for C20H31O3, 319.2268; found, 319.2222.

Isobisglaucumlide B (14): amorphous solid, [α]D
20 −5.0

(c 0.3 in MeOH); UV (MeOH) λmax (ε): 230 (1148) nm; IR

(ATR) νmax: 3420, 2927, 2361, 1706, 1669, 1436, 1373, 1205,

1087, 761 cm−1; 1H and 13C NMR (Supporting Information

File 1, Table S5); HRMS–ESI (m/z): [M + Na]+ calcd for

C43H62O10Na, 761.4235; found, 761.4194.

Isobisglaucumlide C (15): amorphous solid, [α]D
20 −14.0

(c 0.2 in MeOH); UV (MeOH) λmax (ε): 231 (1407) nm; IR

(ATR) νmax: 3424, 2928, 2359, 1707, 1614, 1435, 1372, 1204,

1085, 1027, 773 cm−1; 1H and 13C NMR (Supporting Informa-

tion File 1, Table S6); HRMS–ESI (m/z): [M + Na]+ calcd for

C43H62O10Na, 761.4235; found, 761.4177.

Spectral data of literature reported metabolites 2–4, 6–8 and 13

are found in Supporting Information File 1.

Isolation and structure elucidation of four new unusual

chatancin-type diterpenes 16–19 from the same P. longicirrum

specimen was reported in our recent publication [13].

Chemical defense
To evaluate defensive properties of P. longicirrum secondary

metabolites, feeding assays with the pufferfish Canthigaster

solandri were carried out under laboratory conditions. This fish

is a generalist feeder in the tropical Pacific living sympatric

with the main food of P. longicirrum and thus being a putative

predator of P. longicirrum. It was also used previously as a

model predator by Rohde et al. [64], Rohde and Schupp [65].

The C. solandri were kept in separate 70 L flow-through tanks

and fed regularly days before feeding assay in order not to
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change the feeding preference patterns. The artificial diet was

made of 0.3 g sodium alginate and 0.5 g squid powder (if avail-

able) or commercial dry fish food filled up with purified water

up to 10 g. The mixture was stirred vigorously and shortly

heated up in the microwave oven. The tested fractions or pure

compounds were pre-solved in a drop of ethanol in an Eppen-

dorf tube and homogenized subsequently with 1 mL of artifi-

cial diet. After pouring the semi-liquid diet into 0.25 M calcium

chloride solution using a syringe, the solidified strip was

washed with sea water and cut into suitable pellets. For control

only a drop of ethanol was mixed with the artificial diet. Since

any color differences between control and treated pellets were

detectable, no additional coloring was necessary. A control and

treated pellet were offered sequentially to each C. solandri. If

the treated pellet was rejected or spit out at least three times, a

second control pellet was offered to confirm that fish had not

ceased feeding. A rejection was only scored when both controls

were eaten. Fisher´s exact test was used to show the signifi-

cance of the reduced palatability of treated pellets compared to

control pellets. Preliminary experiments with fractions VLC

5–7 were performed with concentration levels below estimated

natural occurrence in living P. longicirrum (VLC 5 at 2.5%,

VLC 6 at 5%, VLC 7 at 1.2% of dry artificial food mass).

After obtaining and characterizing the pure metabolites from the

VLC fractions tested previously, the feeding assays were

repeated. Isolated secondary metabolites were chosen for the

assays depending on the amounts and compound class. Major

metabolites were tested twice or three times at each different

concentration to enhance the statistical power. The assays were

performed with compounds 2 (at 2% of dry mass), 6 (three

times at 0.5%, twice at 1% of dry mass), 10 (2× at 0.5%, 1%

and 2% of dry mass), 11 (2× at 1% and 2% of dry mass), 12

(twice at 0.5%, 1% and 2% of dry mass) and as previously

published with 16 (3× at 0.5%, 2× at 1% and 2% of dry mass).

The number of available fish individuals involved in the assays

varied from 8 to 50.

Supporting Information
Supporting Information File 1
Spectroscopic data and other relevant information.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-13-50-S1.pdf]
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Abstract
Compared to cholesterol, hydroxycholesterols contain an additional hydroxy group in the alkyl chain and are able to efficiently

cross the brain–blood barrier. Therefore, they are responsible for the sterol transfer between brain and circulation. The current study

compares the membrane properties of several hydroxycholesterols with those of cholesterol using 2H NMR spectroscopy, a mem-

brane permeability assay, and fluorescence microscopy experiments. It is shown that hydroxycholesterols do not exert the unique

impact on membrane properties characteristic for cholesterol with regard to the influence on lipid chain order, membrane perme-

ability and formation of lateral domains.

720

Introduction
Cholesterol is a major component of mammalian cell mem-

branes with various biological functions. It plays a key role in

maintaining the membrane’s barrier function by increasing the

bilayer packing density through condensing the phospholipids.

Furthermore, cholesterol is an important player in the dynamic

domain structure of the plasma membrane and the formation of

lateral lipid domains with relevance to membrane protein func-

tion, protein trafficking, and intramembrane proteolysis [1-3]. A

large amount of cholesterol in the human body is located in the

brain, where it constitutes an integral part of myelin mem-

branes acting as electrical insulators [4]. Cholesterol is also a

major component of the plasma membranes of astrocytes and

neurons [5]. The tight control of the cholesterol concentration

and homeostasis is of paramount importance for the functions

of all cells of the body but particularly for the brain. More so as

the rate of cholesterol accumulation and synthesis is subject to

subtle alterations over the lifetime of a human being [4,6].

Insoluble cholesterol is transported in the blood in small

lipoprotein particles of varying density and the rate, at which

cholesterol crosses the lipid membrane, is extremely low [7]. To

overcome the blood–brain barrier, nature has developed effi-

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:holger.scheidt@medizin.uni-leipzig.de
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Figure 1: Top: Chemical structures of cholesterol and hydroxycholesterols with selected numbering for the carbon atoms. The investigated hydroxy-
cholesterols are modified with an OH-group bound to the carbon in position 24 (either in R- or S-configuration) or in position 27, respectively. Bottom:
Molecular models and isosurfaces of the electrostatic potential of cholesterol (A), (24R)-hydroxycholesterol (B) and 27-hydroxycholesterol (C).

cient mechanisms to convert cholesterol into metabolites, which

can easily diffuse into the brain. These metabolites are primarily

the oxysterols (24S)-hydroxycholesterol (24S-HC) for the trans-

port from the brain to the bloodstream and 27-hydroxycholes-

terol (27-HC) for the transport in the opposite direction [4,6,8].

These molecules are modified by a hydroxy group at the alkyl

chain end of the cholesterol molecule, introducing a second

polar center to the hydrophobic tetracyclic ring system in addi-

tion to the OH moiety of cholesterol (Figure 1). This putatively

simple modification is responsible for the better membrane

penetrability (see below, [7]). A very interesting finding is that

the plasma level of 24S-HC, which is nearly exclusively pro-

duced in the brain [6], can be used as a marker for neurodegen-

erative and neurological diseases including Alzheimer’s

diseases [4,6,8,9].

The biophysical properties of cholesterol and their influence on

lipid membranes have been widely investigated as a basis for

the understanding of the cell biological importance of the mole-

cule. It has been shown that the membrane properties of choles-

terol are extremely well adapted to exert a very specific influ-

ence on the other membrane constituents, resulting in highly

characteristic effects on the packing and lateral organization of

the membrane lipids and proteins [1,10-13]. Even very small al-

terations in the molecular structure of cholesterol cause large

differences in the interaction with phospholipids and its mem-

brane’s barrier function. Interestingly, not only modifications in

the tetracyclic sterol ring system lead to pronounced changes of

the molecular membrane architecture and of the interactions be-

tween the respective sterol and membrane lipids and proteins

[14-17], but also the iso-branched side chain of cholesterol has

an important impact on the membrane properties [18-20].

For the hydroxysterols 24S-HC and 27-HC, little experimental

data on their influence on membrane properties are available.

So far, only slightly altered lipid mobility was observed in the

presence of both hydroxysterols using fluorescence techniques

[21]. Also, a decreased but still significant effect of the

hydroxysterols on lipid condensation compared to native

cholesterol was found in molecular dynamics simulations,

which is probably caused by an increased tilt angle of the

sterols to the membrane normal [8,21]. However, using
2H NMR measurements, only a very small increase of acyl

chain order was observed in the presence of 24S-HC [8]. Sur-

prisingly, in the same study, 24S-HC and 27-HC exhibited a

comparable effect on the acyl chain order compared to endoge-

nous cholesterol measuring the diphenylhexatriene (DPH)

anisotropy. Furthermore, high exchange rates of the molecules

between erythrocytes and plasma were found [7], indicating that

24S-HC and 27-HC can – contrary to cholesterol – rapidly cross

plasma membranes. Also for other oxysterols, like 7-keto-

cholesterol and 25-hydroxycholesterol, a lower tendency to

form lateral lipid domains and an attenuated phospholipid con-

densation effect was found. These properties, which depend on
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Figure 2: 2H NMR chain order parameter of the sn-1 chain of (A) POPC-d31 in the absence and in the presence of the respective sterol (molar ratio
0.8:0.2) and (B) PSM-d31 in PSM-d31/DOPC/sterol membranes (molar ratio 1:1:1), (24R)-hydroxycholesterol (red), (24S)-hydroxycholesterol (blue)
and 27-hydroxycholesterol (green) at a temperature of 30 °C. For comparison, the chain order parameters of a lipid membrane without any sterol and
in the presence of the respective amount of cholesterol are shown in black [18]. Experimental errors are smaller than the symbol size.

Table 1: The lipid chain extent of membranes consisting of POPC-d31 without and with the given cholesterols (molar ratio 0.8:0.2) and PSM-d31 in
PSM-d31/DOPC/sterol membranes (molar ratio 1:1:1) were calculated using the mean torque model [25,26]. The values for pure POPC-d31 and in the
presence of cholesterol are taken from the literature [19].

Sample Chain extent [Å] for POPC-d31 Chain extent [Å] for PSM-d31/DOPC (1:1)

pure lipids 11.7 ± 0.1 12.3 ± 0.1
+ (24R)-hydroxycholesterol 11.5 ± 0.1 12.1 ± 0.2
+ (24S)-hydroxycholesterol 11.6 ± 0.1 12.6 ± 0.1
+ 27-hydroxycholesterol 11.3 ± 0.1 12.1 ± 0.1
+ cholesterol 13.2 ± 0.1 15.0 ± 0.2

the molecular position of the hydroxy group, were correlated

with cytotoxic effects of the respective molecules [22,23].

In the current study, the influence of hydroxycholesterols on

membrane properties such as lipid chain packing, membrane

permeability, and membrane domain formation is investigated.

These parameters are compared with those obtained for choles-

terol by using various biophysical techniques such as NMR and

fluorescence spectroscopy as well as fluorescence microscopy.

Results
Lipid chain order of hydroxycholesterol-
containing membranes
The influence of the hydroxycholesterols on the lipid chain

order and the degree of lipid condensation was investigated by
2H NMR measurements on lipid membranes of chain deuter-

ated 1-palmitoyl-d31-2-oleoyl-sn-glycero-3-phosphocholine

(POPC-d31) in the presence of 20 mol % of the respective

hydroxysterols or cholesterol. The 2H NMR spectra (not shown)

exhibited for all samples the typical superposition of Pake

doublets with varying quadrupolar splittings as well-known for

a lamellar bilayer membrane in the liquid-crystalline phase.

From the 2H NMR spectra, chain order parameter plots were

calculated, which are displayed in Figure 2A. As well-known

from the literature, the presence of 20 mol % cholesterol leads

to a pronounced increase in the 1-palmitoyl-2-oleoyl-sn-

glycero-3-phosphocholine (POPC) chain order parameters

[13,24]. In contrast, all three hydroxycholesterols did not in-

duce such a cholesterol-like increase in POPC lipid chain order;

in contrast, they caused a small decrease in lipid chain order

compared with pure POPC membranes. While this decrease was

insignificant for 24S-HC, it was more pronounced for 24R-HC,

especially in the middle chain region, and quite substantial and

out of the experimental error for 27-HC. These results are also

reflected in the calculated lipid chain extent calculated using the

mean torque model [25,26] (Table 1). Similar effects were ob-

served in the lipid mixture, N-palmitoyl-d31-D-sphingomyelin

(PSM-d31)/1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)/

hydroxycholesterol (molar ratio 1:1:1), which forms lateral

membrane domains (Figure 2B), where all three hydroxycholes-

terols were not able to increase the lipid chain order parameters

as observed for cholesterol. While for 24S-HC a very small
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increase compared to a pure lipid membrane without any

cholesterol was observed, 24R-HC and 27-HC exhibited a de-

crease in lipid chain order again which was most pronounced in

the middle chain region. Accordingly, the calculated lipid chain

extents (Table 1) for the three hydroxycholesterols were close

to the pure lipid membrane but significant smaller for a choles-

terol containing membrane.

Influence of hydroxylcholesterols on mem-
brane permeability
The permeability of POPC membranes in the absence and in the

presence of the respective sterol (molar ratio 0.8:0.2) was

measured by using a fluorescence assay, which determines the

permeation of dithionite ion across membranes (see Experimen-

tal, [18,27]). The rate constants of dithionite permeation in large

unilamellar vesicles (LUVs) of varying lipid composition are

shown in Figure 3 revealing that the rate constants of choles-

terol-containing vesicles were lower than those of pure POPC

LUVs. It is well-known that this sterol decreases the perme-

ability toward polar molecules [28]. The rate constants in the

presence of hydroxycholesterols were similar (24R-HC, 24S-

HC) or even higher (27-HC) compared to those of pure POPC

membranes indicating that these sterols are not able to seal a

phospholipid membrane like endogenous cholesterol.

Figure 3: Rate constants for the permeation of dithionite across LUV
membranes composed of POPC in the absence or in the presence of
cholesterol or (24R)-hydroxycholesterol (24R-HC), (24S)-hydroxycho-
lesterol (24S-HC) or 27-hydroxycholesterol (27-HC) (molar ratios
0.8:0.2) at 37 °C. All single values of the rate constants are shown
which were determined from independent measurements.

Influence of hydroxycholesterols on the for-
mation of lateral domains in giant unilamellar
vesicles (GUVs)
GUVs were prepared consisting of DOPC, PSM, and choles-

terol at a molar ratio of 1:1:1. This lipid mixture is known for

the formation and coexistence of lateral disordered (ld) and

ordered (lo) domains. The domain structure was visualized by

labeling the membrane with the ld marker 1,2-dioleoyl-sn-

glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sul-

fonyl) (ammonium salt) (N-Rh-DOPE) and recording z-stacks

of the vesicles. The fluorescence microscopy images of choles-

terol-containing GUVs show large membrane regions of low

and of high fluorescence intensity, representing the lo and ld

phase, respectively (Figure 4A). Note, that the vesicle shown in

Figure 4A probably forms another dark lo domain on the back

side. When cholesterol was substituted by hydroxycholesterols,

the GUVs showed a different pattern of lateral domains

(Figure 4B–D). These vesicles revealed a multitude of small

ordered domains within the bright fluorescent disordered

domains. We note that the GUVs shown in Figure 4 represent

the majority of vesicles of the respective sample. A low per-

centage of vesicles were also observed having a different

pattern of domains with respect to the shape and to the size.

Figure 4: Confocal fluorescence images of GUVs containing DOPC/
PSM/cholesterol (A), DOPC/PSM/24R-HC (B), DOPC/PSM/24S-HC
(C), or DOPC/PSM/27-HC (D) (molar ratios 1:1:1). The GUV mem-
branes were labeled with N-Rh-DOPE (0.5 mol %) that sorts preferen-
tially into liquid disordered (ld) domains and z-stacks of the vesicles
were recorded as described in the Experimental. Bar corresponds to
10 µm. The ring-like structures of the vesicles are caused by the
assembly of the z-stacks having a step-size of 1 µm.

Discussion
Cholesterol is the main sterol of mammalian cell membranes

and has a unique impact on membrane properties by that influ-

encing important membrane functions. A special situation is en-

countered in the human brain, which contains a large amount of

the body cholesterol. Almost all brain cholesterol is produced

by local synthesis. It is the blood–brain barrier, which effec-

tively protects the brain from the exchange with cholesterol pro-
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vided from lipoproteins in the circulation, the cholesterol ho-

meostasis in the brain is as far as possible self-contained.

Regardless, a certain amount of cholesterol has to cross the

blood–brain barrier in both directions. This transport function is

fulfilled by hydroxycholesterols, which contain an additional

hydroxy group in the alkyl chain compared to cholesterol, intro-

ducing a second polar moiety into the molecule rendering

hydroxycholesterols more polar. It can be assumed that this

modification alters the membrane properties of these molecules,

which have been investigated so far only in a few studies (see

Introduction). Therefore, the present study characterizes the

impact of various hydroxycholesterols on membranes using

various biophysical methods.

Our data show, that the influence of selected hydroxycholes-

terols on membrane properties differs from that of cholesterol

with regard to (i) lipid chain order, (ii) membrane permeability

and (iii) formation of lateral lipid domains.

Investigating their effect on the lipid chain order by 2H NMR, it

was found that the three investigated hydroxycholesterols did

not cause the typical lipid chain condensation mediated by

endogenous cholesterol. Rather, some hydroxysterols caused a

small decrease of lipid chain order. A similar tendency was ob-

served for 24S-HC also using 2H NMR measurements [21].

This membrane behavior of the hydroxycholesterols can be

rationalized in that the additional hydroxy moiety in these mole-

cules diminishes their interaction with surrounding phospho-

lipids. Such modifications can severely alter the orientation of a

sterol in the membrane [29]. A similar situation has been en-

countered for estradiol, which also contains one hydroxy group

on either end of the sterol [29]. In this work, a significant

amount of the estradiol was found in the lipid water interface of

the membrane with an orientation perpendicular to the mem-

brane normal. By that, the molecules act disturbing rather than

ordering. Notably, MD simulations found an opposite effect of

the hydroxycholesterols [21]. The additional polarity of

hydroxycholesterol also influences their impact on membrane

permeability. For cholesterol, the induced membrane condensa-

tion causes a decreased penetration of polar molecules, e.g.,

water, across the membrane. This was proven here by

measuring the permeation of dithionite across LUV membranes.

The rate constant of dithionite permeation in POPC membranes

containing cholesterol was reduced to about 50% compared to

pure POPC vesicles. Replacing cholesterol by hydroxycholes-

terol, this effect was completely lost. The rate constants in the

presence of 24R-HC and 24S-HC were similar to those of POPC

membranes. For 27-HC, even an increase in permeation was ob-

served, in these membranes dithionite permeated about 2.5

more rapidly than in pure POPC membranes. We note, that the

changes of rate constants can also be explained by changes of

lipid analogue flip-flop. However, in any case, they reflect

membrane packing density towards the transbilayer permeation

of a polar moiety.

As a third parameter, the impact of hydroxycholesterols on the

formation of lateral membrane domains was investigated. Prin-

cipally, these sterols are also able to trigger the formation of

disordered and ordered domains, although they do not condense

lipid chains as cholesterol does. Lipid condensation leads to

thicker lo domains in membranes that are segregated from ld

phase patches. However, it has also been shown that sterols that

do not order lipid chains can induce lateral domain formation

[14,30,31]. This can be rationalized by preferential interactions

between sterols and saturated lipid chains, that represent the

driving force for membrane domain formation even in the

absence of a lipid condensation effect [32,33]. However, the

pattern of domain formation was different with regard to their

size and the number of domains per vesicle. This suggests that

subtle differences in the interaction energies of the oxysterols

and the other lipids of the mixture must exist. GUVs containing

hydroxycholesterols show numerous small lo domains between

the large ld domains. This indicates a different intermolecular

interaction between the respective sterol and sphingomyelin

being the basis for lipid segregation and, finally, domain forma-

tion.

What is the physiological consequence of the data presented?

We could show that hydroxycholesterols at similarly large

membrane concentrations like endogenous cholesterol do not

disturb the bilayer structure of the membrane. Although, physi-

ological membrane concentrations of hydroxycholesterols are

not known, one can assume that these are much lower than

those of cholesterol. However, due to the additional hydroxy

group in the alkyl chain the interaction between the respective

sterol and surrounding lipids (and proteins) is impacted. MD

simulations for 27-HC have shown, that this molecule adopts

compared to cholesterol different orientations within the mem-

brane, which are upside-down, largely tilted and/or inter-leaflet

positions [21].

These properties indicate that the molecules are less strongly

anchored within the membrane bilayer, which guides their

ability to cross the blood–brain barrier. This process consists of

three steps at the membrane level, (i) incorporation of sterols

into the plasma membrane, (ii) their transbilayer diffusion and

(iii) their release from the membrane. With regard to the

transfer of sterols to and from membranes, this can be princi-

pally realized via vesicular traffic or via monomeric transfer.

The latter mechanism requires the presence of donors and

acceptors, respectively, due to the low water solubility of

sterols. Nevertheless, the import and export of cholesterol is
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rather slow [34], wherefore membrane proteins have been pro-

posed to facilitate these processes. One putative function of

those proteins could be to relieve the presentation of choles-

terol molecules on the membrane surface for a better binding to

extracellular acceptors (see [35]). It can be hypothesized, that

the lower membrane embedding of hydroxycholesterols facili-

tates their membrane incorporation and/or release. Indeed, it

was found that the transfer of hydroxycholesterols between

erythrocytes and blood plasma is much faster than that of

cholesterol [7].

With regard to the transbilayer mobility of sterols, it is general-

ly assumed that cholesterol traverses the bilayer very rapidly by

passive diffusion, although at certain conditions, e.g., special

membrane compositions, its transbilayer movement could be

compounded (see [35]). For hydroxycholesterols, the transbi-

layer movement has not been investigated so far. However, the

studies measuring the transfer of those sterols between erythro-

cytes and plasma also indicate a rapid translocation of hydroxy-

cholesterols across membranes [7].

Conclusion
Our data show that, compared with endogenous cholesterol,

hydroxycholesterols have a different influence on important

membrane parameters which reflects an attenuated embedding

of these sterols within the membrane.

Experimental
Materials
All lipids, POPC, DOPC, 1-palmitoyl-2-(12-[N-(7-nitrobenz-2-

oxa-1,3-diazol-4-yl)amino]dodecanoyl]-sn-glycero-3-phospho-

choline (NBD-PC), N-Rh-DOPE, POPC-d31, PSM-d31 as well

as cholesterol and the three investigated hydroxycholesterols

(structure see Figure 1) were purchased from Avanti Polar

Lipids, Inc. (Alabaster, AL, USA). All other chemicals were

purchased from Sigma-Aldrich (Taufkirchen, Germany) and

were used without further purification.

Preparation of NMR samples
The respective amounts of hydroxycholesterols and phospho-

lipids were dissolved in chloroform at the respective molar

ratios. The solvent was evaporated and the samples were re-dis-

solved in cyclohexane. After overnight lyophilization at high

vacuum, the obtained fluffy powder was hydrated with 40 wt %

deuterium-depleted water. The samples were equilibrated by ten

freeze-thaw cycles and transferred into 5 mm glass vials and

sealed.

2H NMR measurements
The 2H NMR experiments were performed on a Bruker

DRX300 NMR spectrometer (Bruker BioSpin, Rheinstetten,

Germany) at a resonance frequency of 46.1 MHz for 2H using a

solid probe with a 5 mm solenoid coil. 2H NMR spectra were

acquired using a quadrupolar echo pulse sequence [36] with a

relaxation delay of 1 s. The two π/2 pulses with a typical length

of around 3.2 µs were separated by a 50 µs delay. The spectral

width was 500 kHz. 2H NMR spectra were dePaked and

smoothed order parameters were determined as described in

[37]. From these order parameters, the lipid chain extent was

calculated according the mean torque model [25,26].

Preparation of LUVs
LUVs were prepared using the extrusion method [38]. Aliquots

of lipids dissolved in chloroform were combined in a glass vial

and the solvent was evaporated in a rotating round-bottom flask

under vacuum. Lipids were resuspended in a small volume of

ethanol (final ethanol concentration was below 1% (v/v)), fol-

lowed by the addition of HBS (HEPES buffered saline, 145 mM

NaCl and 10 mM Hepes, pH 7.4, final lipid concentration

1 mM) and the mixture was vortexed. To prepare LUVs, this

suspension was subjected to five freeze-thaw cycles followed

by extrusion of the lipid suspension 10 times through 0.1 μm

polycarbonate filters at 40 °C (extruder from Lipex Biomem-

branes Inc., Vancouver, Canada; filters from Costar, Nucleo-

pore, Tübingen, Germany).

Preparation of GUVs
GUVs were prepared using the electroswelling method [39].

Lipid mixtures were prepared from stock solutions in chloro-

form. Finally, 100 nmol of the domain forming lipid mixture of

DOPC, PSM and cholesterol or the respective hydroxycholes-

terol (1:1:1, molar ratio) including 0.5 mol % of the liquid

disordered (ld) domain marker N-Rh-DOPE were dissolved in

chloroform and spotted onto custom-built titan chambers. These

were placed on a heater plate at 50 °C to facilitate solvent evap-

oration, and subsequently subjected to high vacuum for at least

1 h for evaporation of remaining traces of the solvent. Lipid-

coated slides were assembled using a spacer of Parafilm

(Pechiney Plastic Packaging, Chicago, IL, USA) for insulation.

The electroswelling chamber was filled with 1 mL sucrose

buffer (250 mM sucrose, 15 mM NaN3, osmolarity of

280 mOsm/kg) and sealed with plasticine. An alternating elec-

trical field of 10 Hz rising from 0.02 V to 1.1 V in the first

56 min was applied for 3 h at 55 °C.

Permeation assay
For characterizing the permeation of polar molecules across the

lipid membrane, an assay was applied which measures the

transmembrane diffusion of dithionite [18,19,27]. The assay

was performed in a similar manner to the procedure described

in [19]. Briefly, LUVs containing POPC and 0.5 mol % NBD-

PC without or with cholesterol or the respective hydroxycholes-
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terol (molar ratio 0.8:0.2) were prepared. The NBD fluores-

cence intensity of 33 μM LUVs was recorded in a cuvette at

540 nm (λex = 470 nm, slit width for excitation and emission

4 nm) at 37 °C using an Aminco Bowman Series 2 spectrofluo-

rometer (Urbana, IL). After 30 s, sodium dithionite was added

from a 1 M stock solution in 100 mM Tris (pH 10.0) to give a

final concentration of 50 mM. Dithionite ions rapidly quench

the fluorescence of the lipid analogs localized in the outer

leaflet, which is reflected by a rapid initial decrease of fluores-

cence intensity (kinetics not shown). Subsequently, the fluores-

cence intensity decreased slowly caused by a slow permeation

of dithionite ions across the bilayer. By that process, dithionite

reacted with the NBD-PC molecules in the inner leaflet. After

300 s, Triton X-100 (0.5% (w/v) final concentration) was

added, enabling complete reaction of dithionite with NBD-PC,

resulting in a complete loss of fluorescence. The curves were

normalized to the fluorescence intensities before addition of

dithionite and were fitted to a bi-exponential equation. From the

fittings, the rate constants for the rapid fluorescence decrease

(representing reduction of NBD-PC in the outer leaflet) and

those for the slow decrease (representing permeation of

dithionite across the bilayer) were determined. The latter ones

were used as the parameter for membrane permeability.

Confocal laser scanning microscopy
For microscopy, a Visitron VisiScope scanning disk confocal

laser microscope (Visitron Systems, Puchheim, Germany) with

a 60× oil objective and an Andor iXon 888 EMCCD camera

(1024 × 1024 pixels, Andor, Belfast, Northern Ireland) were

used. N-Rh-DOPE was excited by a 561 nm diode laser.

Fife µL GUVs were mixed with 15 µL 250 mM glucose buffer

(5.8 mM NaH2PO4, 5.8 mM Na2HPO4, osmolarity of

300 mOsm/kg, pH 7.2) in tissue culture treated microscopy suit-

able plastic dishes (ibiTreat µ-Slides Angiogenesis, ibidi,

Martinsried, Germany). Vesicles were allowed to settle down

some minutes before acquisition of z-stacks with 1 µm step

size.
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Abstract
With over 50.000 identified compounds terpenes are the largest and most structurally diverse group of natural products. They are

ubiquitous in bacteria, plants, animals and fungi, conducting several biological functions such as cell wall components or defense

mechanisms. Industrial applications entail among others pharmaceuticals, food additives, vitamins, fragrances, fuels and fuel addi-

tives. Central building blocks of all terpenes are the isoprenoid compounds isopentenyl diphosphate and dimethylallyl diphosphate.

Bacteria like Escherichia coli harbor a native metabolic pathway for these isoprenoids that is quite amenable for genetic engi-

neering. Together with recombinant terpene biosynthesis modules, they are very suitable hosts for heterologous production of high

value terpenes. Yet, in contrast to the number of extracted and characterized terpenes, little is known about the specific biosyn-

thetic enzymes that are involved especially in the formation of highly functionalized compounds. Novel approaches discussed in

this review include metabolic engineering as well as site-directed mutagenesis to expand the natural terpene landscape. Focusing

mainly on the validation of successful integration of engineered biosynthetic pathways into optimized terpene producing

Escherichia coli, this review shall give an insight in recent progresses regarding manipulation of mostly diterpene synthases.

845

Introduction
Isoprenoid natural products are one of the most structurally

diverse groups of primary and secondary metabolites in all

kinds of organisms. Moreover, they represent an invaluable

source of bioactive natural products. Prominent representatives

of these compounds are taxol [1] (paclitaxel, anticancer drug),

artemisinin [2] (antimalarial agent) and α-pinene [3] (antibiotic,
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anti-inflammatory). Apart from bioactive compounds with ap-

plications as drugs/pharmaceuticals [4] or in the nutrition or

agricultural sector, isoprenoids of minor structural complexity

are used as bulk chemicals or fuel additives [5,6]. To identify

new isoprenoids of industrial relevance essential oil extracts are

screened for bioactive properties that may furnish future drugs

[7,8]. Harnessing isoprenoid compounds for large-scale indus-

trial purposes can be hampered due to low natural occurrence.

Being mostly secondary metabolites isoprenoid titers in plants

may be low in dependence to seasonal [9] or circadian expres-

sion [10]. On the other hand for some members simply the num-

ber of available plants may be limited like the pacific yew

Taxus brevifolia from which paclitaxel was first extracted [11].

The chemical synthesis can be an alternative for the delivery of

simpler isoprenoid structures such as carotenoids [12]. Industri-

ally relevant total synthesis of highly oxygenated terpenes com-

prising several chiral centers is often more complex since

usually various different reaction steps have to be performed

that regularly involve cost- and workup-intensive metal-organic

catalysts [13-16]. The work of McKerrall et al. on ingenol

[17,18] sets an example for the difficulty of stereoselective syn-

thesis of complex diterpenes. Additionally, semi-synthetic ap-

proaches are tainted with the equivalent issues of economic effi-

ciency and sustainability akin to total chemical synthesis, which

is often associated with toxic metal-organic chemistry, low

product yields and/or insufficient purity [19,20].

A promising route for sufficient supply of industrially relevant

products or their precursors is the heterologous production of

plant diterpenes in well-established recombinant hosts, such as

Escherichia coli [21-23]. Recent developments in this field will

be reviewed in this work.

Review
Biosynthesis of diterpenes and transfer to
heterologous production system
Integration of biosynthetic gene clusters from plants into a bac-

terial host is often not trivial due to complex metabolic coher-

ences. The essential steps in establishing successful production

of diterpenoid carbohydrate backbones in heterologous systems

can be partitioned into three following areas:

1: formation of central isoprenoid precursors,

2: combination of C5-building blocks to linear isoprenyl

diphosphates and

3: cyclization or condensation reaction by synthase enzyme(s).

General catalytic processes involved in these steps will be

presented briefly in the following section. Selected elements of

the distinct pathways will be discussed in more detail when

describing the metabolic engineering of a bacterial host.

Precursor formation
All terpenes derive from the ubiquitous central metabolites

isopentenyl diphosphate (IPP) and dimethylallyl diphosphate

(DMAPP) [24] (see Scheme 1). Interestingly, only two meta-

bolic pathways (MEP and MEV) have been identified for the

diverse biosynthesis of the structurally highly diverse family of

isoprenoids. Both pathways use intermediate products of the

central sugar metabolism as carbon sources [25]. In most

eukaryotes (all mammals, yeast, fungi, archaea and plants (more

precisely in the cytosol and mitochondria)) the isoprenoid pre-

cursors are synthesized via the mevalonate pathway (MVA)

starting from acetyl-CoA [26]. Alternatively, in the majority of

eubacteria, cyanobacteria, green algae and in the plastids of

plants isoprenoid biosynthesis originates from glyceraldehyde-

3-phosphate (G3P) and pyruvate [26,27]. Eponymous interme-

diate of this pathway is the product of the second enzymatic

step where 1-deoxy-D-xylulose-5-phosphate (DXP) is reduced

to 2-C-methyl-D-erythritol-4-phosphate (see Scheme 1).

Parallel occurrence of both pathways in higher plants is regu-

lated through compartmentalization [30] with localization of

diterpene biosynthesis in the plastids [31]. Metabolic engi-

neering of plants to produce diterpenes remains challenging due

to the required direction of biosynthetic enzymes into the spe-

cific organelles [32] and feedback inhibition of the 1-deoxy-D-

xylulose-5-phosphate synthase (DXS) that can prevent accumu-

lation of the desired lead structures [33].

Isoprenyl diphosphate formation
Downstream of precursor formation condensation of IPP and

DMAPP to longer-chain polyprenyls precedes subsequent

metabolization to linear or mono- and polycyclic products, re-

spectively, by the terpene synthases [24]. One exception to this

standard sequence is presented by the hemiterpenes like

isoprene which are directly derived from DMAPP [34].

In order to obtain mono-(C10), sesqui-(C15), di-(C20)terpenes

and those harboring larger carbon skeletons, IPP and DMAPP

are linked together by isoprenyl diphosphate synthases (IDSs)

which are well-reviewed by Wang and Ohnuma [35]. Members

of prenyltransferases are distinguished according to length and

stereochemistry of their products [36,37].

Z-Isoprenyl diphosphate synthases are involved in the synthesis

of very long-chain polyprenols like natural rubber [38] and the

comparably short chains of dolichols [39]. The vast majority of

terpenes, steroids and other isoprenoids like cholesterols and

carotenoids are obtained from E-condensations [35].
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Scheme 1: Isoprenoid biosynthetic pathways and examples for their engineering in heterologous production systems. a) Formation of central
isoprenoid metabolites isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP) occurs via two distinct natural pathways. Designations
MEV and MEP derive from significant intermediates: MEV = mevalonate-dependent and MEP= methylerythritol phosphate-dependent. b) Subsequent
condensation of IPP and DMAPP by isoprenyl diphosphate synthases provides specific terpene synthases with their linear substrates. Terpenes are
classified according to the carbon atom number in their basic scaffold, beginning with hemiterpenes (C5) and continuing in multiples of five.
c) A possible strategy for MEP-pathway optimization for the improved production of the diterpene taxadiene reported by Ajikumar et al. [28]; targeted
elements of the biosynthetic pathways and their expression manipulations are given. d) Selection of overexpression targets for the production of ent-
kaurene reported by Kong et al. [29]; HMGR = hydroxymethylglutaryl(HMG)-CoA-reductase; dxs = 1-deoxy-D-xylulose-5-phosphate synthase;
dxr = 1-deoxy-D-xylulose-5-phosphate reductoisomerase; ispD = 2-C-methyl-D-erythritol(ME)-4-phosphate cytidylyltransferase; ispE = 4-(cyt-5’-
diphospho)-ME kinase; ispF = ME-2,4-cyclodiphosphate synthase; ispG = hydroxylmethylbutenyl(HMB)-4-diphosphate synthase; ispH = HMB-4-
diphosphate reductase; ispA = farnesyl diphosphate synthase from Escherichia coli; idi = IPP isomerase; GPPS = geranyl diphosphate synthase;
FPPS = farnesyl diphosphate synthase, GGPPS = geranylgeranyl diphosphate synthase; GGPPSRS = GGPPS from Rhodobacter sphaeroides;
KSSR = ent-kaurene synthase from Stevia rebaudiana, CPPSSR = ent-copalyl diphosphate synthase from Stevia rebaudiana, Trc = Trc promoter;
T7 = T7 promoter.
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Head-to-tail connection of single IPP and DMAPP by geranyl

diphosphate synthase (GPPS) results in geranyl diphosphate,

GPP, the universal precursor for all monoterpenes [40].

Subsequent cis-addition of further IPP-units to geranyl diphos-

phate by farnesyl diphosphate synthase (FPPS) and

geranylgeranyl diphosphate synthase (GGPPS) yield in the

respect ive  precursors  for  sesqui terpenes  ( farnesyl

diphosphate, FPP) and diterpenes (geranylgeranyl diphosphate,

GGPP) [35].

Terpene synthases
Interestingly, plant metabolism can convert the universal ali-

phatic diterpene precursor GGPP into thousands of different

terpene structures with high structural complexity and elabo-

rately functional decorations [41]. While the structural diver-

sity of terpene products is obtained by precise modulation of

cyclization and rearrangement steps performed by terpene

cyclase enzymes [31], initial functional groups are introduced

by hydroxylation of the carbon backbone with highly specific

P450 monooxygenases [42-44].

At present, terpene synthases (TPS) are classified into three

groups which mainly comprise α-helical structures that are

designated as α-, β- and γ-domains [45]. Structural and catalyt-

ic diversity, especially of plant terpene synthases, originate in

various combinations of these domains [46]. The three groups

of terpene synthases are classed according to their intron/exon

pattern [47] and their diverse reaction initiation mechanisms

[48]. Genomic analyses of plant terpene synthases by Trapp and

co-workers [47] revealed general organization of 12–14 introns

for Class I terpene cyclases, 9 introns for Class II and 6 introns

for Class III cyclases. Class III-type terpene synthases appear to

be exclusively responsible for angiosperm secondary metabo-

lites of mono-, sesqui- and diterpene structure and contain a

highly conserved RR(x)8W-motif [47,49]. The terpene forma-

tion performed by Class I-type enzymes occurs via coordina-

tion of the isoprenyl diphosphate substrate by a three-ion cluster

of divalent metal ions [48]. More specifically, Mg2+- or Mn2+-

ions are bound by two conserved amino acid sequences, termed

the DDXX(XX)D/E (“aspartate rich”) and NSE/DTE

[(N,D)D(L,I,V)X(S,T)XXXE] motif, respectively [48]. The first

committed step in synthesis of these Class I enzymes is the

abstraction of the diphosphate group from the isoprenyl diphos-

phate substrate [50] at what the diphosphate group is postulated

to remain inside the active site of the enzyme [51,52]. Class II

terpene synthases harbor a distinct DXDD-motif [52] and the

cyclization is generally initiated by protonation of the terminal

carbon double bond of the substrate [53]. Since the diphosphate

group is preserved during substrate activation by this type of

synthases, products from Class II TPS can serve as substrates

for Class I TPS which has been reported for example in the bio-

synthesis of labdane- and clerodane type diterpenes [41]. This

close collaboration is performed either in one single bifunc-

tional enzyme containing structure motifs of both types or sets

of two different monofunctional synthases of both classes

[54,55].

Engineering measures can directly target the primary structure

of the terpene synthases or indirectly aim to alter or optimize

the product spectrum by changing the tertiary or quaternary

structure, respectively [23]. The following paragraphs should

give an overview of selected current developments in the areas

of mutational engineering, combinatorial enzyme design and

microbial engineering.

Mutational engineering of terpene synthases
Site-directed mutagenesis of diterpene cyclases is convention-

ally applied to elucidate structure–function relationships and

mostly targets the active site of the enzyme in order to change

the polarity or dimension of the substrate coordinating cavity.

Recently reported targeted engineering [51] of the Class I taxa-

diene synthase from Taxus brevifolia (TXS) enabled new under-

standing of the mechanistic procedures that are carried out by

this enzyme on the substrate GGPP. Quenching the carbocation

cascade that naturally leads to the formation of tricyclic

taxadiene [56] was achieved by exchanging a valin in

position 584 with methionine. The resulting product was

identified as a bicyclic diterpene of the verticillene type [51]

(Scheme 2). A single residue switch in position 753 (W753H)

presumably  causes  premature  depro tona t ion  of  a

cembrene-15-yl cation intermediate in the cyclization

mechanism of TXS leading to the monocyclic cembrene A [51]

(Scheme 2).

Hence reprogramming the catalytic cascade of diterpene

synthases and subsequent functional expression of enzyme vari-

ants in a microbial host can not only provide insights into cycli-

zation mechanism but also lead to novel products or changes in

the product spectra. This has also been demonstrated for the

bacterial diterpene cyclooctat-9-en-7-ol synthase (CotB2) [57],

also a putative Class I TPS. Mutation of tryptophan 288 to

glycine in CotB2 resulted in the stereoselective synthesis of

(1R,3E,7E,11S,12S)-3,7,18-dolabellatriene, a bicyclic diterpene

(Scheme 2). Dollabellanes derive mostly from marine organ-

isms and display bioactivities such as antiviral and cytotoxic

effects [59]. Dolabellatriene from a reprogrammed CotB2 con-

tribute with antimicrobial activity against multidrug resistant

Staphylococcus aureus to this family of natural products [57].

Other mutations on this enzyme generated one cembrane-type

monocycle (F107A) (Scheme 2) and two non-natural fusicoc-

cane-type diterpenes (F107Y and F149L) [57]. The latter

are putative intermediates in novel routes to phytotoxic
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Scheme 2: Mutational engineering of different classes of terpene synthases. Left side: The natural product of wild-type cyclooctat-9-en-7-ol-synthase
(CotB2) is a tricyclic diterpene whereas mutations in positions 107 and 288 yield in monocyclic cembrene A and bicyclic 3,7,18-dolabellatriene [57].
Changing the main product specificity of taxadiene synthase from Taxus brevifolia (TXS) without significant loss in synthase activity was realized in
bicyclic verticillia-3,7,12-triene production through mutation of valin584. Another mutation (W753H) resulted in 100% product specificity for cembrene
A but TXS activity was reduced by half in comparison to the wild-type [51]. Right side: Methyl group shifts in Class II peregrinol diphosphate synthase
from Marrubium vulgare (MvCPS1) were drastically rearranged by introduction of two mutations leading to a previously undescribed halimadane type
diphosphate [58], a possible new precursor for valuable halimadane diterpenes with antimicrobial or anti-allergic potential.

fusicoccin A [60] and its derivative with presumably anticancer

potential [61].

Exchange of two amino acid residues in the active site of the

Class II peregrinol diphosphate synthase from the horehound

Marrubium vulgare (MvCPS1) [58] resulted in an altered neu-

tralization mechanism of a labda-13-en-8-yl diphosphate carbo-

cation intermediate and the formation of halima-5(10),13-dienyl

diphosphate (Scheme 2). In wild-type Class II diterpene

synthases, the labda-13-en-8-yl diphosphate carbocation under-

goes either single deprotonation or a cascade of hydride and

methyl group shifts prior to deprotonation with occasional

hydration at the C8 position of the carbocation intermediate

which yields hydroxylated diphosphate products [62]. MvCPS1,

however, catalyzes a C9–C8 hydride shift preceding hydration

resulting in the labdane-type diterpene precursor for the antidia-

betic marrubiin [63]. Double mutations of MvCPS1,

W323L:F505Y, and W323F:F505Y completely changed the

product specificity towards a novel, so far uncharacterized hali-

madane type diterpene [58] (Scheme 2).

Combinatorial biosynthesis – enzyme design
for manufactured terpenes
Conventional identification of new enzyme activities involved

in diterpene biosynthetic routes entail time-consuming genome-

mining and high-throughput screening technologies [64,65].

Additionally, the number of currently available, even partly

annotated plant genomes and crystal structures of diterpene

synthases is still limited. Yet, in order to establish heterologous

production systems for known diterpenes or to obtain new com-

pounds, deep understanding and accessibility to structural infor-

mation of this enzyme class can be crucial.

In the last few years, modular approaches encompassing

metabolomics and transcriptomics-based methods opened up

new avenues for the rapid identification of (di)terpenes.
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Andersen-Ranberg and co-workers reported recently on the

creation of a synthetic collection of monofunctional Class I/

Class II diterpene synthase combinations, which lead to high

stereoselective syntheses of an impressive number of previ-

ously unknown or unamenable diterpenes with labdane- and

clerodane-type structures [66]. Additional findings were provi-

ded by Jia and co-workers [67], who demonstrated high sub-

strate promiscuity of a plant and a fungal Class I diterpene

synthase. This study involved general substrates of diterpene

cyclases like GGPP and its cis-isomer nerylneryl diphosphate

(NNPP) [68] but also new combinations with 12 known and

available products of plant Class II diterpene synthases.

Consequently, they obtained 13 previously undescribed

diterpenes of the labdane family in addition to previously

described diterpenes like manool [69], sclareol [69] and cis-

abienol [64].

A biosynthesis study of salvinorin A (a psychotrophic agent

with potential application as neuropsychiatric drug and for

addiction treatment) in Salvia divinorum [70] resulted in the

identification of five new Class I and Class II diterpene

synthases. Moreover, this study performed in vivo substrate

promiscuity tests following a combinatorial approach [41,66].

The resulting products entailed pimarane- and abietane-type

diterpenes as well as the trans-clerodane type diterpene

kolavenol, a putative intermediate in the salvinorin A biosyn-

thesis.

Other bifunctional diterpene synthases do not comprise combi-

nations of Class I/Class II domains but contain both a prenyl-

transferase domain and a terpene synthase moiety. This combi-

nation of catalytic modules allows the direct formation of the

isoprenyl diphosphate substrate for the terpene synthase in a

single biocatalyst. An unusual example of these bifunctional en-

zymes was published by Chen and coworkers [60], who

managed to crystalize catalytic domains of PaFS, a diterpene

synthase from Phomopsis amygdali. The formation of GGPP is

located in a C-terminal α-domain with very low sequence iden-

tity to the N-terminal Class I terpene synthase domain indicat-

ing different catalytical properties. The natural product

of PaFS is fusicocca-2,10(14)-diene, an intermediate in the

biosynthesis of the phytotoxin fusicoccin A by P. amygdali.

Interestingly, a recent work by Qin and co-workers [71] even

revealed the conversion of a fungal diterpene synthase into a

sesterterpene synthase by interchanging the prenyltransferase

domain.

Combining these structural insights and newly created biosyn-

thetic routes with functional expression in bacterial production

hosts, industrial scale synthesis of fragrance compound

(+)-sclareol, (13R)-(+)-manoyl oxide (precursor for pharma-

ceutic forskolin) or miltiradiene (precursor for antioxidants and

tanshinones) may be within reach [66]. Additionally, genetic

engineering of diterpene synthases enhances the knowledge of

structure–function relationships alongside with increasing

supply of novel potentially bioactive diterpenes.

Reprogramming the catalytic activities of (plant) diterpene

synthases may also be an alternative to extensive genome-

mining and screening strategies since this technique can poten-

tially close or circumvent knowledge gaps in biosynthetic path-

ways to bioactive products which were previously inaccessible.

A good example is the mutagenesis of the bacterial diterpene

synthase CotB2 that resulted in dolabellatriene-type scaffolds,

which were by then mostly found in marine organisms [59]. To

that end, these new routes can provide substantial and environ-

mentally friendly alternatives for sourcing natural diterpenes

from rare resources like corals [72].

Microbial engineering
The genetically readily accessible engineering hosts

Escherichia coli and Saccharomyces cerevisiae are suitable for

heterologous terpene production. Established culture conditions

are completed by the availability of metabolic databases and

computational tools [73] that enable model-based optimization

such as flux-balance analyses [74]. Taking advantage of natural

presence and manipulability of distinct isoprenoid pathways in

both organisms (MEP in E. coli and MEV in S. cerevisiae),

heterologous production of several isoprenoid natural products

has been accomplished with industrially relevant production

titers [75-77]. However, at present there is no clear preference

for one microbial production host as each engineering endeavor

requires a de novo benchmarking for a specific terpenoid prod-

uct, indicating that even minimal introduction of heterologous

genes for terpene production lead to unpredictable metabolic

feedback reactions that currently can only be counteracted by

empirical approaches. Monoterpenes, for example, can have

toxic effects on microorganisms, though E. coli seems to

be more tolerant towards products like α-pinene or limonene

[78].

At present, 27.4 g/L of amorphadiene is the highest published

titer for any reported terpenoid produced in E. coli. This result

is of particular industrial relevance as amorphadiene constitutes

the sesquiterpenoid scaffold of the antimalarial drug artemisinin

[79]. In comparison, production of amorphadiene in S. cere-

visiae did yield in excess titer of 40 g/L [80].

The opposite result to amorphadiene was observed for the

model diterpene taxadiene where heterologous production in

S. cerevisiae resulted in 8.7 mg/L, while yields of 1 g/L taxa-

diene could be obtained in E. coli [28,81]. Different approaches
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of terpene product increase involved targeting specific ele-

ments of the MEP pathway [28] or introducing heterologous

MEV pathway from yeast [82,83]. A high level of taxadiene

production in E. coli was achieved by Ajikumar and co-workers

through overexpression of bottleneck enzymes of the endoge-

nous MEP pathway (dxs, idi, ispD, ispF, Scheme 1) together

with GGPP-synthase (GGPPS) and taxadiene-synthase (TXS)

from Taxus brevifolia [28]. Elevation of product titers of the

important diterpene intermediate ent-kaurene (precursor for the

gibberellin biosynthesis [84]) was reported from Kong et al.

[29]. Their strategy involved overexpression of the MEP-Ele-

ments dxs, idi and ispA (see Scheme 1) in an engineered E.coli

strain co-expressing recombinant ent-copalyl diphosphate

synthase (CPPS) and ent-kaurene synthase (KS) from Stevia

rebaudiana as well as a GGPPS from Rhodobacter sphaeroides.

With an increasing number of integrated recombinant enzymes

balanced (over)expression gains importance in order to sustain

optimal carbon flux in the production host from cultivation me-

dium feed to the desired product. In this respect, determining

the optimal strength of the ribosomal binding site (RBS) may be

as crucial as the correct arrangement of the genetic elements on

designed operons [85-87]. To this end, the lycopene reporter

system represents a valuable tool in determining balanced

expression of terpene centered heterologous pathways in E. coli

[88,89]. Furthermore, a significant obstacle in large scale bacte-

rial diterpene production is the functional expression of engi-

neered terpene synthases in the heterologous host. Similarly, the

downstream functionalization of the hydrocarbon scaffold,

which is a prerequisite for biological activity [90], remains chal-

lenging in any recombinant host. The vast majority of modifica-

tions accomplished in the downstream biosynthesis of diter-

penes comprise introduction of oxygen moieties by

cytochrome-P450 enzymes, which are commonly not sourced

from bacterial systems. In fact the functional reconstitution of

eukaryotic terpene synthases or oxidoreductases requires signif-

icant enzyme modifications. Specifically, codon optimization

and the truncation of distinct domains which are responsible for,

e.g., membrane localization can improve the enzyme activity.

To date, identifying the necessary sequence segment for soluble

expression in the bacterial host alongside with finding the

optimal redox partner for P450 enzymes is still a matter of

empirical work [44,91,92]. Furthermore, integration of every

additional enzyme to the production system will eventually

result in a significant decrease in the final yield, which makes

very complex biosyntheses involving multiple oxygenation

steps challenging [93]. Even highly optimized systems for the

production of just the first hydroxylated intermediate in taxol

biosynthesis, 5-α-hydroxytaxadiene [91], show a product loss of

over 40% in comparison to previously reported titers for the

undecorated taxadiene macrocycle [28]. Engineering one host

alone can therefore sometimes be insufficient since there are

specific elements of biosynthetic pathways that may have dif-

ferent production capacities in one organism or another. Zhou et

al. [94] reported stable co-culture fermentation of specifically

engineered E. coli and S. cerevisiae strains for the production of

different sesqui- and diterpenes. Although, the final yield for

the taxane product was in very low mg scale, first microbial

production of deoxygenated monoacetylated taxadiene could be

realized.

Optimization of the up-scaled fermentative process generally

involves selection of the carbon source, media composition and

in situ or post-fermentational product removal. Some terpene

products have cytotoxic effects against the production host and

separation from the cells is recommended already during

fermentation. Ajikumar et al. also reported in-process-accumu-

lation of the inhibitory metabolite indole [28]. A suitable

method for most fermentations is an overlay with apolar alkanes

such as dodecane [28,79,95] although subsequent product ex-

traction from this phase may be challenging and oxygenation

capacity is reduced. Engineering efflux transporters to enhance

extracellular product secretion can be a viable support for this

apolar-phase-capture [96]. However, these methods are no

longer applicable as soon as further engineering steps involve

polarization of the product backbone.

A summary of the various areas that have to be covered for suc-

cessful establishment of heterologous terpene production in a

bacterial host is given in Figure 1.

Conclusion
Over the last years, countless and in some cases ground-

breaking studies about terpenes and heterologous terpene bio-

synthesis have been published, and it still seems like just the tip

of the iceberg. Potentially, modular biosynthesis that has

resources to fast expanding databases will widen the amenable

targets for large scale production to unforeseen extend. As a

prerequisite, strain optimization of heterologous hosts has to be

developing with equal progress although continuous reporting

about engineering the native pathway for isoprenoid precursor

formation in E. coli, MEP, proves its complexity. Computa-

tional approaches that involve flux-balance analyses can redi-

rect empirical screening for optimized systems towards guided

engineering to overcome metabolic bottlenecks and identify

feedback inhibition loops. Heterologous production of several

diterpenes could already be realized in stable systems with

moderate yields, validating the established approaches of en-

zyme engineering for terpene synthases. Yet this success could

not be transferred in full extend to heterologous expression of

P450 enzymes. Solubility together with substrate and product

specificity remains important targets for further engineering.
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Figure 1: Implementation of a microbial cell factory. 1: Selection of en-
zymes from different species. P450 and related reductase enzymes
(indicated with blue and red knots respectively) derive almost exclu-
sively from plants; terpene synthases and other enzymes that are
involved in precursor formation (indicated with green knot) can be ob-
tained from various organisms (indicated through symbolic bacteria,
leaf (representing plants in general) and fungi). 2: Eukaryotic enzymes
have to be engineered for functional and soluble expression in
prokaryotic hosts like E. coli, Removal of the N-terminal and thereby
the cell-wall-localization domain (indicated through scissors) is a stan-
dard procedure in engineering plant enzymes; 3: Further engineering
steps are not mandatory but often entail site-directed mutagenesis (in-
dicated through wrench) of TPS (green) for product modulation or
introduction of a linker-coding sequence for co-expression of P450
monooxygenase and reductase (blue and red); 4: Heterologous
expression in E. coli (depicted in orange). Construction of synthetic
operons and screening for highest yield of plasmid systems generally
precedes genomic integration; 5: Isoprenoid precursor supply: precur-
sor flux has to be balanced carefully to avoid metabolic overload and
accumulation of unwanted byproducts; 6: Downstream terpenoid bio-
synthesis using heterologous enzymes; 7: Upscaling of terpene pro-
duction in fermentation systems using different carbon sources (left)
for optimally engineered E. coli strains is a potential future source for
valuable diterpenes like miltiradiene (a), sclareol (b) or taxadiene (c).
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Abstract
In the present work, we describe the synthesis of a single-chain, phenylene-modified bolalipid with two phosphocholine head-

groups, PC-C18pPhC18-PC, using a Sonogashira cross-coupling reaction as a key step. The aggregation behaviour was studied as a

function of temperature using transmission electron microscopy (TEM), differential scanning calorimetry (DSC), Fourier-trans-

form infrared (FTIR) spectroscopy, and small angle neutron scattering (SANS). We show that our new bolalipid self-assembles into

nanofibres, which transform into flexible nanofibres at 27 °C and further to small elongated micelles at 45 °C. Furthermore, the

miscibility of the bolalipid with bilayer-forming phosphatidylcholines (DMPC, DPPC, and DSPC) was investigated by means of

DSC, TEM, FTIR, and small angle X-ray scattering (SAXS). We could show that the PC-C18pPhC18-PC is partially miscible with

saturated phosphatidylcholines; however, closed lipid vesicles with an increased thermal stability were not found. Instead, bilayer

fragments and disk-like aggregates are formed.
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Introduction
Bolalipids are amphiphilic molecules consisting of two hydro-

philic headgroups attached to both ends of a long hydrocarbon

spacer [1]. The hydrophobic spacer is composed of either a

single alkyl chain or two chains connected via a glycerol

moiety. These bolalipids originate in membranes of some

species of archaea, e.g., thermoacidophiles and these archaeal

membranes can withstand extreme living conditions, such as

high temperatures or low pH values [2-4]. Archaea are quite

different from bacteria and eukaryotes [5-9], which is also re-

flected in the chemical structure of those archaeal membrane

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
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lipids: the alkyl chains are connected via ether linkages in the

inverse sn-2,3 configuration to the glycerol, the alkyl chains

sometimes contain a varying number of cyclopentane rings or

several methyl branches [2,3], and some of the archaeal lipids

consist of two transmembrane alkyl chains (caldarchaeol-type).

Especially this type of bolalipids is of great interest for applica-

tions in material sciences, biotechnology, and pharmaceuticals

[10-15]. Since these bolalipids are able to span the membrane of

classical phospholipid bilayers, they can be used to stabilize

liposomes for drug delivery purposes. The applicability of this

approach was already tested for a large variety of natural and

artificial bolalipids [12,16-22].

The isolation of archaeal bolalipids from natural sources is

expensive and often leads to mixtures of bolalipids with differ-

ent alkyl chain pattern. But also the synthesis of natural as well

as artificial bolalipids is elaborate and time-consuming and,

hence, present research tries to simplify the chemical structure

of bolalipids by keeping up their membrane-stabilizing proper-

ties [23]. This simplification strategy led in our group to the

synthesis of dotriacontane-1,32-diylbis[2-(trimethylammonio)-

ethylphosphate] (PC-C32-PC) [24,25], the simplest bola model

lipid consisting of two phosphocholine (PC) headgroups

connected by a long, unmodified C32 alkyl chain. If PC-C32-

PC is suspended in water, the formation of a dense network of

nanofibres and, as a consequence, a clear and transparent

hydrogel is observed [25]. The nanofibres have a thickness of

about 6 nm, corresponding to the length of a PC-C32-PC mole-

cule. Due to the bulky PC headgroup, the PC-C32-PC mole-

cules are arranged side by side within the fibrous aggregate but

slightly twisted relative to each other leading to a helical super

structure of the fibres. This helicity was previously confirmed

by cryo-transmission electron microscopy (cryo-TEM), high

resolution atomic force microscopy (AFM) [26], and Monte

Carlo simulations [27]. A temperature increase leads to a trans-

formation of the nanofibres into small micelles and the gel char-

acter is lost. This reversible gel/sol transformation is accompa-

nied by a cooperative endothermic transition at Tm = 48 °C,

which can be followed by differential scanning calorimetry

(DSC) [24].

However, the use of PC-C32-PC as “stabilizer” of phospholipid

bilayers failed. In mixtures of PC-C32-PC with classical phos-

pholipids, such as 1,2-dipalmitoyl-sn-glycero-3-phospho-

choline (DPPC) or 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-

choline (POPC), no significant insertion of the bolalipid into the

bilayer was observed [28]. The reason for this behaviour is that

packing problems due to the mismatch between the large space

requirement of the PC headgroup of PC-C32-PC and the small

cross-sectional area of its single alkyl chain arise. The insertion

of a PC-C32-PC molecule in a stretched conformation into

phospholipid bilayers is energetically unfavourable as it

produces void volume, which can be filled by neither bolalipid

nor phospholipid. Consequently, the self-assembly of PC-C32-

PC into nanofibres is preferred.

To evade these packing problems, we expanded the cross-

sectional area of the alkyl chain of the bolalipid in order to fill

the void volume. Besides heteroatoms [29,30], acetylene [31] or

diacetylene groups [32], or methyl branches [31,33], also phe-

nyl- or biphenyl rings were inserted into the long alkyl chain

[34-37]. The insertion of a phenylene group led to

PC-C16pPhC16-PC [36], which self-assembles at room temper-

ature into small ellipsoidal micelles, and to PC-C17pPhC17-PC

[35] that forms nanofibres with a significantly reduced thermal

stability compared to PC-C32-PC. Unfortunately, the insertion

of PC-C17pPhC17-PC into phospholipid bilayers composed of,

e.g., DPPC did not result in the formation of stabilized lipid

vesicles and elongated micelles as well as bilayer fragments

were found instead. We have now synthesized a bolalipid with

phenyl modification and a slightly longer alkyl chain,

PC-C18pPhC18-PC (Figure 1), to investigate a possible chain

length dependency on both the aggregation behaviour of the

pure bolalipid and the miscibility with bilayer-forming phos-

pholipids.

Figure 1: Chemical structure of PC-C18pPhC18-PC.

In this study, we investigated the aggregation behaviour of

PC-C18pPhC18-PC in aqueous suspension by means of DSC,

TEM, Fourier-transform infrared (FTIR) spectroscopy, and

small angle neutron scattering (SANS). Moreover, the mixing

behaviour of PC-C18pPhC18-PC with saturated phosphatidyl-

cholines 1,2-dimyristoyl-sn-glycero-3-phosphocholine

(DMPC), DPPC, and 1,2-distearoyl-sn-glycero-3-phospho-

choline (DSPC) was studied by means of DSC and TEM. Addi-

tionally, one mixture was exemplarily investigated by FTIR and

small angle X-ray scattering (SAXS).

Results and Discussion
Synthesis of PC-C18pPhC18-PC and its tem-
perature-dependent aggregation behaviour
Synthesis
The phenylene-modified bolalipid 18,18’-(1,4-phenylene)bis-

{octadec-1-yl[2-(trimethylammonio)ethylphosphate]} (PC-

C18pPhC18-PC) was synthesised from the corresponding diol

(HO-C18pPhC18-OH) by established phosphorylation and
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Scheme 1: Synthesis of PC-C18pPhC18-PC; TBAF: tetra-n-butylammonium fluoride, TEA: triethylamine, rt: room temperature.

quarternisation reactions described previously [38]. The long-

chain, phenylene-modified 1,ω-diol in turn was prepared using

a bis-Sonogashira cross-coupling reaction [37] with

PdCl2(PPh3)2 as catalyst and tetra-n-butylammonium fluoride

(TBAF) as solvent as well as 1,4-dibromobenzene and octadec-

17-yn-1-ol (Ac-C16-OH) [32,39] as starting material.

Following, both triple bonds were converted into single bonds

by hydrogenation. The bolalipid was finally purified by middle

pressure liquid chromatography (MPLC) using CHCl3/MeOH/

H2O as eluent and the gradient technique. The synthetic path-

way is summarised in Scheme 1. Details of synthetic proce-

dures and analytical data can be found in Supporting Informa-

tion File 1.

Aggregation behaviour
The aggregation behaviour of this novel bolalipid was investi-

gated as a function of temperature by means of TEM, DSC,

FTIR, and SANS. The results obtained were compared to

PC-C17pPhC17-PC [35] and PC-C16pPhC16-PC [36], struc-

tural analogues with slightly shorter alkyl chains, and the ho-

mologous series of phenylene-free PC-Cn-PC, with n = 22–36

[24-26,38,40].

The first observation is a gelation of the suspension when the

bolalipid PC-C18pPhC18-PC is dissolved in water at a concen-

tration of c = 1 mg mL–1. This behaviour indicates the forma-

tion of nanofibres, which in turn immobilize the solvent mole-

cules and allow the formation of a transparent hydrogel. A simi-

lar observation was found for PC-C17pPhC17-PC [35] and also

for phenylene-free analogues, such as PC-Cn-PC with alkyl

chain lengths ranging from n = 22–36 [24-26,38,40].

DSC and FTIR
The DSC heating curve of PC-C18pPhC18-PC (c = 1 mg mL−1

in H2O) shows two endothermic transitions (Figure 2): the first

one at Tm = 27.4 °C (∆H ≈ 12 kJ mol−1) and a second broad

peak at about 45 °C (∆H ≈ 6 kJ mol–1). The corresponding cool-

ing curve depicts also two but very broad peaks with a

hysteresis, which is an indication for a hindered reorganisation

of bola molecules within the aggregates.

Figure 2: DSC curves for PC-C18pPhC18-PC (c = 1 mg mL−1 in H2O,
solid lines, heating: red, cooling: blue). FTIR: wavenumber of the sym-
metric methylene stretching vibration (symbols, c = 50 mg mL−1 in
H2O, heating: filled red squares, cooling: open blue circles).

Both transition temperatures in the DSC heating scan are about

5 K higher compared to Tm-values of the lipid analogue

PC-C17pPhC17-PC with a slightly shorter alkyl chain (two

methylene units) [35]. The increase in Tm is caused by the elon-

gation of the alkyl chain, which leads to an increase in van-der-

Waals contacts of neighbouring bola molecules. This effect has

been observed before with other bolalipids [38]. When the alkyl

chain becomes too short, as in PC-C16pPhC16-PC whose alkyl

chain is again two methylene units shorter, no fibre formation is

observed but the bolalipid molecules self-assemble at room

temperature into small micellar aggregates. Consequently, no

endothermic transition was observed between 2–95 °C for this

bolalipid [31,35,36].
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Figure 3: TEM image of an aqueous suspension (c = 0.05 mg mL−1) of PC-C18pPhC18-PC. The samples were prepared at about 7 °C (A) or at
36 °C (B) and stained with uranyl acetate before drying.

To obtain information on the conformation and the mobility of

the alkyl chain of PC-C18pPhC18-PC molecules within the

aggregates, IR measurements of a bolalipid suspension

(c = 50 mg mL–1 in H2O) were conducted. The position of the

symmetric methylene stretching vibrational band (νsCH2) gives

information about the order of the alkyl chain, whether gauche

conformers are present or not [41,42]. The wavenumber of the

νs(CH2) vibrational band as a function of temperature is shown

in Figure 2.

At T = 11.1 °C, the frequency of νs(CH2) is at 2849.9 cm–1 indi-

cating ordered alkyl chains in all-trans conformation. Within

the temperature range of the first transition observed in DSC,

the wavenumber of this band increases to 2850.6 cm–1 at

T = 30.0 °C, which is attributed to a slightly increased amount

of gauche conformers and a more flexible alkyl chain. Howev-

er, this increase in wavenumber is not as pronounced as for

PC-C17pPhC17-PC within its main DSC transition, where the

wavenumber of νs(CH2) jumps to 2851.5 cm–1 [35]. If we

compare the increase in frequency of νs(CH2) of phenylene-free

bolalipids at their first DSC transition, e.g., PC-C32-PC [38]

(2849.5 cm−1 → 2851.3 cm−1; fibres → micelles) and PC-C34-

PC [40] (2849.6 cm−1 → 2850.8 cm−1; fibres → fibres), the

increase is in our case relatively small and comparable to

PC-C34-PC. This shows that the chain order in the intermedi-

ate structures of PC-C18pPhC18-PC present at 30 °C, between

both DSC transitions, is still relatively high.

With a further increase in temperature, the frequency of νs(CH2)

increases to 2851.5 cm−1 at T = 53.0 °C and finally to

2852.0 cm−1 at T = 70.3 °C. This increase is again attributed to

an increased amount of gauche conformers and a higher flexi-

bility of the alkyl chains. The corresponding cooling curve

shows the same pattern except for a hysteresis of 5–7 K, which

is indicative for a hindered reformation of the ordered fibrous

aggregates. A comparable hysteresis is visible in the DSC scan.

TEM
To analyse the structure of aggregates, samples for TEM were

prepared below the first transition as well as between the first

and the second transition of PC-C18pPhC18-PC. At about 7 °C,

the TEM image depicts a dense network of long nanofibres (A).

The morphology of these fibres changes with increasing tem-

perature. At 36 °C, the TEM image shows the presence of flex-

ible nanofibres; no small micellar aggregates were found (B)

(Figure 3). This means, the first endothermic transition of

PC-C18pPhC18-PC is connected to a fibre–fibre transformat-

ion and not to a fibre–micelle transformation as found for

PC-C17pPhC17-PC [35] and also for unmodified, phenylene-

free bolalipids PC-Cn-PC with alkyl chain lengths (n) up to 32

carbon atoms [24,38]. But, bolalipids with very long alkyl

chain, namely PC-C34-PC and PC-C36-PC, show an additional

fibre–fibre transition, where the flexibility of bolalipid mole-

cules is slightly increased. However, due to the very long alkyl

chains, the remaining van-der-Waals contacts are sufficient for

the formation of fibrous aggregates above the first transition

[26,40]. This seems to be also the case for PC-C18pPhC18-PC.

SANS
In order to ensure the results obtained with TEM and IR, SANS

measurements were performed (c = 1 mg mL−1 in D2O). SANS

data follows the structural changes of bolalipid aggregates with

varying temperature and shows firstly an increase of scattering

intensities with temperature change from 4 °C to 32 °C, accom-

panied with an increase of slope (α) of scattering intensities ap-

proximated by power law, i.e., I(q) ~ q−α at lower q-range from

1 to 2 (Figure 4). A further increase in temperature to 60 °C

leads to a decrease of scattering intensities and a decrease of α

almost to zero. The observation of slope α equals −1 is a signa-

ture of scattering from elongated and rigid objects of length L

and radius R in an interval of scattering vectors 1/L < q < 1/R.

Scattering data have been analysed via indirect Fourier transfor-

mation (IFT) method (Figure 4, solid lines) for infinitely long
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Table 1: SANS data obtained from IFT analysis for aqueous suspensions of PC-C18pPhC18-PC in D2O at different temperatures.a

T [°C] aggregate
shape

Dmax [Å] I(0) [cm g−1] or
ICS(0) [Å−1 cm g−1]

M [g] or
ML [g cm−1]

Nagg or
Nagg [nm−1]

Rg [Å] or
RCS,g [Å]

R [Å] a [Å] b [Å] L [Å] or
c [Å]

4 fibres (stiff
cylinders)

45 3.96 ± 0.01 1.37 × 10−13 8.7 ± 1 16.40 ± 0.02 23.2 22 ± 2 22 ± 2 >2000

32 flexible
fibres

70 4.61 ± 0.01 1.59 × 10−13 10 ± 1 24.25 ± 0.03 34.3 30 ± 3 30 ± 3 >2000

60 micelles 100 590 ± 10 1.91 × 10−19 121 ± 5 32 ± 2 41.3 22 ± 2 22 ± 2 47 ± 4
aDmax: maximal size or cross section of aggregate; I(0): scattering at “zero angle”; ICS(0): scattering at “zero angle” of cylindrical cross section;
M: mass; ML: mass per unit length; Nagg: aggregation number of micelles or number of molecules per unit length of rod-like object; Rg: radius of gyra-
tion; RCS,g: radius of gyration of cross-section; R and RCS are effective radius of aggregate or radius of cylindrical cross section in homogeneous
approximation; a, b, c, and L: values for semi axes a and b, and estimated length L for fibres with circular cross-section and for semi axes of ellipsoid
of revolution of micelles a = b, and c.

cylinder described previously [43-46] and the cross section pair

distance distribution function, pCS(r), has been obtained (Sup-

porting Information File 1, Figure S1). This distribution func-

tion gives values of the diameter of cross section of ≈ 50–55 Å

and an aggregation number Nagg of about 9 ± 1 bolalipid mole-

cules per 1 nm length of cylinder at T = 4 °C.

Figure 4: SANS data of a suspension of PC-C18pPhC18-PC
(c = 1 mg mL−1 in D2O, scattered data) with IFT analysis (solid lines)
at different temperatures.

At 32 °C – a temperature between the first transition and the

second transition of PC-C18pPhC18-PC – SANS intensities are

proportional to q−2 and, hence, suggest the scattering from flex-

ible chains. Here, the q-value measured is Lcont
−1 < q < lp

−1,

where lp is the persistence length of flexible aggregates and

Lcont is the contour length of the aggregate. The crossover be-

tween the region of rigid cylinder, i.e., the plateau of Holtzer

[47] qI(q) versus q (Supporting Information File 1, Figure S3),

to increase at lowest q (flexibility region) takes place around

q = 0.02 Å−1, which suggests that aggregates become flexible in

length scale above 100 Å. It can be concluded that an increase

of temperature from 4 °C to 32 °C shifts system from long and

rigid fibres to flexible chains. Additionally, also the cross-

sectional parameters of flexible chain changes, i.e., the diame-

ter increases up to 70 Å (Supporting Information File 1, Figure

S1) and Nagg slightly increases to 10 ± 1 bolalipid molecules per

1 nm length of flexible chain.

At 60 °C, the scattering intensities at lowest q-range are typical

for scattering from small globular objects such as micelles.

Mean diameter D of these objects (q << 1/D) and p(r) has been

obtained in approximation of 3D-objects, where all three axes

of the object have the same order of magnitude. At 60 °C

bolalipid molecules form small, elliptical-like micelles of

maximal diameter of 200 Å (Supporting Information File 1,

Figure S2). The radius of gyration (Rg) is around 32 ± 2 Å,

which equals a diameter of 83 Å, and Nagg is about 121 ± 5

bolalipid molecules per micelle. Modelling of the scattering

curves by ellipsoids of revolution yields values for the semi

axes a = b = 22 Å and c = 47 Å. The results of SANS measure-

ments are summarized in Table 1.

Mixing behaviour with saturated phos-
phatidylcholines
In order to investigate the miscibility of our new bolalipid with

bilayer-forming phospholipids, PC-C18pPhC18-PC was mixed

with the double-chain phospholipids DMPC, DPPC, and DSPC,

i.e., phosphatidylcholines with saturated alkyl chains of differ-

ent length. In a previous study we showed that unmodified

bolalipids, such as PC-C32-PC, could not be incorporated into

bilayers of DMPC or POPC [28]. In contrast, bolalipids with an

alkyl chain modification, e.g., PC-C17pPhC17-PC, were

partially miscible with DPPC and DSPC. But, closed lipid vesi-

cles (liposomes) and a pronounced stabilization of the lamellar
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Figure 5: DSC heating (left-hand column) and cooling (right-hand column) scans of different PC-C18pPhC18-PC:phospholipid mixtures (c = 3 mM in
phosphate buffer, pH 7.6): DMPC (A,B), DPPC (C,D), and DSPC (E,F). The molar ratios are displayed in the graph. The DSC data of pure
PC-C18pPhC18-PC (black dashed line, c = 1 mg mL−1) and pure phospholipids (red solid line, c = 1 mg mL−1) are shown for comparison. The
heating and cooling rate was 60 K h−1. The curves are shifted vertically for clarity.

structure – prerequisites for the use as drug delivery vehicle –

could not be observed, and bilayer fragments as well as elongat-

ed micelles were formed instead [35]. The isomers

PC-C17mPhC17-PC and PC-C17oPhC17-PC, bearing a meta or

ortho substitution at the central phenyl ring, showed the forma-

tion of disk-like aggregates in mixtures with DPPC and DSPC,

respectively, with partly increased thermal stability [34]. The

mixing behaviour of PC-C18pPhC18-PC with phosphatidyl-

cholines was now studied by means of DSC and TEM.

Additionally, one example of a bolalipid/phospholipid

mixture was further investigated by FTIR and SAXS measure-

ments.

DSC
We firstly investigated the thermotropic behaviour of aqueous

suspensions of PC-C18pPhC18-PC:phospholipid mixtures

(c = 3 mM) with different molar ratios, namely 1:10, 1:5, 1:2,

and 1:1 (n:n). The heating scans are depicted in the left-hand

column of Figure 5, the corresponding cooling scans are shown

in the right-hand column of Figure 5.
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The DSC heating scans of the pure, bilayer-forming phospho-

lipids show the two well-known endothermic transitions (see

red solid lines in Figure 5): the pre-transition from the Lβ’-phase

to the ripple-phase (Pβ’) and the very cooperative main transi-

tion to the Lα-phase, where the alkyl chains are fluidized due to

an increased amount of gauche conformers.

The DSC heating scan of a 1:10 mixture of PC-C18pPhC18-PC

and DMPC (Figure 5A) shows a sharp peak at T = 24.1 °C,

below Tm of the pure DMPC. With increasing amount of

bolalipid, this peak stays nearly at the same temperature but

gets broader. In the equimolar mixture of PC-C18pPhC18-PC

and DMPC, the DSC scan shows a broad transition with two

peaks at T = 22.8 °C and T = 27.3 °C. The latter one corre-

sponds to Tm of the pure bolalipid. In addition, one or two very

small pre-transitions are detectable below the main transition. In

the corresponding DSC cooling scans (Figure 5B), a biphasic

transition appears in most mixtures. Starting with the 1:10 mix-

ture, the DSC scan depicts a peak at T = 23.1 °C, slightly below

Tm of pure DMPC. With increasing amount of the bolalipid, this

peak disappeared gradually and at the same time a second peak

at T = 16.5 °C emerged, which shifts to T = 17.1 °C in the 1:1

mixture.

In the mixtures with DPPC (Figure 5C), the DSC heating scan

of the 1:10 ratio shows an endothermic transition at

T = 41.4 °C, 0.5 K below the Tm of pure DPPC, including a

high-temperature shoulder. With increasing amount of

bolalipid, this peak disappears gradually. In the 1:2 mixture and

more pronounced in the 1:1 mixture, a second, broad peak

emerged at T ≈ 32 °C, which is above Tm of the pure bolalipid.

The corresponding DSC cooling scans (Figure 5D) depicts a

sharp transition peak at around 40.2 °C, again slightly below Tm

of pure DPPC, which decreases gradually with increasing

amount of bolalipid. In the 1:2 and 1:1 mixture, two additional

low-temperature peaks appear at 34.7 °C and 31.5 °C, indicat-

ing a complex behaviour.

A comparable  s i tua t ion  i s  found for  mixtures  of

PC-C18pPhC18-PC with DSPC. Here, the DSC heating scan of

the 1:10 mixture (bolalipid:phospholipid) shows a main transi-

tion with a splitting (53.7 °C and 54.9 °C; Figure 5E), again

slightly below Tm of pure phospholipid. With increasing

amount of bolalipid, both transition peaks decrease in intensity

but virtually stay at the same temperature. The DSC cooling

scan (Figure 5F) of the 1:10 mixture shows a peak at about

52 °C. With increasing amount of PC-C18pPhC18-PC, this

peak stays at the same temperature and decreases gradually.

Finally, the cooling scan of the 1:1 mixture shows again several

peaks: the most distinct ones at 52.1 °C, and three smaller ones

at 53.9 °C, 47.8 °C, and 40.2 °C.

In the DSC heating curve of some of our bolalipid/phospho-

lipid mixtures, an additional exothermic peak as well as a con-

tinuous or stepwise decrease in the heat capacity is observed

during heating. It is conceivable that a metastable state is

reached after Tm. This kinetically stable state transforms within

the timescale of the DSC experiment (heating rate = 60 K h−1)

into a thermodynamically stable state, which is accompanied by

an exothermic heat effect showing up as broad transition peak

or as decrease in Cp. The notion of two different states is sup-

ported by the fact that this exothermic peak or the decrease in

Cp disappeared using a slower heating rate of 20 K h−1 (data

not shown). A similar effect was found previously for mixtures

of PC-C17pPhC17-PC [35] and PC-C32-10,10’Me-PC, a

bolalipid with two methyl groups within the long alkyl chain

[48], with different saturated phosphatidylcholines.

TEM
To get an idea about the aggregate structure of the mixed

systems in aqueous suspension TEM images were recorded

from negatively stained samples. All specimens were prepared

at about 22 °C, i.e., in the case of mixtures with DMPC at the

beginning of the main transition and for mixtures with DPPC

and DSPC, respectively, below the transitions observed in DSC.

The images are shown in Figure 6. By comparing the images of

the different phospholipid mixtures (DMPC, DPPC or DSPC)

with same mixing ratio, one can see that the shape of aggre-

gates is similar.

Starting with the lowest bolalipid content, EM images of the

1:10 mixture reveal the presence of crashed vesicles as well as

disk-like aggregates (Figure 6A–C). The disks, which are par-

ticularly found in mixtures with DPPC, are nearly round shaped

and they are oriented either parallel (black arrow head) or per-

pendicular to the grid surface (white arrow head). EM images of

a bolalipid/phospholipid = 1:5 mixture show the existence of

disk-like aggregates of comparable size for all three different

phospholipids (Figure 6D–F). However, also some collapsed

vesicles are present in the mixture with DMPC and DPPC. By

increasing the bolalipid content to a 1:2 mixture (bolalipid/

phospholipid), the shape of aggregates changes to small, elon-

gated micelles (Figure 6G–I). In the case of DPPC and DSPC

mixtures, another kind of larger aggregates is formed. Lastly,

for the equimolar mixtures (Figure 6K–M), EM images show

again the formation of small, elongated micelles. Only

in the case of the DSPC mixture, some larger aggregates are

found.

We conclude that PC-C18pPhC18-PC is not completely immis-

cible with bilayer-forming phosphatidylcholines and that the

PC-C18pPhC18-PC is partially miscible with these phospho-

lipids. When ca. 10 or 20 mol % of bolalipid is inserted in
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Figure 6: TEM images of aqueous suspensions (c = 60 µM or c = 30 µM for C) of PC-C18pPhC18-PC/phospholipid mixtures with DMPC (left-hand
column), DPPC (middle column), or DSPC (right-hand column) in different bolalipid/phospholipid ratios: 1:10 (A–C), 1:5 (D–F), 1:2 (G–I),
and 1:1 (K–M). Samples were prepared at 22 °C and stained with uranyl acetate before drying. The bar corresponds to 100 nm.

membranes of phosphatidylcholines, disk-like structures are the

dominant aggregate form. We can only speculate, whether both

types of lipid molecules are randomly distributed within the

disks or not. It is also conceivable that a partial demixing occurs

inside the disk and that bolalipid molecules are accumulated at

the rim of this disk stabilizing them against fusion into larger

aggregates. With increasing amount of bolalipid, micellar struc-

tures became dominant. It seems conceivable that, in the case of

1:1 and 1:2 mixtures, either both components are not homoge-

neously distributed within the aggregates or two different

species of aggregates exists, bolalipid-rich ones and phospho-

lipid-rich ones (see for example Figure 6H or I, showing two

different sizes of micelles). This is in accordance with the DSC

measurements shown above, where a very broad peak or two

peaks are observed in the mixture of, e.g., PC-C18pPhC18-PC

and DMPC (Figure 5A) or DPPC (Figure 5C).

Similar disk-like assemblies (bicelles) were also reported for

phospholipid mixtures, for example in DPPC/DHPC systems

[49], or for mixtures of phospholipids with other amphiphilic

substances, e.g., in PEG-stabilized bilayer systems [50,51], for

phospholipids with membrane scaffold proteins [52,53] or in

combination with copolymers [54,55], or for DPPC in mixture

with a T-shaped amphiphile [56].
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FTIR spectroscopy and SAXS of PC-C18pPhC18-
PC/DPPC (1:1)
To support the finding of disk-like aggregates seen by TEM,

one mixture was exemplarily analyzed by means of FTIR and

SAXS. Temperature dependent FTIR measurements were used

to clarify the question whether the transition of both

PC-C18pPhC18-PC and DPPC happen simultaneously. To

distinguish between both components, DPPC with fully deuter-

ated alkyl chains (d62-DPPC) was used and the change in the

position of the stretching vibrational band of CH2 (from the

bolalipid; Figure 7 red symbols) and CD2 (from the phospho-

lipid; Figure 7 green symbols) was followed. The deuteration of

alkyl chains in phospholipids usually causes a shift of the main

transition by about 5 K to lower temperatures, as shown by

Petersen et al. [57].

Figure 7: FTIR spectroscopic data (symmetric CH2 stretching vibra-
tion: red squares, right axis; symmetric CD2 stretching vibration: green
circles, left axis) of an equimolar mixture of PC-C18pPhC18-PC:d62-
DPPC (c = 50 mg mL−1 in phosphate buffer, pH 7.6, heating: filled
symbols, cooling: open symbols).

At T = 10.9 °C, the frequency of νs(CH2) is at 2850.8 cm−1,

which is comparable to the frequency of νs(CH2) of the pure

PC-C18pPhC18-PC at T = 30 °C, above the first transition in

DSC (see above). Hence, the alkyl chains of the bolalipid

contain a small amount of gauche conformers. The frequency of

νs(CD2) is at 2088.9 cm−1 at T = 10.9 °C, indicating ordered

alkyl chains in all-trans conformation for the deuterated phos-

pholipid. With increasing temperature, the frequencies of both

band increase with a distinct jump to 2852.3 cm−1 and

2093.9 cm−1 at 43.4 °C and further to 2853.0 cm−1 and

2096.4 cm−1 at 87.7 °C. This increase is attributed to an in-

creased amount of gauche conformers within both deuterated

and non-deuterated alkyl chains. However, the transition from

the gel phase to the liquid-crystalline phase seems to be slightly

different for both components and did not occur simultaneously.

The increase in frequency for νs(CH2) (bolalipid) starts at lower

temperature than for νs(CD2) (phospholipid), which stays nearly

constant up to 30 °C. One explanation for this behaviour could

be that at low temperatures, the phospholipid forms bilayer

fragments that are stabilized by bolalipid molecules, possibly in

a U-shaped conformation, at the rim of the disk.

To analyze the aggregates in more detail, SAXS measurements

at different temperatures were performed (Figure 8A). Scat-

tering data do not show sharp diffraction maxima, which are ob-

served for binary DPPC/water mixtures at similar temperature

and concentration range [34]. The transformation from sharp

maxima to broad ones points on structural changes of the lipid

system from multilamellar objects for pure DPPC to separated

lamellae for the PC-C18pPhC18-PC:DPPC mixtures. Only at

T = 50 °C, a very small diffraction peak has been observed (see

arrow in Figure 8A), which corresponds to a lamellar repeat dis-

tance (bilayer thickness plus an interlamellar water layer) of

about 67 Å.

Figure 8: (A) SAXS diffractograms of an equimolar mixture of
PC-C18pPhC18-PC/DPPC (c = 10 mg mL−1, scattered data) in phos-
phate buffer (pH 7.6) at different temperatures and IFT fits (solid lines).
The arrow points to diffraction maximum (at T = 50 °C) of multilayer
object. (B) Pair distance distribution function of thickness of discs ob-
tained at different temperatures of an equimolar mixture of
PC-C18pPhC18-PC/DPPC (c = 10 mg mL−1) in phosphate buffer (pH
7.6).
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Firstly, the slope at low q-range has been determined as −2,

which corresponds to the scattering from flat objects, i.e.,

aggregates, where the size of two dimensions is much larger

than the third dimension. In order to get structural information

such as a distribution of scattering length density along the

smaller dimension, IFT analysis in approximation of infinitely

thin objects has been applied [45,46]. The thickness pair dis-

tance distribution function pT(r) describes the scattering intensi-

ty via:

(1)

The pT(r) function is connected with the scattering contrast be-

tween object and solvent and is written as

(2)

where r is the coordinate in the direction normal to the surface

of the disk-like objects and MS is connected with mass per sur-

face unit. IFT satisfactorily describes our experimental data

(solid lines in Figure 8A). The pT(r) functions for the equimolar

PC-C18pPhC18-PC/DPPC mixtures versus temperature are

shown in Figure 8B. The negative values of pT(r) in the inter-

mediate r-range could be explained by different sign of the scat-

tering contrast for alkyl chains (positive) and polar groups

(negative) of DPPC in water.

IFT analysis requires as input parameter the maximal size of

objects, whose numerical solution is searched for. In present

analysis, the maximal thickness of disks is needed. To get a

sufficient fit of experimental data and a stable shape of pT(r)

function, a maximal thickness of 55 Å has been applied. The

comparison with pure DPPC bilayers (without additives)

confirms that an addition of PC-C18pPhC18-PC does not

change the thickness of the DPPC bilayer [58]. Also, a signifi-

cant decrease of bilayer thickness with increasing temperature

was not observed; only a small change for large r (region of

polar groups) for 65 °C has been detected. The difference found

for 50 °C can be connected that in these conditions also some

multilamellar objects are formed.

Conclusion
The PC-C18pPhC18-PC, a long-chain, phenylene-modified

bolalipid, self-assembles at room temperature into nanofibres,

which leads to a gelation of the suspension. With increasing

temperature, the stiff fibres transform into more flexible ones.

This transformation is accompanied with an endothermic transi-

tion observed in DSC measurements. The existence of fibrous

aggregates after the first DSC transition peak is remarkable

since the analogue bolalipid, PC-C17pPhC17-PC with a slightly

shorter alkyl chain, shows a direct transformation from nanofi-

bres into small micelles. For PC-C18pPhC18-PC, small

micellar aggregates are only observed after the second transi-

tion observed by DSC. Hence, the elongation of the alkyl chain

for two methylene units is sufficient to stabilize the flexible

fibres above the first transition via van-der-Waals interactions.

The mixing of PC-C18pPhC18-PC with bilayer-forming phos-

phatidylcholines (DMPC, DPPC, or DSPC) leads in most cases

to the formation of small elongated micelles, bilayer fragments,

or disk-like aggregates. However, an increased thermal stability

of these aggregates could not be observed. For PC-C18pPhC18-

PC:DPPC mixtures with an excess of phospholipid, the forma-

tion of virtually uniform, disk-like aggregates is observed. The

arrangement of both lipid components inside these disks is not

fully understood, but it seems very likely that a partial demixing

occurs and that the rims of the bilayer disks are stabilized by

PC-C18pPhC18-PC molecules in a U-shaped conformation.

Experimental
Substances
DMPC and DPPC were obtained from Lipoid KG

(Ludwigshafen, Germany). DSPC was purchased from Sygena

AG (Switzerland). d62-DPPC was obtained from Avanti Polar

Lipids (Alabaster, AL, USA). The synthetic procedure and the

analytical data of the newly prepared bolalipid PC-C18pPhC18-

PC are described in detail in Supporting Information File 1.

Methods
Sample preparation
In a similar manner to a procedure from [34], the appropriate

amount of the bolalipid PC-C18pPhC18-PC was suspended in

H2O (Milli-Q). Homogeneous suspensions were obtained by

heating to 90 °C and vortexing. Binary lipid mixtures were pre-

pared from lipid stock solutions in CHCl3/MeOH (2/1, v/v) as

solvent by mixing appropriate volumes of the stock solutions.

The organic solvent was then removed in a stream of N2. The

resulting lipid films were kept in an evacuated flask for 24 h to

remove residual traces of solvent. The suspensions were then

prepared by adding a certain volume of aqueous phosphate

buffer (10 mM, pH 7.6) to obtain a total lipid concentration of

3 mM. The samples were vigorously vortexed at 60 °C to obtain

a homogeneous suspension.

Transmission electron microscopy (TEM)
The samples were prepared by spreading 5 µL of the bolalipid

suspension (c = 0.05 mg mL−1 in case of pure bolalipid,

c = 60 µM in case of lipid mixtures) onto a copper grid coated

with a Formvar film. After 1 min, excess liquid was blotted off
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with filter paper and 5 µL of 1% aqueous uranyl acetate solu-

tion were placed onto the grid and drained off after 1 min.

Specimens prepared below ambient temperature (T ≈ 7 °C)

were dried for 2 days at this temperature and kept in an desic-

cator at ambient temperature. Specimens, which were prepared

in a modified drying oven above ambient temperature, were

further dried for 1 h at the appropriate temperature and finally

kept in an desiccator at room temperature. All specimens were

examined with a Zeiss EM 900 transmission electron micro-

scope (Carl Zeiss Microscopy GmbH, Jena, Germany).

Differential scanning calorimetry (DSC)
DSC measurements were performed using a MicroCal VP-DSC

differential scanning calorimeter (MicroCal Inc. Northampton,

MA, USA). Before the measurements, the sample suspension

and the water (or phosphate buffer) used as a reference were

degassed under vacuum while stirring. A heating rate of

60 K h−1 was used, and the measurements were performed in

the temperature interval from 5 °C to 95 °C. To check the repro-

ducibility, three consecutive scans were recorded for each sam-

ple. The water–water and buffer–buffer baseline, respectively,

was subtracted from the thermogram of the sample, and the

DSC scans were evaluated using MicroCal Origin 8.0 software.

Fourier-transform infrared spectroscopy (FTIR)
Infrared spectra were collected using a Bruker Vector 22

Fourier transform spectrometer with DTGS detector operating

at 2 cm−1  resolution. The bolalipid suspension (PC-

C18pPhC18-PC: c = 50 mg mL−1 in H2O; PC-C18pPhC18-PC/

d62-DPPC, 1:1, n/n, c = 100 mg mL−1 in phosphate buffer

300 mM, pH 7.7) was placed between two CaF2 windows, sepa-

rated by a 6 µm spacer. IR spectra were recorded in steps of 2 K

in the temperature range 9 °C to 71 °C or 9 °C to 89 °C. After

an equilibration time of 8 min, 64 scans were recorded and

accumulated. The corresponding spectra of the solvent (H2O or

D2O) were subtracted from the sample spectra using the OPUS

software supplied by Bruker.

Small angle neutron scattering (SANS)
SANS measurements were made on the steady state reactor

based pin-hole SANS instrument Quokka [59] which is found

on a cold guide at the Australian Nuclear Science and Technol-

ogy Organization’s (ANSTO) research reactor OPAL (Lucas

Heigh t s ,  Aus t ra l i a ) .  Sample  (PC-C18pPhC18-PC,

c = 1 mg mL−1 in D2O) was placed in cylindrical quartz

cuvettes of path length 2 mm. SANS spectra were recorded on a

position sensitive detector consisting of 192 × 192 pixels

(5 × 5 mm²) at 3 sample-to-detector distance 1.3, 6, and 12 m

using neutrons of wavelength, λ = 5.0 Å (Δλ/λ = 10%). After

correcting the raw data for the sensitivity of each detector pixel,

masking the beam stop shadow, subtracting backgrounds

consisting of the sample buffer in identical samples cells and

normalizing to the empty beam intensity the radially averaged

isotropic scattering data from each sample-to-detector distance

were joined to produce a continuous q-range of 0.009 to

0.7 Å−1, where q = 4π × sin(2θ)/λ and θ is the scattering angle.

This was achieved using macros modified for the program

IgorPro (version 6.34, WaveMetrics, Inc. 2013) from those

macros written for the NIST Center for Neutron Research

(Gaitherburg, USA) SANS instruments [60].

Small angle X-ray scattering (SAXS)
SAXS experiments were performed at the P12 BioSAXS beam-

line of the European Molecular Biology Laboratory (EMBL) at

the storage ring PETRA III of the Deutsche Elektronen

Synchrotron (DESY, Hamburg, Germany) using a Pilatus 2M

detector (1475 × 1679 pixels; Dectris, Switzerland) and

synchrotron radiation with a wavelength λ = 1 Å. The sample-

to-detector distance was 4 m, allowing for measurements in the

q-range interval from 0.75 Å−1 to 5 Å−1. The q-range was cali-

brated using the diffraction patterns of silver behenate. The ex-

perimental data were normalized to the incident beam intensity,

corrected for non-homogeneous detector response, and the

background scattering of the aqueous buffer was subtracted.

Sample (PC-C18pPhC18-PC/DPPC, 1:1, n/n, c = 10 mg mL−1

in phosphate buffer pH 7.4) has been placed in 1 mm glass

capillaries. Temperature has been controlled by Linkam heating

stage HFSX 350 (Surrey, UK) with accuracy ± 0.1 °C. Twenty

consecutive frames (each 0.05 s) comprising the measurement

of the solvent (phosphate buffer pH 7.4) and sample were per-

formed. In order to verify that no artefacts as a result of radia-

tion damage occurred, all scattering curves of a recorded dataset

were compared to a reference measurement (typically the first

exposure) and finally integrated by automated acquisition

program given by Franke et al. [61].

Supporting Information
Supporting Information File 1
Experimental procedures, characterization data for

synthesized compounds and further SANS data.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-13-99-S1.pdf]
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Abstract
V-ATPase has recently emerged as a promising novel anticancer target based on extensive in vitro and in vivo studies with the

archazolids, complex polyketide macrolides which present the most potent V-ATPase inhibitors known to date, rendering these

macrolides important lead structures for the development of novel anticancer agents. The limited natural supply of these metabo-

lites from their myxobacterial source renders total synthesis of vital importance for the further preclinical development. This review

describes in detail the various tactics and strategies employed so far in archazolid syntheses that culminated in three total syntheses

and discusses the future synthetic challenges that have to be addressed.
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Introduction
The complex structures of polyketides continues to be a great

challenge for synthetic chemists and has also been a key driver

for the development of new methodologies [1-9]. In many

cases, total synthesis is of critical importance to enhance the

supply of these often scarce metabolites and even complex

polyketides have been prepared on an industrial scale [10,11].

These natural products are also valuable molecular probes for

the discovery and evaluation of novel biological targets and

pathways [12,13]. Vacuolar-type ATPases (V-ATPases) are

heteromultimeric proton translocating proteins that are local-

ized in a multitude of eukaryotic membranes [14-16] that have

been known as key mediators in a variety of biochemical path-

ways. They are responsible for a variety of important cellular

functions, including pH-control [17,18], membrane trafficking,

protein degradation, release of neurotransmitters [18], urinary

acidification [19], bone resorption [20], sperm maturation [21],

cholesterol biosynthesis [22] and cytokine secretion [23]. In

recent years, a key role of these multimeric enzymes also in

cancer development and progression was discovered and has

been increasingly unraveled. The archazolids, polyketide

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:dirk.menche@uni-bonn.de
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Scheme 1: Molecular structures of the archazolids.

macrolides from the myxobacterium Archangium gephyra, have

played a key role in these studies. They present the most potent

V-ATPase inhibitors known to date with activities in the low

nanomolar range [24,25], by binding to the functional trans-

membrane subunit c [26,27], and display highly potent growth-

inhibitory activities against a range of cancer cell lines, both in

vitro and in vivo [23,28-34]. In detail, archazolid inhibition of

V-ATPase abrogates tumor metastasis via repression of endo-

cytic activation [28], leads to impaired cathepsin B activation in

vivo [30], modulates anoikis resistance and metastasis of cancer

cells [31], overcomes trastuzumab resistance of breast cancers

[32], blocks iron metabolism and thereby mediates therapeutic

effects in breast cancers [33], and plays a role in tumor sensi-

tizing in the context of the MDM2 antagonist nutlin-3a [34].

Based on these studies V-ATPases have been increasingly

emerging as an extremely promising novel anticancer target

[26,27,35-37] and the archazolids have become important lead

structures for the development of novel anticancer agents.

As shown in Scheme 1 for the most prominent representatives

archazolid A (1) and B (2) [38-40], their unique architectures

are characterized by a 24-membered macrolactone ring with

seven alkenes, including a characteristic (Z,Z,E)-triene, a thia-

zole side chain and a characteristic sequence of eight methyl

and hydroxy-bearing stereocenters.

Synthetic chemistry is of key importance to enhance the supply

of these scarce polyketides to fully evaluate the biological

potential and develop them as potential drug candidates. The

important biological properties in combination with their

limited natural supply as well as their intriguing molecular

architectures and initially unknown stereochemistry, have

rendered the archazolids as highly attractive synthetic targets

and so far, three total syntheses have been reported by the

groups of Menche and Trauner [41-43]. Furthermore several

fragment syntheses as well as methodological studies to access

key structural elements have been published in the last years

[44-54]. Recently, the focus has been increasingly shifted

towards analog development and SAR studies [49,55-58] and

the group of O’Neil has been targeting dihydroarchazolid B (3)

as a potentially equipotent structurally simplified derivative

[45,46,48]. This review covers the various tactics and strategies,

employed by the Menche, Trauner and O’Neil group in archa-

zolid syntheses and discusses the challenges for the develop-

ment of a scalable route.

Review
The first total synthesis of archazolids A and B were indepen-

dently developed by the Menche group and the group of

Trauner in 2007 by completely independent routes. In 2009, a

second total synthesis of archazolid B has been described again

by the Menche group following a sequence that was related to

their archazolid A synthesis.

Menche’s retrosynthetic analysis and
strategy
As a prelude to initiating a synthetic campaign directed towards

the archazolids the Menche group first elucidated the full

stereochemistry and three dimensional conformation of the

archazolids by NMR methods, molecular modelling and chemi-

cal derivatizations [59,60]. During these studies, they became

aware that C2–C5 diene of acyclic analogs would be very labile

towards isomerization. However, such processes would be

suppressed in the macrolide natural products, presumably due to

conformational factors. In contrast, the Z,Z,E-triene system at

northern part of the target molecule (i.e., C9 to C14) was stable,
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Scheme 2: Retrosynthetic analysis of archazolid A by the Menche group.

Scheme 3: Synthesis of north-eastern fragment 5 through a Paterson anti-aldol addition and multiple Still–Gennari olefinations.

also in an acyclic state, presumably due to distortion of the

conjugated system due to constraints exerted by the methyl

groups at C10 and C12. Based on this analysis, their synthetic

plan was to first build the triene, while the C2–C5 fragment

should be constructed directly before or during ring closure as

shown in Scheme 2. Consequently, they first planned to connect

the north-eastern fragment 5 with the propionate unit 4 by a

suitable olefination strategy. Subsequently, for connecting the

resulting fragment to the thiazole subunit 6 a Heck reaction was

envisioned as part of studies advancing this type of Palladium-

catalyzed coupling strategies in complex target synthesis [61-

66]. Finally, a HWE-macrocyclization was planned which

would likewise set the labile C2–C5 diene and thus concomi-

tantly stabilize this functionality by macrocyclic constraints.

Menche’s total synthesis of archazolid A
Synthesis of the north-eastern fragment
As shown in Scheme 3, the construction of the north-eastern

fragment 5 relied on a boron-mediated anti-aldol reaction [67]

of lactate-derived ethyl ketone 13 with aldehyde 12, which in

turn was available from aldehyde 9 by HWE olefination. This

Paterson aldol reaction and related aldol reactions, which have

been amply used by the Menche group [68-70], proceeded with

excellent yield and selectivity. The resulting β-hydoxyketone 14
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Scheme 4: Synthesis of 4 through an Abiko–Masamune anti-aldol addition.

was then protected as TBS ether and converted to aldehyde 15

by reductive removal of the benzoate group and periodate

cleavage. Notably, depending on the choice of protection group,

deprotection and further oxidation with NaIO4 may be ob-

served, a procedure that was further studied by the group [71].

The two vicinal Z-alkenes were then installed by two consecu-

tive Still–Gennari olefinations [72] with aldehydes 15 and 18.

In both cases coupling with the Still–Gennari reagent 16 gave

17 and after reduction the final building block 5 was formed in

high yields and selectivity. While the overall sequence towards

5 consequently required twice a two-step adaption of the oxida-

tion state which renders this route quite lengthy, the authors

argue that the robustness, facile conduction and scalability of

each step was very high and made them decide to stick to this

sequence as compared to likewise tested alternatives.

Synthesis of the north-western fragment
For the construction of the north-western fragment 4 the

Menche group opted to first install the terminal E-configured

vinyl iodide. While appearing to be a simple problem, quite

some efforts had to be invested, before acid 21 could be effi-

ciently obtained as shown in Scheme 4. Finally, after optimiza-

tion of a reported procedure [73] the successful route employed

a one-pot process involving a sodium hydride-mediated cou-

pling of methyl malonate 19 with iodoform (20) followed by a

stereoselective elimination and decarboxylation in situ. The cor-

responding aldehyde 22 was then homologated by an

Abiko–Masamune anti-aldol addition [74] with ephedrine-

derived ester 23, which proceeded with excellent yield and

stereoselectivity. However, the subsequent removal of the steri-

cally hindered chiral auxiliary proved demanding. The Menche

group realized that a transformation to a Weinreb amide may be

realized in an effective manner by an in situ activation of 24

with iPrMgCl [75], followed by a methylation of the free

hydroxy group and introduction of the methyl ketone. This pro-

cedure proved superior to an original sequence involving a re-

ductive cleavage of the auxiliary.

Synthesis of the southern fragment
The same southern fragment 6 was independently chosen by the

Menche group in their total synthesis of archazolid A and by the

Trauner group in their total synthesis of archazolid B. Both

groups also pursued identical routes to this subunit. As shown

in Scheme 5, this sequence started from L-leucine (26) which

was first converted with nitrous acid to the hydroxy acid 27,

which proceeds with retention of the configuration due to inter-

mediate lactone formation after generation of the diazonium-

intermediate [76]. After conversion to amide 28 and thioamide

29 the thiazole 31 was obtained by condensation with

bromoester 30. The carbamate was then introduced by activa-

tion of the deprotected hydroxy group with carbonyldiimida-

zole and treatment with methylamine, before the ester was

selectively reduced to the aldehyde 32 with DIBALH. Finally, a

Brown crotylation [77] set the two vicinal stereogenic centers of

6 with high stereoselectivity. In total this route enabled an effi-

cient and reliable access to this key fragment. However, one

drawback of this sequence was a tendency of epimerisation at

C1’ during thiazole formation on large scale, requiring an oxi-

dation–reduction sequence (90%) in this case.

Completion of the total synthesis
After evaluation of several strategies, the assembly of the two

northern fragments 4 and 5 could be realized by an aldol con-

densation, involving a boron-mediated aldol coupling, acetate

protection of the newly generated hydroxy group and DBU-

mediated elimination. This three-step sequence proceeded as

shown in Scheme 6 with excellent yields (94%) giving the

triene 33 as a single diastereomer, which demonstrates the



Beilstein J. Org. Chem. 2017, 13, 1085–1098.

1089

Scheme 5: Thiazol construction and synthesis of the southern fragment 6.

Scheme 6: Completion of the total synthesis of archazolid A.
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Scheme 7: Synthesis of archazolid B (2) by a ring closing Heck reaction of 38.

usefulness of aldol condensations in complex target synthesis,

also on highly elaborate substrates. Considerable efforts were

invested before the challenging Heck coupling with the thia-

zole fragment 6 could be effected with useful selectivities.

Besides the desired E,E-diene 34 formation of other double

bond isomers both in the southern and northern part of the mol-

ecule could not be suppressed and required a tedious HPLC sep-

aration at this stage. After attachment of the phosphonate 7,

aldehyde 35 was obtained by removal of the PMB group and

oxidation of the primary alcohol. The moderate yields of this

sequence are mainly due to side reactions in the deprotection

step. The Menche group then had considerable difficulties in

closing the macrocyclic ring using an HWE reaction. Finally,

the macrocylization could be realised by using NaH as a strong

non-nucleophilic base. It proved essential to perform this reac-

tion in the presence of molecular sieves to remove any traces of

water which were shown to lead to unfavourable isomerization

pathways. Finally, an oxazaborolidine-assisted borane reduc-

tion [78] set the stereogenic center at C15 and global deprotec-

tion gave synthetic archazolid A, which proved to be fully iden-

tical with a natural sample, thus unambiguously confirming the

stereochemistry of this macrolide [59].

Menche’s total synthesis of archazolid B
One the methodological incentives of the synthetic campaign of

the Menche group directed towards the archazolids were the

further development and application of the Heck reaction in

complex target synthesis. Accordingly, they applied a Heck

macrocyclization strategy for the total synthesis of archazolid

B. As shown in Scheme 7, this strategy could be successfully

implemented and the macrocyclic core of the target compound

was obtained in useful yields by coupling of 38, which in turn

was accessible by an intermolecular HWE reaction of 36 with

37 using the procedure evaluated above. Final stereoselective

CBS reduction and global deprotection liberated archazolid B in

41% yield over 3 steps [42]. This accomplishment presented the

second total synthesis of this macrolide while the first total syn-

thesis was enabled by the group of Trauner and will be dis-

cussed below.

Trauner’s retrosynthetic analysis and strategy
Shortly after the total synthesis of archazolid A (1) by Menche

et al. [41] the total synthesis of archazolid B 2 was reported by

Trauner and co-workers [43]. As shown in Scheme 8, they

could successfully couple the three main fragments 39, 40 and 6

by first a Stille reaction, followed by a Kita esterification.

Notably, this esterification was critical to avoid unfavorable

isomerizations. For closing of the macrolide core they planned a

challenging Hoye relay ring closing metathesis (RRCM) which

would lead directly after deprotection to archazolid B (2).

Trauner’s total synthesis of archazolid B
Synthesis of the north-eastern fragment
The synthesis of fragment 40 started with the literature-known

protocol for generation of ynone 42 derived from (S)-Roche

ester 41 [79] as shown in Scheme 9. After reduction the alcohol

was protected with TIPS and the TBS ether was cleaved by

acetic acid to get to the primary alcohol 43. The reduction with

(S)-alpine borane was highly diastereoselective (dr > 20:1).

Following this sequence over 6 steps the two stereogenic

centers at C7 and C8 were successfully built up. The primary

alcohol of fragment 43 was then oxidized by the Dess–Martin

reagent (DMP) and then treated with CBr4 and PPh3 to generate

the dibromoalkene 44 in high yield of 75% over 2 steps. The

group now installed the vinyliodide for the Stille coupling by

treating the alkene with lithium dimethylcuprate. In compari-

son with the likewise attempted Stork–Zhao olefination this

protocol by Tanino and Miyashita was superior in yield and
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Scheme 8: Retrosynthetic analysis of archazolid B by the Trauner group.

Scheme 9: Synthesis of acid 40 from Roche ester 41 involving a highly efficient Trost–Alder ene reaction.

stereoselectivity [80]. To complete the fragment synthesis the

[Ru]-catalyzed Trost–Alder-ene reaction [81] generated the

desired primary alcohol which was oxidized in 2 steps with

DMP and NaClO2/NaH2PO4 to the free acid 40. The high regio-

selectivity of the Alder-Ene reaction is remarkable and was

argued to be derived by a coordinating effect of the carbonate.

Also, the overall high yield for synthesis of this elaborate vinyl

iodide is impressive.

Synthesis of the north-western fragment
As shown in Scheme 10, the synthesis of stannane 39 started

with aldehyde 48 which was derived from propargyl alcohol in

five steps [82]. After DMP oxidation the generated aldehyde 48

underwent a syn-selective Evans aldol addition with oxazolidi-

none 47 to obtain the alcohol 49 in 76% over 2 steps [83].

Before TBS protection the Weinreb amide was generated and

then conversed into the phosphonate 50 as a precursor for a

Horner–Wadsworth–Emmons reaction. The olefination led to

unsaturated ketone 52 in 79% yield. For the final fragment syn-

thesis the ketone was reduced with sodium borohydride to

generate all three required stereogenic centers for this fragment

with excellent diasteroselectivity. Final methylation of the free

alcohol was followed by conversion of the vinyl iodide into the

desired stannane to get fragment 39 which was used directly for

coupling.

Completion of the total synthesis
Final assembly of the fragments as shown in Scheme 11 began

with an unusual [Ru]-catalyzed Kita esterification due to the

instability of fragment 40 towards basic esterification ap-
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Scheme 10: Synthesis of precursor 39 for the projected relay RCM reaction.

Scheme 11: Final steps of Trauner’s total synthesis of archazolid B.
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Scheme 12: Overview of the different retrosynthetic approaches for the synthesis of dihydroarchazolid B (3) reported by the O'Neil group.

proaches [84]. The following Stille coupling with stannane 39

was then accomplished by CuTC co-catalysis to get the final

fragment 54 in 32% yield [85,86]. The envisioned Hoye relay

RCM was catalyzed by Grubbs’ second generation catalyst to

close the macrocycle in 27% yield. The final acid-mediated

deprotection liberated finally archazolid B (2). Notably, no

cyclization was observed in an analogous RCM reaction with a

substrate without the relay tether, which underscores the useful-

ness of this relay tactic.

It is important to mention, that the three main fragments were

coupled in only four steps, showing the highly modular ap-

proach from Trauner and co-workers. With this strategy it was

possible to synthesize archazolid B (2) in only 19 steps from

(S)-Roche ester 41 (longest linear sequence).

O'Neil’s retrosynthetic analysis and strategy
As discussed above one of the main difficulties of any archa-

zolid synthesis involves the labile C1 to C5-dienoate system,

which is prone to isomerization. However, the similar biologi-

cal potency of archazolids A and B as well as the archazolid B

isomer archazolid F, which bears a 3,4- instead of the 2,3-

alkene, suggest that the C2-olefin may not be essential for the

biological potency. Accordingly, the group of O‘Neil and

co-workers has been targeted dihydroarchazolid B (3). They

assumed a similar biological potency of the derivative with si-

multaneous simplification of the synthesis. While so far, they

have not been able to finish this synthesis, they have reported

several very instructive and efficient fragment syntheses, in-

cluding the three main fragments 55, 56 and 57 as shown in

Scheme 12 [45,46,48]. The challenging ring-closing metathesis

between C13 and C14 could not be established mainly due a

competing backbiting process of the corresponding western

fragment [46].

O'Neil’s syntheses of advanced
dihydroarchazolid B fragments
Synthesis of the macrocyclic skeleton
Based on this unsuccessful approach O‘Neil and co-workers

published a new synthetic route towards 2,3-dihydroarchazolid

B (3) [48]. As shown in Scheme 13 they were able to synthe-

size the macrocyclic skeleton 68 by a Stille coupling between

stannane 56 and iodide 55 as the key step. Notably, they had to

switch the halide/organometallic functionality of each building

block after an unsuccessful coupling between the stannane syn-

thesized by reduction and methylation of ketone 67 and the

iodine derived from fragment 62. They assume that the steric

hindrance of the methyl group in C10 position possibly lowers

the reactivity of the iodine in the oxidative addition step in the

catalytic cycle.

For the synthesis of stannane 56 the authors could benefit from

the previous fragment synthesis. In 2010 they first published an

approach to an eastern building block through an allylation-

elimination sequence to form the triene system C9 to C14 [44].

In a second generation fragment synthesis building block 62

was firstly synthesized in 2014 [46]. Starting with the TBS-pro-

tected alkyne 58 [87] a zirconium-mediated carboalumination

reaction [88] and subsequent coupling with aldehyde 59 gave

alcohol 60. In this Δ5,6-trans-selective reaction the desired anti-

diastereomer could be isolated in 85% with a dr of 6:1, which

presumably arises from a chelation-controlled stereoselectivity

[89]. The aldehyde 59 itself can be prepared in two steps from

the corresponding Roche ester [90]. After protection of the free
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Scheme 13: Fragment synthesis of 69 towards the total synthesis of 3.

alcohol and deprotection of the primary PMB-protected alcohol

with DDQ, the resulting alcohol was oxidized to the corre-

sponding aldehyde. The crude aldehyde was then directly trans-

formed into the (Z)-α,β-unsaturated ester 62 as a single stereo-

isomer by a Still–Gennari [72] olefination with phosphonate 61

in an excellent yield of 93% over 4 steps. After reduction of

ester 62 to the corresponding aldehyde (by a method that was

not specified by the authors) phosphorane 63 was used to

generate the respective Z-vinyl iodide in 85% yield as an 8:1

(Z,Z):(Z,E) mixture [91] which was later switched to the stan-

nane 56 by lithium–halogen exchange and further treatment

with Bu3SnCl [92] in 90% yield.

The synthesis of the coupling partner 55 started with known

Weinreb amide 64 which underwent a syn-selective palladium-

catalyzed hydrostannylation and was then transformed to phos-

phonate 65 in good yield. For coupling with known aldehyde 66

[93] the O’Neil group chose Ba(OH)2 as base for the HWE-type

reaction [94] to generate the α,β-unsaturated ketone 67 in 75%

yield as a 10:1 mixture of isomers. Similar to the earlier dis-

cussed synthesis of Trauner and co-workers [43] reduction with

sodium borohydride delivered the desired alcohol in a 10:1 dia-

stereoselectivity. The alcohol was methylated by a protocol in-

volving methyl iodide and LiHMDS, that had been previously

used by the group [45]. The stannane was finally converted to

the iodide 55 by iododestannylation [95] to complete the frag-

ment synthesis in 44% yield over 3 steps.

For the final step the authors decided to follow a Stille coupling

protocol established by Fürstner et al. [96] with CuTC as

co-catalyst and [Ph2PO2][NBu4] as tin scavenger. Subse-

quently, the triene 68 could be synthesized in excellent 82%
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Scheme 14: Organometallic addition of the side chain to access free alcohol 75.

yield. For biological studies the final fragment 68 was globally

deprotected to the alcohol 69.

To this end, the O’Neil group successfully established a route to

the dihydroarchazolid B fragment 68 in only 9 steps (longest

linear synthesis). This route also proved that a retrosynthetic

disconnection between C12 and C13 can be useful for new ap-

proaches to the 24-membered macrolide core. For the comple-

tion of the synthesis of 3 the side chain would have to be intro-

duced, followed by an oxidation to the acid and a ring closing

esterification.

Concise synthesis of the thiazole fragment
In an earlier synthesis the O’Neil group had already coupled a

similar fragment 70 with the southern fragment 57 by an

organometallic addition, however, with a lack of stereoselectivi-

ty in C23 position [45]. As shown in Scheme 14, they started

with the deprotection of the primary TBS ether 70 and DMP ox-

idation to the aldehyde 71. The bromide 57, derived in two

steps from literature-known ketone 72 [49], was converted to an

organolithium compound which attacked the aldehyde to give

the free alcohol 73 in 1:2.5 diasteroselectivity in favor of the

undesired R-isomer of 73, which can be explained by the

Felkin–Ahn model. For generation of only (S)-73 the both

epimers were oxidized to the ketone by DMP followed by

reduction with L-selectride. Protection of the free alcohol with

acetate and deprotection of the TES group was then required to

install the carbamate with CDI and MeNH2. After deprotection,

fragment 75 was synthesized in 67% yield over 2 steps.

Having these tactics in hand it will be interesting to follow the

completion of the first synthesis of dihydroarchazolid B (3) by

the O’Neil group and the biological data of this compound.

Conclusion
The discovery of the archazolids led to important advances in

the understanding of the role of V-ATPases in cancer develop-

ment and progression. Based on extensive studies with these

macrolides as chemical tools V-ATPases have emerged as a

completely novel and highly promising novel class of anti-

cancer targets. Along these lines synthetic chemistry has played

a pivotal role, not only by providing these scarce natural prod-

ucts for biological evaluation, but also in supplying novel ana-

logues with tailored functional properties to decipher the target

inhibitor interactions at a molecular level. Finally, the total syn-

theses of the Menche and Trauner group were also of key

importance to assign the full stereochemistry in the first place.

The various approaches discussed within this manuscript show

the various tactics and strategies that may be employed in com-

plex polyketide synthesis. Notable features of the total synthe-

sis by the Menche group include the robustness of boron medi-

ated aldol reactions to set both the characteristic assemblies of

neighbored methyl and hydroxy group bearing stereogenic

centers. In addition, an aldol condensation was shown to enable
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an efficient route for construction of a delicate triene system.

The final E-selective Heck coupling on a highly elaborate sub-

strate and the subsequent HWE macrocyclization are remark-

able. The Trauner group in turn effectively employed various

ruthenium-catalyzed reactions, including a relay ring-closing

metathesis, which demonstrates the powerfulness of such a

tactic even for highly elaborate substrates with several initia-

tion positions. However, despite these advances and impressive

total syntheses the design and development of a truly reliable

and scalable route that will enable an access to gram amounts of

thee scarce metabolites continues to present a key scientific

challenge and the O’Neil group has already demonstrated that a

more concise route may be possible. Efforts are now being

directed in the design and development of truly practicable and

scalable routes to more stable archazolids to enhance the further

preclinical development of these novel anticancer agents. Par-

ticular importance will be the development of a truly reliable

and high yielding macrocyclization method, while efficient

methods for fragment syntheses have been established. It will

also be interesting to follow whether synthetic chemists will be

successful to establish a scalable route that will enable the syn-

thesis of gram quantities of the authentic natural products or

novel archazolids with likewise potent or even improved phar-

macological and pharmacokinetic properties to fully exploit the

extremely promising biological profile of these polyketide

macrolides.
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Abstract
It is currently not possible to directly measure the lateral pressure of a biomembrane. Mechanoresponsive fluorescent probes are an

elegant solution to this problem but it requires first the establishment of a direct correlation between the membrane surface pressure

and the induced color change of the probe. Here, we analyze planarizable dithienothiophene push–pull probes in a monolayer at the

air/water interface using fluorescence microscopy, grazing-incidence angle X-ray diffraction, and infrared reflection–absorption

spectroscopy. An increase of the lateral membrane pressure leads to a well-packed layer of the ‘flipper’ mechanophores and a clear

change in hue above 18 mN/m. The fluorescent probes had no influence on the measured isotherm of the natural phospholipid

DPPC suggesting that the flippers probe the lateral membrane pressure without physically changing it. This makes the flipper

probes a truly useful addition to the membrane probe toolbox.

1099

Introduction
Physical triggers are a major regulator of biological processes.

The lateral bilayer membrane pressure, e.g., influences the nu-

cleation [1] and shape changes [2] of lipid domains, it gates

mechanosensitive pores [3] and globally organizes cell shape

and motility [4]. However, although the surface pressure is

vitally important to all living organisms, it eludes direct mea-

surement and remains difficult to grasp.

The field is complicated by the fact that the lateral pressures in

the inner and outer membrane leaflet do not have to be the same

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:andreas.zumbuehl@unifr.ch
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[5], and an indirect method of measuring the membrane pres-

sure would only yield an averaged global value. What is needed

is a probe that directly measures the local surface pressure in a

single membrane leaflet. One solution to the problem are the

planarizable push–pull probes that have been recently intro-

duced. The structure of such a "flipper" probe is depicted in

Figure 1 [6-9].

Figure 1: Structure of the (bis)dithienothiophene mechanosensitive
flipper probe. Twisted out of planarity by two methyl groups next to the
mechanosensitive bond, the two flipper-like heterocycles arrange
themselves according to the surface pressure of the membrane.

Without going into details, the two dithienothiophene flippers

are twisted out of planarity by chalcogen bond repulsion

between the methyl groups and the endocyclic sulfurs next to

the mechanosensitive bond [9]. Mechanical planarization in the

ground state increases the conjugation of the push–pull system.

As a result, the excitation (or absorption) maximum shifts up to

80 nm to the red [8]. An anionic headgroup is added to produce

an amphiphile that self-assembles into monolayers and micelles

and enters directionally into lipid bilayer membranes.

In order to use fluorescent flipper mechanophores for biologi-

cal measurements, it is crucial to understand the exact relation

between surface pressure and their spectroscopic properties. In

earlier studies [8], the fluorescence was qualitatively deter-

mined in different lipid environments: the mechanosensitive

probes (1.3 mol %) were added to large unilamellar vesicles

(LUV) of either DPPC (dipalmitoyl-sn-glycero-3-phospho-

choline) or DOPC (dioleoyl-sn-glycero-3-phosphocholine) at

different temperatures. The flipper probes in DPPC, but not in

DOPC, showed a red shift of the excitation maximum while

emitting the same wavelength. The important difference

between these two types of vesicles is their respective mem-

brane phase: LUVs of DPPC undergo a gel to liquid crystalline

phase change at the main transition temperature Tm of 41 °C,

while LUVs of DOPC remain liquid crystalline over the entire

temperature range measured [10]. What is missing is a quantita-

tive correlation between the surface pressure of a membrane

and the spectroscopic properties of the flipper mechanophores

[4,8]. Therefore, we have performed Langmuir–Pockels mono-

layer experiments.

Monolayers at the air/water interface are well known models for

biological membranes, avoiding trans-bilayer leaflet correlation

effects [11-14]. Various techniques exist to probe the surface

pressure and the lateral organization of the monolayer [14].

Using monolayers of pure flipper probes, we were able to study

the fundamental questions of surface pressure–hue correlation

avoiding interfering effects from other lipids or solvents. The

putative lateral organization of the hydrophobic part of the

flipper probes was probed by grazing-incidence angle X-ray

diffraction experiments (GIXD) [15-18], as well as infrared

reflection–absorption spectroscopy (IRRAS) [19].

Results and Discussion
Pressure-area isotherm measurements
All pressure-area isotherm measurements were performed on

Langmuir–Pockels troughs (either a self-made computer-inter-

faced film balance [20] using the Wilhelmy method with a

roughened glass plate or the commercial film balance from

Riegler & Kierstein, Potsdam, Germany, with a Wilhelmy paper

plate [12] to measure the surface tension with an accuracy of

±0.1 mN/m; the accuracy of the molecular area measurements is

±0.5 Å2) at 295 K air and 293 K subphase temperature. Ultra-

pure water (18.2 MΩ·cm) has been used as subphase. A

solution of the flipper mechanophore in chloroform/DMSO

(8:2 vol%/vol%) was spread onto an expanded air/water inter-

face. After evaporation and dissolution of the organic solvents,

the size of the air/water interface was decreased with either one

or two moving barriers (2 cm2/min).

Figure 2: Langmuir–Pockels isotherm of a monolayer of flipper
mechanophores during the first compression (black) and subsequent
expansion (red) at the air/water interface at 20 °C subphase tempera-
ture and 22 °C air temperature.

The first compression curve is characterized by a fluid-like

behavior (no lateral long-range ordering) at low pressure, and a

transition range around 15 mN/m. Above this pressure range,

the slope of the isotherm is smaller than expected for a
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condensed layer. However, this apparently low slope is

connected with the experimental problem of measuring the sur-

face tension of stiff films and the organization of this particular

flipper mechanophore. The stiffness of the layer leads to a

tilting of the Wilhelmy plate (expansion leads shortly to a sur-

face pressure increase, seen in the red curve). The tilting of the

Wilhelmy plate can be remedied by slowing down the compres-

sion speed. Under these quasi-equilibrium conditions (see

Figure S1, Supporting Information File 1) it is apparent that the

film is slowly being organized into a condensed phase and will

remain in this same condensed phase for the remainder of the

experiments.

During the first compression, the film organized obviously into

a condensed phase. Upon decompression, the monolayer

remains in this condensed state due to strong π–π interactions.

The following compression cycles reach the exact same values

as before depicting a stably organized monolayer film with

possible long-range order. The area per molecule of about

38 Å2 is comparable to that observed for cholesterol mono-

layers [21,22].

Simulation
The molecular geometry of the mechanosensitive flipper probe

was simulated in the gas phase at the density functional level of

theory (DFT) in order to estimate an average value of the height

and area of the same (details are given in the Experimental

section and in Supporting Information File 1). The calculations

indicate that, in its minimum energy surface structure, the probe

spans a height of 24.3 Å (see Figure S2, Supporting Informa-

tion File 1). From the optimized molecular geometry, the area

of the probe was calculated as 37.2 Å2 (see Figure S3, Support-

ing Information File 1). By assuming free rotation around the

C–C bond connecting the two dithienothiophenes a value as

high as 49.3 Å2 is obtained, that mirrors the area per molecule

at low surface pressure found in the Langmuir–Pockels experi-

ments. The transition into the densely packed film due to strong

π–π interactions around 15 mN/m leads to the smaller area per

molecule.

Grazing incidence X-ray diffraction (GIXD)
The ordering phenomenon during the first compression can be

explained by π–π interactions between the flipper mechano-

phores. We therefore characterized the degree of membrane

ordering using synchrotron grazing incidence X-ray diffraction.

The GIXD data in Supporting Information File 1 shows the

absence of any long-range correlation giving rise to pro-

nounced Bragg peaks at low surface pressures as expected from

the first compression isotherm (see Figure S4, Supporting Infor-

mation File 1). From the low-intensity and very broad diffrac-

tion signal, a large area per molecule of 58 Å2 could be calcu-

lated for the flipper probe in the monolayer between 0 and

10 mN/m. It can be concluded that the flipper mechanophores

do organize in an amorphous monolayer at low pressure (akin to

an ordered liquid phase). High lateral pressures could not be

reached with the present set-up. Therefore, further insights were

expected from monolayer IRRAS experiments.

Infrared reflection–absorption spectroscopy
(IRRAS)
The infrared reflection–absorption was recorded for a

monolayer at different surface pressures (see Figures S5, S6,

Supporting Information File 1). The positive peak at around

3600 cm−1, indicating a higher intensity of the OH stretching

vibrational band in the reference trough, is directly connected

with the thickness of the monolayer in the sample trough (see

Figure 3). The intensity of the OH-band increases during the

first compression up to 20 mN/m, and remains constant at

expansion. This is a clear hint that the thickness of the film in-

creases markedly during the first compression and does not

change afterwards during expansion. This experimental result

can be explained by the transformation of an amorphous layer

into a single layer of tightly packed molecules due to strong π–π

interactions. This layer does not relax during expansion but

remains tightly packed indicating the remarkable stability.

Figure 3: OH-stretching vibration (ν(OH); 3600 cm−1) for IRRA spec-
tra of a flipper mechanophore monolayer during compression (2, 6, 10,
and 20 mN/m) and expansion (20, 10, 6, 2 mN/m). The increase of in-
tensity up to 20 mN/m indicates an increase of the effective layer thick-
ness. It is important to note that the OH-band intensity does not
change during expansion.

Angle dependent measurements allowed the quantification of

the film thickness. The monolayer was first compressed to

20 mN/m, completely expanded and re-compressed to

10 mN/m. As shown in Figure 2, the isotherm of the expansion

has the typical shape of a completely condensed film. Using a

refractive index of 1.5, the value obtained from the fit of the OH
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stretching vibrational band (see Figure S7, Supporting Informa-

tion File 1) amounts to 24.1 Å, which is in accordance with the

simulated length of the molecule, suggesting that the flipper

mechanophore is standing upright on the air/water interface.

The strong π–π interactions stabilize this upright orientation of

the flipper molecules in the monolayer. Even the expansion to

2 mN/m does not lead to changes in the condensed monolayer

thickness.

It is interesting to note that the ratio of the reflection absor-

bance (RA) of the νs(SO2) measured with s- and p-polarized

light does not change during compression indicating no change

in the orientation of this transition dipole moment (see Figure

S6, Supporting Information File 1).

Effect of flipper on DPPC
There is a structural similarity between the flipper probes and

cholesterol with both molecules being amphiphilic and flat.

This called for a closer look at the influence of both molecules

on phospholipid membrane organization (see Figure 4).

Figure 4: Isotherms of DPPC (dark blue), cholesterol (magenta),
DPPC/cholesterol (8:2 mol/mol, green), and DPPC/flipper
(8:2 mol/mol, blue) measured on water at 25 °C. The area in the mix-
ture is given as area per DPPC molecule.

For DPPC, the first-order phase transition between the disor-

dered LE and the ordered LC phase can be identified as a

plateau region in which the two phases are coexisting. The

phase transition pressure amounts to ≈10 mN/m. Cholesterol

has a fully condensed isotherm with low compressibility of the

layer. The addition of flipper probes to DPPC does not influ-

ence the shape of the isotherm. This could be an indication of a

lack of interactions between the two molecules. This observa-

tion is supported by the IRRAS data (νas(CH2)) showing no in-

fluence of the 20 mol % of added mechanophore on the posi-

tion of the CH2 stretching vibration of the DPPC chains (see

Figure S8, Supporting Information File 1). This is in contrast to

the influence of cholesterol. There, the isotherm is shifted and

the two-phase coexistence region is hardly visible anymore.

This is again in complete agreement with the IRRAS data indi-

cating the ordering effect of cholesterol on the LE phase of

DPPC (shift to lower wavenumbers) and the disordering effect

(shift to higher wavenumbers) on the LC phase. Overall, the

lack of influence of the flipper mechanophore on the organiza-

tion of the DPPC membrane is beneficial for the flipper's

purpose as a membrane probe. This paves the way for testing

the correlation of the flipper's fluorescent signal and the mem-

brane lateral surface pressure.

Hue surface-pressure correlation
The flipper mechanophore shows a flexible geometry between

the two heterocyclic chromophores. These two flippers can

adapt to a decreasing monolayer molecular area and increasing

surface pressure by decreasing the volume one molecule occu-

pies. The flattening of the molecules should lead to a change of

its spectroscopic properties [6-8]. In order to quantify this; we

measured, to our knowledge, one of the first correlations be-

tween surface pressure and the hue of a fluorescent molecule.

The hue is one of the main color appearance parameters and

represents a digital value for color in the hue, saturation and

value (HSV) color model.

In the second compression (see Figure S1, Supporting Informa-

tion File 1) the correlation in Figure 5 shows a significant

change in the observed hue of the monolayer starting at

18 mN/m. Although the measured areas per molecule are not

fully quantitative [23], a value of 38 Å2 can be assumed for the

flipper chromophore in the condensed state. Upon expansion,

the hue relaxes back to the initial range. Compared to compres-

sion the hue relaxation on expansion is slower. This effect can

be hypothesized as follows: during the compression, defects in

the monolayer organization are minimized until no defects are

found anymore. A small further compression then leads to an

abrupt change in hue. This creates a local energy minimum.

Upon expansion, again defects are introduced into the film

organization with concomitant slow adaptation by the flipper

mechanophores.

The color range of the change is in the orange-yellow-region of

the spectrum. The lateral pressure is in the range assumed for a

natural bilayer membrane (≈30 mN/m) [24,25]. The color

change is significant and represents the expected red shift. Al-

though contributions from changes in π–π stacking on spectros-

copic properties cannot be excluded, the observed red shift in

compressed flipper monolayers is consistent with the earlier ex-

periments on the planarization of monomeric flipper probes in

bilayer membranes of increasing order [8]. Similar interpreta-
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Figure 5: Correlation of the hue of a monolayer flipper probe with its
measured surface pressure at the water/air interface at 20 °C
subphase temperature and 22 °C air temperature.

tions have been made for the spectral changes observed upon

planarization of self-assembled mechanosensitive twisted

phenylethynyl polymers [26].

Conclusion
In conclusion, we have presented the first measurement corre-

lating the hue of a mechanoresponsive fluorescent push–pull

probe to the surface pressure of its monolayer. As expected, the

color changed at a surface pressure of 18 mN/m. This value

ranges in the 30 mN/m that are assumed for the surface pres-

sure of an optimally packed fluid membrane [24,25]. Com-

pared to cholesterol, the flipper probes do not influence the

membrane packing of DPPC and therefore show true potential

as disturbance-free mechanosensitive membrane probes.

Experimental
Grazing incidence angle X-ray diffraction
(GIXD)
Grazing incidence angle X-ray diffraction measurements were

performed at the PETRA III/P08 beamline at the DESY-

Hamburg campus, Germany. A photon beam with 15 keV was

used. The monolayers were prepared on a Langmuir–Pockels

trough at 295 K air and 293 K subphase temperature. Beneath

the analyzed area a glass block was placed in order to dampen

any mechanically induced surface movement. The trough

chamber was flushed with wet helium throughout the whole

measurement. The yielded data has been processed as follows;

the water-data was subtracted from the flipper data to isolate the

flipper signal from that of the water molecules on the surface.

The weakly correlated signal was then integrated to determine

the maximum position of Qxy. From the determined d = 2π/Qxy

the resulting area per molecule has been calculated.

Infrared reflection–absorption spectroscopy
(IRRAS)
Infrared reflection–absorption spectra were recorded on a

Vertex 70 FTIR spectrometer from Bruker (Ettlingen,

Germany) equipped with a liquid nitrogen cooled MCT

(mercury cadmium telluride) detector attached to an external

air/water reflection unit (XA-511). The IR beam was conducted

out of the spectrometer and focused onto the water surface of

the thermostated Langmuir trough. The measurements were

carried out with p- and s-polarized light at different angles of

incidence. Measurements were performed using a trough with

two compartments. One compartment contained the monolayer

system under investigation (sample), whereas the other was

filled with the pure subphase (reference). The trough was shut-

tled by a computer-controlled shuttle system to illuminate

either the sample or the reference [19,27,28]. The single-beam

reflectance spectrum (R0) from the reference trough was taken

as background for the single-beam reflectance spectrum (R)

of the monolayer in the sample trough to calculate the reflec-

tion–absorption spectrum as −log(R/R0) in order to eliminate the

water vapor signal. In order to maintain a constant water vapor

content, the whole system was placed into a hermetically sealed

box. The resolution and scanner speed in all experiments were

8 cm−1 and 20 kHz. The incident IR beam was polarized with a

KRS-5 wire grid polarizer. For s-polarized light, spectra were

co-added over 200 scans, and spectra with p-polarized light

were co-added over 400 scans. Spectra were corrected to a

common baseline to allow for comparison. IRRA spectra were

simulated using a MATLAB program [29,30] on the basis of

the optical model of Kuzmin and Michailov [31,32]. The inten-

sity and shape of a reflection absorption band depend on the

absorption coefficient k, the full-width of half-height (fwhh),

the orientation of the transition dipole moment (TDM) within

the molecule α, the molecular tilt angle θ, the polarization and

the angle of incidence (AoI) of the incoming light, as well as

the layer thickness d and its refractive index n. Simulated spec-

tra were fitted to the experimental data in a global fit, where all

spectra recorded at different AoI and different polarizations

were fitted in one non-linear least square minimization using

the Levenberg/Marquardt algorithm. The polarizer quality was

set to Γ = 0.01. The optical constants of the water subphase

were taken from Bertie et al. [33,34]. The layer thickness d was

determined from a fit of the OH stretching vibrational band

(ν(OH)) in the range of 3800–3000 cm−1.

Computational simulations
Geometry optimization, as well as frequency calculations for

the flipper mechanophore, were performed in the gas phase at

the density functional level of theory with the Gaussian 03

program package [35] using the hybrid B3LYP functional [36]

in conjunction with the LanL2DZ basis set [37-39]. The geome-
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try of the flipper mechanophore was fully optimized without

symmetry restrictions. The nature of the stationary points was

checked by computing vibrational frequencies in order to verify

true minima. The final optimized geometry shows no negative

values of vibrational frequencies. The height (h) and the

minimum area (A) value of the flipper mechanophore were

measured on the basis of the structural parameters of the

optimized geometry. These were respectively obtained by:

a) measuring the distance between the oxygen and nitrogen

atoms of the terminal carboxylic and ethynyl groups (h) and

b) measuring the distance d between centroids of planes defined

by the outmost external atoms with A = π(d/2)2. In the gas phase

optimized geometry d = 6.88 Å giving A = 37.2 Å2. However,

by assuming free rotation around the C–C bond connecting the

two dithienothiophene units a maximum value of d = 7.92 Å is

obtained giving A = 49.3 Å2.

Hue measurement
The optical signal from the Langmuir–Pockels trough was re-

corded with a Leica DFC7000 T microscope camera. The optics

was provided by a home-made fluorescence microscope

(Riegler & Kierstein, Germany). The video processing was per-

formed using a self-developed script running on MatLab®

R2015a (Version: 8.5.0.197613), which also correlated the data

of the pressure/area isotherms. The hue values were calculated

from the RGB (red-green-blue) data recorded from the micro-

scope camera using the following equations via the rgb2hsv

functionality of MatLab® R2015a:

The curves were fitted using a Lowess regression which is a

local regressiong using weighted linear least squares and a

second degree polynomial model giving no weight to outliers

higher than sixfold absolute mean.

Supporting Information
Supporting Information File 1
Surface pressure/area per molecule isotherms, energy

minimized structures of the flipper mechanophore, GIXD

heightmaps, and IRRAS data.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-13-109-S1.pdf]
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Abstract
Megasynthases are large multienzyme proteins that produce a plethora of important natural compounds by catalyzing the succes-

sive condensation and modification of precursor units. Within the class of megasynthases, polyketide synthases (PKS) are responsi-

ble for the production of a large spectrum of bioactive polyketides (PK), which have frequently found their way into therapeutic ap-

plications. Rational engineering approaches have been performed during the last 25 years that seek to employ the “assembly-line

synthetic concept” of megasynthases in order to deliver new bioactive compounds. Here, we highlight PKS engineering strategies

in the light of the newly emerging structural information on megasynthases, and argue that fatty acid synthases (FAS) are and will

be valuable objects for further developing this field.

1204

Review
Megasynthases are proteins in natural
compound synthesis
Microbial natural products represent a rich source of pharma-

ceutically relevant chemical entities. A major class is repre-

sented by polyketides (PK) exemplified by the antibiotics

erythromycin and rifamycin, by the antineoplastic doxorubicin

and by the antiparasitic avermectin (Figure 1a) [1]. PK are

assembled from acyl-coenzyme A (acyl-CoA) units via a series

of Claisen-type condensation reactions catalyzed by polyketide

synthases (PKS) (Figure 1b). PKS occur as large multifunc-

tional enzymes, termed megasynthases, which harbor the cata-

lytic domains on large polypeptides that can exceed sizes of one

MDa [2]. PK compounds are assembled either in a linear

manner, where multiple modules successively condense precur-

sor units to the final compound (modular systems) [3], or in a

recursive manner, with the catalytic domains of a single module

repeatedly condensing precursor units until the specific length/

size is attained (iterative systems) [4]. In either case, the enzy-

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
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https://doi.org/10.3762%2Fbjoc.13.119
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Figure 1: Megasynthases – chemistry and modes of action. a) Products of PKS and FAS megasynthases. b) Reaction cycle of iterative fatty acid bio-
synthesis as performed by fatty acid synthases (FAS). Synthesis by PKS is essentially similar, except a variation in the degree of β-carbon modifica-
tion, and the variation in loading and exit transferases. Modular PKS perform one cycle per module before translocating the substrate to the next
module.

matic functions of each module deterministically encode the

chemical nature of the final product [5].

Fatty acid synthases (FAS) are a type of PKS
megasynthases
The biosynthetic foundations of PKS are essentially identical to

those of FAS. Whereas FAS are strictly fully reducing

(Figure 1b), the nature and extent of β-carbon modification

varies across the PKS [6]. Though knowledge on PKS has im-

proved in the last decade [7], particularly aided by recent struc-

tural studies [8-10], the current insight onto PKS is still signifi-

cantly built on FAS data. Since the onset of FAS research with

the pioneering studies of Bloch, Lynen, Stadtman and Wakil

[10-12], FAS have been subject of intense investigation and are
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Figure 2: Compartmentalization of synthesis. a) Surface depiction of fungal FAS (PDB-code: 3hmj) with the upper reaction chamber shown without
the front part of the barrel wall. One of overall three sets of catalytic domains within a reaction chamber is indicated. Abbreviations as introduced
before; additionally, acetyl transferase (AT) and malonyl-/palmitoyl-transferase (MPT). Two linkers, abstracted as grey lines, flexibly bind the acyl
carrier protein (ACP) domain. The reaction volume was calculated as indicated by dashed lines. b) Cartoon representation of X-shaped animal FAS I
(PDB-code: 2vz8) with one of overall two sets of catalytic domains highlighted. Abbreviations as introduced before; additionally, malonyl-/acetyl-trans-
ferase (MAT) and thioesterase (TE). Conformational flexibility of animal FAS, as indicated by arrows, is largely induced by a central waist. The reac-
tion volume was calculated as cylinder as indicated by dashed lines. c) Model of a modular PKS assembly line. Modules 1–3 are depicted in an
animal FAS I-like fold. Linkers, covalently or non-covalently connecting modules in modular PKS, are abstracted with zig-zag lines carrying also ACP.
Only one of the two ACP domains per homodimeric module is shown for clarity. Each ACP acts in cis for substrate elongation (see Figure 2b) and
in trans for substrate translocation.

today relatively well understood. In recent years, a wealth of

structural data on FAS multienzyme complexes (type I) has

further deepened the insight into the principles of fatty acid

(FA) synthesis [13-19].

Molecular mechanisms of FAS/PKS mode of
action
Compartmentalization
Compartmentalization is a phenomenon seen both in FAS as

well as PKS systems, but it is differing in its specific structural

manifestation. In fungal FAS (and bacterial type I FAS occur-

ring in Corynebacterium, Mycobacterium and Nocardia of the

genus Actinomycetales), nature evolved a D3-symmetric barrel-

shaped structure of 2.6 MDa, which encloses all synthetic pro-

cesses in two reaction chambers (Figure 2a) [19,20]. The animal

FAS exhibits a structurally open homodimeric fold, which

shows high conformational flexibility allowing large swinging

and swiveling motions (Figure 2b). In animal FAS, synthesis of

FA is performed in reaction clefts rather than in enclosed cham-

bers, as found in fungal FAS.

An approximate calculation from the dimensions of the fungal

FAS (barrel structure abstracted as cylinder and considering six

full sets of active sites per barrel) accounts for a virtual concen-

tration of 1.8 mM of active sites. An analogous consideration

for animal FAS (again abstracted as spanning a cylindrical reac-

tion space, two full sets of active sites) gives a virtual active site

concentration of 1.2 mM. Accordingly, both scaffolds of FA

type I synthesis facilitate reactions at high virtual concentration

of enzymatic domains. PKS megasynthases share basic princi-

ples with the mammalian FAS fold (Figure 2c) [6,7], and it is

valid to assume that active site concentrations lie in the similar

range. Bacterial and mitochondrial FA synthesis comprises

separate enzymes. To compensate for the lower organizational

level, key enzymes occur at copy numbers of about 10,000

(malonyl transferase FabD) to 23,000 (dehydratase FabA), as
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such being represented within the class of most abundant pro-

teins in E. coli; in concentration directly following ribosomal

proteins and proteins associated with translation [21]. Calcu-

lated with an average volume of an E. coli cell of 2.5 µm [3,22],

copy numbers account for molar concentrations of about 0.007

to 0.016 mM.

Substrate shuttling
FA and PK syntheses generally rely on ACP that shuttles sub-

strates and intermediates as covalently bound cargo between

active sites [23]. In FAS and PKS (type I) megasynthases, ACP

are embedded as domains in the large polypeptide chains

(Figure 2a and b). Held in the compartment, ACP hinders the

loss of the covalently attached acyl moiety, realizing high sub-

strate concentrations. In addition to intramodular substrate shut-

tling, ACP is also responsible for the translocation of the cargo

to the downstream modules in modular PKS, which largely

accounts for the assembly-line character of these proteins

(Figure 2c).

As part of the multienzyme compartment, the mode of ACP

action is best described as enabling limited diffusion within a

conformational space that is restricted by ACP linkers and the

protein scaffold. As calculated from the reported specific activi-

ty of 2,500 mU/mg [24], S. cerevisiae FAS runs about 18 itera-

tive cycles per second (per set of active sites). Given that each

cycle requires six productive interactions between the ACP and

the catalytic domains (ACP:KS (ping-step) → ACP:MTP →

ACP:KS (pong-step) → ACP:KR → ACP:DH → ACP:ER),

S. cerevisiae FAS performs a catalytic step every 9.2 millisec-

onds. This high catalytic efficiency is due to the highly evolu-

tionarily developed architecture of fungal FAS. Enzymatic

domains are rigidly embedded into the walls of the reaction

chambers, while the ACP domains are held centrally in the

chamber by two unstructured linkers of about 20 to 50 amino

acid residues in length (40 and 25 amino acids in S. cerevisiae

FAS). Interestingly, duplicated ACP domains have been ob-

served in certain fungal FAS, and ACP duplication has been

ranked as a rather late event during the course of evolution [25].

In the light of the key role of ACP in substrate shuttling,

multiple ACP domains might be beneficial in increasing the

substrate concentration at which type I synthesis is performed

[26,27]. The conformationally more flexible mammalian FAS

runs at 2 cycles per second (per set of active sites) calculated

from specific activities reported for chicken FAS [28]. Owing to

a difficult access to the purified proteins, a limited number of

studies report the activity of PKS megasynthases. For example,

the modular PKS 6-deoxyerythronolide B synthase (DEBS)

shows a turnover number of about 1 min−1 over the six elonga-

tion steps for product production (accordingly roughly

0.05 elongations per second per set of active sites) [29]. For the

iterative PKS 6-methylsalicylic acid synthase (MSAS), a

turnover number of about 4.2 min−1 over the three iterations for

product synthesis was reported (0.1 elongations per second per

set of active sites) [30].

The function of ACP
The molecular details underlying the ACP mode of action are

currently collaboratively decoded via structural, functional and

computational methods, disclosing the picture of substrate shut-

tling being much more than just a mean to keep substrates

recruited at the synthetic unit. Most of the understanding about

the interaction of ACP with catalytic domains again originates

from studies on FAS. Early information was received by

S. cerevisiae FAS X-ray structures, in which ACP was found in

contact with the KS domain [31]. In fungal FAS, ACP is an ex-

tended fold comprised of a bacterial-like core fold and a

4-helical extender fold, rendering ACP about twice the size of

ACP occurring in mammalian FAS and PKS. The active serine,

which is post-translationally phosphopantetheinylated [24,32],

is located at the tip of the fold opposite to the N- and C-termi-

nal attachment sites. This structural organization likely

preserves linkers from interfering in ACP:domain interactions,

and, concomitantly, may support the loading of the covalent

acyl moiety by steering the acyl tail into the binding channels.

A computational study, on the basis of S. cerevisiae FAS data,

refined the understanding of ACP-mediated substrate shuttling

in S. cerevisiae FAS by confirming steering in the sense of

promoting correct orientations, as well as suggesting electro-

static steering by charge complementarity of the surfaces of

binding partners [33]. Recent studies have characterized ACP of

FAS megasynthases as not sequestering the covalently bound

acyl moiety, which is supportive of molecular steering effects

underlying substrate shuttling [34,35]. Specific structural

information on the interaction of ACP with the catalytic

domains is otherwise rare, hindered by the transient nature of

this event. The application of specific crosslinkers aided in

overcoming this difficulty for the interaction of ACP with the

FAS type II dehydratase FabA [36,37]. This study was the first

in tracing key events in ACP docking and acyl-moiety binding,

and allowed catching an initial glimpse of the dynamic process

of ACP substrate delivery. Also the interaction of ACP VinL

and the acyltransferase VinK, involved in loading a PKS

megasynthase, was recently resolved in structure [38]. It is rea-

sonable to assume that the ACP mode of action in PKS is simi-

lar to FAS. The role of ACP in modular PKS is, however,

complicated by the additional task of delivering the acyl

moieties also to the downstream module (Figure 2c). Just rudi-

mentary information on the nature of this translocation step is

available; most importantly suggesting ACP to dock with differ-

ent faces during intra- and intermodular acyl-chain delivery

[39,40].
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Figure 3: Strategies of megasynthase engineering. a) Mix-and-match approach: A hypothetical chimeric PKS is assembled module by module from a
pool of available PKS. In such approach, docking domains (represented in red color) are adapted for coding the sequence of assembly. b) Preserve-
and-adapt approach: A modular PKS, selected from the native pool by beneficial properties (see text) is used as a scaffold and adapted in catalytic
functions and substrate specificities.

Strategies for megasynthase engineering
The concept of one multienzyme module being responsible for

the incorporation of one building block in modular systems has

inspired chemists and biologists for more than two decades to

create engineered pipelines for the directed synthesis of bioac-

tive compounds [41,42]. Engineering of megasynthases

provides the opportunity to complement or replace synthetic

chemical strategies for natural compound production with sus-

tainable, green-chemistry approaches. Several reports on the

engineering of PKS have proven the feasibility of the concept

[43,44], but megasynthase design as a tool for the custom syn-

thesis of natural compounds or complex precursor molecules

has remained elusive to date [45,46].

Towards the desirable goal to produce PK by designing the

respective megasynthase, the chemical/biological community

has largely performed the approach of assembling modules and

domains from interchangeable units. Mainly by addition,

removal and/or substitution of modules and domains

(Figure 3a), libraries of compounds have been generated with

varying patterns of functional groups [1,47-50]. In the light of

the emerging knowledge on the complex role of ACP during

intramodular and intermodular interactions, as well as the yet

essentially unclear principles of module–module interactions

[8,51,52], the idea of an unhindered vectorial transport through

such chimeric assembly line PKS may seem naive. Clearly,

research over the last two decades has demonstrated that

modules and domains are not interchangeable per se [45,46],

and a successful mixing-and-matching approach will signifi-

cantly depend on engineering clashing interfaces.

An alternative approach towards harnessing PKS for custom-

product synthesis, may be built on the concept of establishing

selected PKS as generic scaffolds (“chassis”). In such an engi-

neering strategy, a PKS scaffold is first selected and then

adapted to the requirement of a specific synthesis; the latter

essentially requiring the engineering of active sites and binding

channels for accepting and processing desired substrates and

intermediates (Figure 3b). In using a related terminology as for

the approach of domain and module recombination (“mix-and-

match”), such an alternative approach may be termed “preserve-

and-adapt”. While the adaptation of active sites will remain as a

challenging task in such an approach, the generally profound

description of substrate/active site complexes, the conservation

of active sites beyond protein families, and their susceptibility

for biophysical assays makes the engineering of substrate speci-

ficities a promising alternative to the mix-and-match approach;

particularly as domain–domain and module–module interac-

tions are comparably difficult to engineer. The benefit of a

preserve-and-adapt approach lies in the non-invasive nature to
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Figure 4: Preserve-and-adapt approach with FAS. C. ammoniagenes FAS has been engineered in two cooperatively acting modules to produce
6-heptyl-4-hydroxypyran-2-one. Module 1, mutated in domains KS and MPT, is responsible for the release of the acyl ester C8-CoA, and module 2 for
the non-reductive elongation of C8-CoA, induced by a KR-domain functional knockout, to synthesize the final lactone PK. The knockout in the
AT-domain hinders the uptake of acetyl-CoA and encodes for modules acting in sequence.

the overall structural frame of an assembly line, i.e., keeping

module–module and domain–domain interactions as well as

substrate shuttling intact. Another advantage is that such PKS

scaffolds could be selected for suited properties, as, e.g., expres-

sion levels and protein quality in recombinant hosts; likely an

aspect, which is underestimated in mix-and-match approaches.

A preserve-and-adapt approach might moreover be aided by the

evolutionary loosely developed substrate specificity of

megasynthases. As megasynthase-mediated synthesis is subject

to substrate shuttling, achieving high local concentrations of

substrates and mediating specificity of the system via

domain–domain interactions, evolution has likely not selected

for strict substrate specificity as compared to diffusion-loaded

proteins, and megasynthases might be inherently substrate

tolerant [53-55].

Preserve-and-adapt approach on the
example of FAS
Given the detailed understanding of their structural and func-

tional properties, FAS are ideal proteins for evaluating a

preserve-and-adapt engineering strategy on megasynthases in an

in vitro environment. We therefore recently started the specific

project of installing the synthesis of short-chain FA (SCFA) and

the polyketide lactone 6-heptyl-4-hydroxypyran-2-one (6-HHP)

within the scaffold of the Corynebacterium ammoniagenes FAS

(a bacterial type I system). In an engineered reaction sequence,

an initial FAS module was designed to produce SCFA as acyl

esters, which are in a second FAS module elongated to the

triketide and cyclized to the final lactone (Figure 4). A similar

synthetic route can be found in norsolorinic acid synthesis, in

which a fully reducing fungal FAS collaborates with a non-

reducing PKS [4,56], as well as in resorcylic acid lactone syn-

thesis, in which two iterative PKS systems work in sequence

[57]. We selected this reaction route, as it involves the engi-

neering of the condensation domain KS and the transferase

domains AT and MPT that make up the catalytic core in PKS/

FAS proteins. This approach was successful in finally obtain-

ing the desired compound in 35% yield by overall just imple-

menting five mutations [58].

When introducing module 1 mutations into baker’s yeast, the

technologically relevant SCFA were produced by C8-CoA

being hydrolyzed and exported to the culture medium [59]. Par-

ticularly in this function, module 1 is interesting for comparing

the preserve-and-adapt approach with other strategies em-

ployed to date for producing SCFA. By adapting active site

specificities, mutations essentially steer de novo fatty acid syn-

thesis towards the early release of not yet fully elongated C16

and C18-acyl-CoA, while leaving the overall molecular mecha-

nisms intact. Indeed, evaluated on the basis of SCFA yields, the

approach turned out to be highly powerful compared to other

strategies that were overwriting native synthesis with a short-

chain acyl-ACP specific thioesterase that is inserted as extra

domain into the polypeptide chain [60-63].

Further studies on FAS can be envisioned, i.e., when consid-

ering the PKS-like mammalian FAS fold. Already at this level,

the proof-of-concept performed on FAS can, however, serve as

a seed for starting efforts in also making PKS amenable to de

novo pathway design; being well aware that in-depth characteri-

zation of PKS with enzymological techniques is further needed

to collect quantitative data that can inform rational engineering

efforts.

Conclusion
Transient and static domain–domain and module–module inter-

actions as part of an “assembly-line synthetic concept” are still

poorly understood. The emerging picture from a fast growing

knowledge about the structure and function of megasynthases

suggests an impact of these interfaces in megasynthase-medi-

ated natural compound synthesis that can hardly be overstated.

The limited success rate of mix-and-match engineering experi-

ments, programming the assembly of domains and modules to

new megasynthases, may well be traced back to weakly cooper-

ating domains and modules in these chimeric systems. We

suggest that preserve-and-adapt approaches are valuable alter-

native strategies in rational megasynthase design. Instead of

mixing and matching modules, a preserve-and-adapt approach

is based on the intact native megasynthase scaffold, in which
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overall structural properties remain preserved, while the indi-

vidual active sites are adapted for embedding custom syntheses.
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Abstract
The elansolids A1–A3, B1, and B2 are secondary metabolites formed by the gliding bacterium Chitinophaga sancti. They show

antibacterial activity against Gram-positive bacteria. A second generation total synthesis of the antibiotic elansolid B1 (2) and the

first synthesis of elansolid B2 (3) are reported. In contrast to previous work, the (Z,E,Z)-triene at C10–C15 was assembled by using

an optimized C–C cross-coupling sequence with a Suzuki cross-coupling reaction as key step.

1280

Introduction
The elansolids are metabolites from the gliding bacterium

Chitinophaga sancti (formerly Flexibacter spec.) (Figure 1)

[1,2]. Elansolid A2 (1*), an atropisomer of elansolid A1 (1),

showed antibiotic activity against Gram-positive bacteria in the

range of 0.2 to 64 µg/mL and cytotoxicity against L929 mouse

fibroblast cells with an IC50 value of 12 µg/mL. Besides these

two macrocylic members also elansolids B1 (2) and B2 (3)

along with A3 (4) bearing the unusual p-quinone methide unit

were isolated from the fermentation broth. All elansolids belong

to the group of trans-polyketides type I [3-6].

For the first generation total synthesis of elansolid B1 (2) we

utilized an endo-selective intramolecular Diels–Alder (IMDA)

cycloaddition as key step to construct the tetrahydroindane unit

(Scheme 1) [7]. An enone, derived from allylic alcohol 8 served

as precursor to yield tetrahydroindane 9 with excellent diastere-

ocontrol at −25 °C. The major drawback of our first total syn-

thesis of elansolid B1 (2) was the installation of the side chain

at C1–C13. The synthesis relied on two consecutive Sono-

gashira–Hagihara cross-coupling reactions that provided the

ene–diyne system (C10–C15) 10 in good yield. However,

partial hydrogenation (only the zinc–copper couple worked)

furnished the desired (Z,E,Z)-triene 11 in only low yield (35%)

and overreduction was difficult to control. Practically, the

reduction was stopped when still substantial amounts of

monoreduced product (the alkyne at C10–C11 is reduced pref-

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:andreas.kirschning@oci.uni-hannover.de
https://doi.org/10.3762%2Fbjoc.13.124
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Figure 1: Elansolids A1/A2, B1, B2 and A3 (1–4).

Scheme 1: IMDA to generate the tetrahydroindane unit of the elansolids by oxidation of benzyl ether 8 as precursor and construction of the (Z,E,Z)-
triene unit at C10–C15 (TPAP = tetra-n-propylammonium perruthenate(VII); PMB = p-methoxybenzyl; Bn = benzyl).

erentially) were present. Consequently, the hydrogenation

yielded a mixture of products, which in any case made the sepa-

ration and isolation a very challenging task.

As continuation of our synthetic investigations on the elan-

solids, we report an improved second generation approach for

generating the carbon chain C1–C13 [8] and for preparing elan-
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Scheme 2: Stille cross-coupling reaction and formation of eastern fragment 13.

solid B1 (2). Furthermore, we also describe the first synthesis of

elansolid B2 (3). The key for improvement was to abandon the

two Sonogashira reactions along with the syn-reductions of the

two alkynes. Instead, we planned to utilize the Suzuki–Miyaura

and the Stille reactions and two Z-configured vinyl iodides to

assemble the (Z,E,Z)-triene unit.

Results and Discussion
The improved synthesis utilizes the Suzuki–Miyaura cross-cou-

pling reaction to merge the western fragment derived from ke-

tone 9 with the newly designed eastern building block 13. This

fragment was obtained in very good yield from vinyl iodide 12

[9] by a Stille protocol using doubly functionalized alkene 14

which is suited for a sequential cross-coupling strategy

(Scheme 2). Under the catalytic conditions, we did not encoun-

ter isomerization of the alkene and diene configurations in vinyl

boronate 13.

The preparation of the newly modified western fragment started

from known IMDA product 9 [7], which was first reduced at

C-25 (Scheme 3). The two diastereoisomers could be separated

by chromatography and the stereochemical assignment of the

major isomer was based on X-ray crystallographic analysis [7].

Next, Tamao–Fleming oxidation [10] yielded phenol 15. The

alkyne was transformed into vinyl iodide 17 after O-acylation,

iodination of the terminal alkyne and finally diimide-mediated

syn-reduction [11].

Next, DDQ-mediated removal of the PMB protecting group

yielded vinyl iodide 18. The synthesis of both fragments 13 and

18 set the stage for the Suzuki–Miyaura coupling which deliv-

ered the desired (Z,E,Z)-configured triene 19. Again, we did not

encounter formation of stereoisomers in the triene unit. The

configuration of the triene was unequivocally assigned by anal-

ysis of coupling constants (J) and by measuring nuclear Over-

hauser effects (nOe). Finally, desilylation and global saponifica-

tion of all ester groups in the presence of isopropanol success-

fully yielded elansolid B1 (2). When isopropanol was

exchanged by methanol, elansolid B2 (3) was generated. Its for-

mation can be rationalized by formation of the intermediate

p-methide quinone which selectively trapped methanol, exclu-

sively yielding the R-isomer at C25. This excellent facial selec-

tivity has been demonstrated, e.g., for anilines as nucleophiles

before. It is due to the preferred conformation around the bond

at C24–C25 which leads to the efficient shielding of the si-face

by the two germinal methyl groups at C22 [4,5]. The NMR data

determined for both synthetic products were identical with those

of authentic samples of elansolid B1 (2) and elansolid B2 (3)

(copies of spectra, see Supporting Information File 1).

Conclusion
In conclusion, we describe an improved second generation syn-

thesis of the highly active antibiotic elansolid B1 (2). The

improvements are mainly associated with the preparation of the

triene unit at C10–C15 by utilizing the Stille and the

Suzuki–Miyaura cross-coupling reactions as well as the highly

versatile difunctionalized building block 14. In principal, the

synthesis sheds light on how such (Z,E,Z)-configured triene

units are ideally be constructed, clearly demonstrating that

enediynes are less preferred precursors for such structural ele-

ments. It has to be noted that there is precedence in the litera-

ture for the use of the Suzuki–Miyaura cross-coupling reaction

as key step to assemble differently configured trienes present in

polyketides [12-15].

Furthermore, we show how the intermediate p-methide quinone

can be exploited to also prepare elansolid B2 (3). The improved

synthesis allows more easily preparing analogues of the elan-

solids for further biological evaluation.

Experimental
General information:
1H NMR spectra were recorded at 400 MHz or 500 MHz, re-

spectively, and 13C NMR spectra were recorded at 100 MHz or
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Scheme 3: Total synthesis of elansolids B1 (2) and B2 (3).

125 MHz, respectively, with a Bruker Avance 400, DPX 400 or

DRX 500. Chemical shift values of NMR data are reported as

values in ppm relative to the (residual undeuterated) solvent

signal as internal standard. Multiplicities for 1H NMR signals

are described using the following abbreviations: s = singlet,

d = doublet, t = triplet, q = quartet, m = multiplet; where appro-

priate with the addition of b = broad. Mass spectra were ob-

tained with a type LCT (ESI) (Micromass) equipped with a

lockspray dual ion source in combination with a Waters

Alliance 2695 LC system, or with a type QTOF premier

(Micromass) spectrometer (ESI mode) in combination with a

Waters Acquity UPLC system equipped with a Waters BEH

C18 1.7 μm (SN 01473711315545) column (solvent A:

water + 0.1% (v/v) formic acid, solvent B: MeOH + 0.1% (v/v)

formic acid; flow rate = 0.4 mL/min; gradient (t [min]/solvent B

[%]): (0:5) (2.5:95) (6.5:95) (6.6:5) (8:5)). Ion mass signals

(m/z) are reported as values in atomic mass units. Optical rota-

tions were measured on a Perkin-Elmer polarimeter type 341 or
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241 in a quartz glass cuvette at l = 589 nm (Na D-line). The

optical rotation is given in [° mL·g−1·dm−1] with c = 1 corre-

sponding to 10 mg mL−1. Preparative HPLC was operated at a

Merck Hitachi LaChrome HPLC (Pump L7150 or L7100, Inter-

face D-7000, Diode Array Detector L-7450), respectively, at a

Beckmann system Gold HPLC (Solvent Module 125, Detector

166). Solvents, columns, operating procedures and retention

times are given with the corresponding experimental and analyt-

ical data.

All reactions were performed under an argon atmosphere unless

otherwise stated. Glassware was dried by heating under vacuum

followed by flushing with argon gas prior to use. Dry solvents

were obtained after filtration through drying columns on a

M. Braun solvent purification system or purchased form com-

mercial providers. The synthesis of building blocks 9 [7] and 12

[9] was reported before.

Synthetic experiments
Synthesis of boronate 13
A flame dried round bottom flask equipped with a stirring bar

was charged with vinyl iodide 12 (10 mg, 16 µmol, 1.0 equiv)

and boronate 14 (10.68 mg, 24 µmol, 1.5 equiv) in DMF

(0.3 mL) and THF (0.1 mL). To this stirred solution

PdCl2(MeCN)2 (1.25 mg, 4.8 µmol, 0.3 equiv) was added at

room temperature and stirring was continued for 8 h. The vola-

tiles were removed in vacuo and the residue was purified by

silica gel chromatography to afford vinyl boronate 13 (8.5 mg,

12.3 µmol, 82%). Rf = 0.40 (PE/EtOAc 10:1, visualized using

an anisaldehyde stain or UV), [α]D
20 = −34.5 (c 0.8, CH2Cl2);

1H NMR (400 MHz, CDCl3, CHCl3 = 7.26 ppm) δ 7.32 (d, J =

15.6 Hz, 1H), 7.25 (d, J = 11.4, 17.5 Hz, 1H), 6.09 (t, J = 11.1

Hz, 1H), 5.97 (dd, J = 7.1 Hz, 1H), 5.78 (d, J = 15.5 Hz, 1H),

5.61 (d, J = 17.4 Hz, 1H), 5.57 (t, J = 10.2 Hz, 1H), 4.63 (dd, J

= 6.4, 9.2 Hz, 1H), 4.22 (q, J = 7.1 Hz, 2H), 3.84–3.80 (m, 1H),

2.42–2.34 (m, 1H), 2.27–2.23 (m, 1H), 1.76 (s, 3H), 1.74–1.71

(m, 1H), 1.33 (t, J = 7.2 Hz, 3H), 1.28 (s, 12H), 0.97–0.93 (m,

21H), 0.59 (q, J = 8.0Hz, 12H); 13C NMR (100 MHz,

CDCl3 = 77.16 ppm) δ 167.6, 149.6, 143.8, 139.6, 137.4, 133.6,

130.6, 123.3, 115.4, 83.2, 72.5, 69.8, 60.1, 47.1, 32.6, 24.8,

24.7, 14.3, 12.6, 9.7, 7.0, 6.9, 5.2, 5.1; HRMS (ESI)

m/z: [M + Na]+ calculated for C35H65BO6Si2Na, 671.4310;

found, 671.4312.

Reduction of ketone 9 and formation of benzyl
alcohol
A solution of ketone 9 (466.2 mg, 0.79 mmol, 1.0 equiv) in

THF (3 mL) was added to a suspension of LiAlH4 (599.2 mg,

15.79 mmol, 20 equiv) in THF (12 mL) at −70 °C. After stir-

ring for 3 d at this temperature the reaction was terminated by

slow addition of a saturated potassium sodium tartrate solution.

The reaction mixture was vigorously stirred for 1 h at room

temperature. The layers were seperated and the aqueous phase

was extracted with ethyl acetate. The combined organic extracts

were dried over Na2SO4, filtered and concentrated under

reduced pressure. The resulting benzyl alcohol (371.7 mg,

0.63 mmol, 80%, d.r. = 3:1) was obtained after flash column

chromatography. Separation of diastereomers was achieved by

preparative HPLC (C18 ISIS-SP) (gradient H2O/MeOH 30:70

to 0:100 {0–80 min}, 15 mL/min, tR = 67.6 min). Rf = 0.6 (PE/

EtOAc 5:1, visualized using anisaldehyde stain or UV),

[α]D
20 = +28.9 (c 0.82, CH2Cl2); 1H NMR (400 MHz, CDCl3,

CHCl3 = 7.26 ppm) δ 7.48 (d, J = 8.0 Hz, 2H), 7.42 (d, J = 7.9

Hz, 2H), 7.30 (d, J = 9.8 Hz, 2H), 7.19 (t, J = 7.5 Hz, 2H), 7.08

(t, J = 7.3 Hz, 1H), 6.94–6.89 (m, J = 6.8 Hz, 4H), 5.60 (s, 1H),

5.29 (dd, J = 2.9, 11.0 Hz, 1H), 4.47 (d, J = 10.8 Hz, 1H), 4.40

(d, J = 10.8 Hz, 1H), 4.27 (d, J = 11.1 Hz, 1H, OH), 3.83 (s,

3H), 2.87 (d, J = 10.7 Hz, 1H), 2.57 (br, 1H), 2.48 (d, J = 2.4

Hz, 1H), 2.33 (s, 2H), 2.20 (ddd, J = 3.5, 4.6, 11.4 Hz, 1H),

2.10 (d, J = 14.0 Hz, 1H), 2.02 (dd, J = 11.8, 12.0 Hz, 1H),

1.69 (s, 3H), 1.69 (d, J = 13.6 Hz, 1H), 1.40 (s, 3H), 1.32 (s,

3H), 1.29 (s, 3H), 0.29 (s, 6H); 13C NMR (100 MHz,

CDCl3 = 77.16 ppm) δ 158.9, 144.3, 139.7, 136.6, 133.8, 133.2,

131.8, 128.7, 128.3, 128.1, 124.7, 124.1, 123.7, 113.8, 86.7,

81.3, 73.9, 73.5, 64.9, 55.8, 55.3, 52.9, 46.6, 45.3, 38.0, 33.4,

31.1, 26.3, 24.2, 22.7, 21.3, −3.4, −3.3; HRMS (ESI)

m/z: [M + Na]+ calculated for C39H48O3SiNa, 615.3270; found,

615.3270.

Synthesis of phenol 15
To a solution of the benzyl alcohol described above (124.0 mg,

0.21 mmol, 1.0 equiv) in THF (0.75 mL) was added a solution

of TBAF (c = 1.0 M in THF, 0.84 mL, 4.0 equiv) and the mix-

ture was stirred for 15 min. Methanol (2.23 mL), KHCO3

(41.85 mg, 0.42 mmol, 2.0 equiv) and H2O2 (35% in H2O,

0.36 mL, 4.18 mmol, 20 equiv) were sequentially added and

stirring was continued overnight. Then, the reaction was termi-

nated by slow addition of a saturated, aqueous Na2S2O3 solu-

tion and the aqueous layer was extracted with ethyl acetate. The

combined organic extracts were dried over Na2SO4 filtered and

concentrated in vacuo. Purification by flash column chromatog-

raphy gave phenol 15 (96.0 mg, 0.20 mol, 99%) as a colorless

solid. Rf = 0.20 (PE/EtOAc 3:1, visualized using an anisalde-

hyde stain or UV), [α]D
20 = +26.1 (c 0.7, CH2Cl2); 1H NMR

(400 MHz, CDCl3, CHCl3 = 7.26 ppm) δ 7.31–7.28 (m, 4H),

6.90 (d, J = 8.7 Hz, 2H), 6.86 (d, J = 8.6 Hz, 2H), 5.59 (s, 1H),

5.25 (dd, J = 3.0, 10.9 Hz, 1H), 4.97 (s, 1H, OH), 4.47 (d, J =

10.8 Hz, 1H), 4.39 (d, J = 10.8 Hz, 1H), 4.22 (d, J = 10.9 Hz,

1H), 3.82 (s, 3H), 2.85 (dd, J = 1.8, 12.4 Hz, 1H), 2.60 (br, 1H),

2.45 (d, J = 2.5 Hz, 1H), 2.13 (ddd, J = 3.8, 4.4, 11.1Hz, 1H),

2.08 (d, J = 14.0 Hz, 1H), 2.00 (t, J = 11.8 Hz, 1H), 1.68 (s,

3H), 1.67 (d, J = 13.7 Hz, 1H), 1.38 (s, 3H), 1.30 (s, 3H), 1.28
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(s, 3H); 13C NMR (100 MHz, CDCl3 = 77.16 ppm) δ 158.9,

154.4, 135.5, 133.2, 131.8, 128.7, 126.6, 123.7, 115.2, 113.8,

86.8, 81.3, 73.9, 73.1, 64.9, 55.7, 55.3, 52.9, 46.7, 45.4, 38.0,

33.3, 31.1, 24.2, 22.7, 21.3; HRMS (ESI) m/z: [M + H]+ calcu-

lated for C30H37O4, 461.2692; found, 461.2693.

Synthesis of acetyl ester 16
A round bottom flask equipped with a magnetic stirring bar was

sequentially charged with alcohol 15 (89.6 mg, 0.195 mmol,

1.0 equiv), CH2Cl2 (2 mL), DMAP (23.82 mg, 0.196 mmol,

1.0 equiv), Et3N (0.204 mL, 1.46 mmol, 7.4 equiv) and Ac2O

(0.092 mL, 0.973 mmol, 4.0 equiv). After stirring at ambient

temperature for 2 d the reaction was terminated by addition of

H2O and extracted with Et2O several times. The combined

organic phases were dried over anhydrous Na2SO4, filtered,

concentrated in vacuo. The residue was purified by silica gel

column chromatography to give compound 16 (93 mg,

0.17 mmol, 88%). Rf = 0.5 (PE/EtOAc 3:1, visualized using an

anisaldehyde or UV), [α]D
20 = +35.8 (c 0.5, CH2Cl2); 1H NMR

(400 MHz, CDCl3, CHCl3 = 7.26 ppm) δ 7.41 (d, J = 8.6 Hz,

2H), 7.27 (d, J = 9.0 Hz, 2H), 7.11 (d, J = 8.6 Hz, 2H), 6.89 (d,

J = 8.7 Hz, 2H), 6.01 (d, J = 3.2 Hz, 1H), 5.54 (s, 1H), 4.44 (d,

J = 10.8 Hz, 1H), 4.37 (d, J = 10.8 Hz, 1H), 3.82 (s, 3H), 2.84

(dd, J = 1.8, 12.3 Hz, 1H), 2.65 (br, 1H), 2.32 (s, 3H), 2.24 (d, J

= 2.6 Hz, 1H), 2.14 (s, 3H), 2.10–2.06 (m, 1H), 2.03–2.00 (m,

2H), 1.73 (s, 3H), 1.60 (d, J = 14.0 Hz, 1H), 1.28 (s, 3H),

1.24 (s ,  3H),  1 .11 (s ,  3H);  1 3C NMR (100 MHz,

CDCl3 = 77.16 ppm) δ 170.3, 169.3, 158.9, 149.9, 137.0, 134.5,

131.7, 128.7, 126.9, 122.7, 121.5, 113.8, 85.4, 81.0, 74.9, 71.0,

64.9, 55.7, 55.3, 53.5, 46.1, 45.8, 37.9, 34.6, 29.9, 23.8, 22.8,

21.6, 21.2, 21.1; HRMS (ESI) m/z: [M + Na]+ calculated for

C34H40O6Na, 567.2723; found, 567.2728.

Synthesis of vinyl iodide 17
To a stirred solution of compound of 16 (88 mg, 0.162 mmol,

1.0 equiv) in acetone (4 mL) was added AgNO3 (8.3 mg,

0.05 mmol, 0.3 equiv) and N-iodosuccinimide (40.0 mg,

0.18 mmol, 1.1 equiv) at ambient temperature. The resulting

mixture was stirred for 1.5 h and concentrated in vacuo. The

residue was purified by silica gel column chromatography to

give the corresponding alkynyl iodide (91.0 mg, 0.136 mmol,

84%). This product (81.9 mg, 0.12 mmol, 1.0 equiv) was dis-

solved in a mixture of THF (1.1 mL) and iPrOH (1.1 mL). Et3N

(0.026 mL, 0.183 mmol, 1.5 equiv) and 2-nitrobenzenesulfonyl

hydrazide (34.5 mg, 0.159 mmol, 1.3 equiv) were sequentially

added. After stirring for 20 h, Et3N (0.026 mL, 0.183 mmol,

1.5 equiv) and 2-nitrobenzenesulfonyl hydrazide (17.25 mg,

0.079 mmol, 0.7 equiv) were added and the reaction mixture

was stirred for additional 5 h. The volatiles were then removed

in vacuo at ambient temperature. The residue was purified by

silica gel column chromatography to give vinyl iodide 17

(62.0 mg, 0.092 mmol, 77%). Rf = 0.60 (PE/EtOAc 3:1, visual-

ized using an anisaldehyde stain or UV), [α]D
20 = +14.1 (c 0.95,

CH2Cl2); 1H NMR (400 MHz, CDCl3, CHCl3 = 7.26 ppm) δ

7.28 (d, J = 8.6 Hz, 2H), 7.17 (d, J = 8.6 Hz, 2H), 7.11 (d, J =

8.6 Hz, 2H), 6.90 (d, J = 8.6 Hz, 2H), 6.43 (dd, J = 7.8, 9.4 Hz,

1H), 6.29 (d, J = 7.5 Hz, 1H), 6.03 (d, J = 2.5 Hz, 1H), 5.56 (s,

1H), 4.45 (d, J = 10.8 Hz, 1H), 4.38 (d, J = 10.8 Hz, 1H), 3.82

(s, 3H), 2.89–2.83 (m, 2H), 2.37 (ddd, J = 2.9, 3.7, 10.9 Hz,

1H), 2.31 (s, 3H), 2.15 (s, 3H), 2.07 (d, J = 14.0 Hz, 1H), 1.79

(t, J = 11.8 Hz, 1H), 1.64 (s, 3H), 1.59 (d, J = 14.0 Hz, 1H),

1.30 (s, 3H), 1.24 (s, 3H), 1.09 (s, 3H); 13C NMR (100 MHz,

CDCl3 = 77.16 ppm) δ 169.9, 169.3, 158.9, 149.6, 141.9, 136.1,

135.2, 131.7, 128.7, 126.7, 123.7, 121.9, 113.8, 80.9, 80.1, 75.5,

64.9, 55.9, 55.3, 53.4, 46.6, 46.1, 46.0, 38.3, 30.1, 23.5, 22.7,

22.2, 21.3, 21.2; HRMS (ESI) m/z: [M + Na]+ calculated for

C34H41O6INa, 695.1846; found, 695.1837.

Synthesis of vinyl iodide 18
DDQ (56.5 mg, 0.25 mmol, 3.0 equiv) was added to a stirred

solution of 17 (55.8 mg, 0.083 mmol, 1.0 equiv) in CH2Cl2

(4.5 mL)/pH 7.0 phosphate buffer (0.45 mL) at 0 °C. After stir-

ring for 1.5 h, the reaction mixture was terminated by addition

of a saturated, aqueous NaHCO3 solution. The aqueous solu-

tion was extracted with Et2O. The combined, organic phases

were dried over anhydrous Na2SO4, filtered, concentrated in

vacuo and the crude product was purified by silica gel column

chromatography to furnish the title vinyl iodide 18 (40.0 mg,

0.072 mol, 87%). Rf = 0.25 (PE/EtOAc 3:1, visualized using an

anisaldehyde or UV), [α]D
20 = +36.7 (c 0.86, CH2Cl2);

1H NMR (400 MHz, CDCl3, CHCl3 = 7.26 ppm) δ 7.17 (d, J =

8.6 Hz, 2H), 7.11 (d, J = 8.6 Hz, 2H), 6.40 (dd, J = 7.6, 9.6 Hz,

1H), 6.28 (d, J = 7.6 Hz, 1H), 6.03 (d, J = 2.3 Hz, 1H), 5.51 (s,

1H), 2.84 (dd, J = 4.1, 9.6 Hz, 1H), 2.70 (d, J = 12.7 Hz, 1H),

2.34 (ddd, J = 2.8, 4.0, 11.3 Hz, 1H), 2.31 (s, 3H), 2.15 (s, 3H),

1.84 (d, J = 14.2 Hz, 1H), 1.77 (d, J = 14.2 Hz, 1H), 1.74 (t, J

= 11.9 Hz, 1H), 1.65 (s, 3H), 1.30 (s, 3H), 1.19 (s, 3H), 1.07 (s,

3H); 13C NMR (100 MHz, CDCl3 = 77.16 ppm) δ 169.9, 169.3,

149.6, 141.8, 136.1, 135.7, 126.7, 122.4, 121.9, 80.1, 76.2, 75.4,

60.1, 54.8, 46.4, 46.3, 45.9, 38.1, 30.2, 26.4, 23.9, 22.2, 21.2,

21.1; HRMS (ESI) m/z: [M + Na]+ calculated for C26H33O5INa,

575.1270; found, 575.1272.

Synthesis of triene 19
To a stirred solution of vinyl iodide 18 (21 mg, 40.2 µmol,

1.0 equiv) and boronate 13 (39.12 mg, 60.0 µmol, 1.5 equiv) in

THF (5 mL) and H2O (1.25 mL) were sequentially added thal-

lium(I) carbonate (33.92 mg, 72.0 µmol, 1.8 equiv) and

Pd(PPh3)4 (13.93 mg, 12.0 µmol, 0.3 equiv) at room tempera-

ture. The reaction mixture was stirred for 4 h and then H2O was

added. The aqueous solution was extracted with Et2O. The

combined, organic phases were dried over anhydrous Na2SO4,
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filtered, concentrated in vacuo and the crude product was puri-

fied by silica gel column chromatography to furnish the title

triene 19 (29.3 mg, 31.0 µmol, 77%). Rf = 0.4 (PE/EtOAc 2:1,

visualized using an anisaldehyde or UV), [α]D
20 = +77.2

(c  0.53, CH2Cl2);  1H NMR (400 MHz, acetone-d6 ,

acetone-d5 = 2.05 ppm) δ 7.32 (d, J = 15.7 Hz, 1H, H3), 7.19

(d, J = 8.5 Hz, 2H, H27), 7.00 (d, J = 8.5 Hz, 2H, H28), 6.64

(dd, J = 11.7, 14.1 Hz, 1H, H12), 6.17 (dd, J = 10.9, 11.2 Hz,

1H, H14), 6.11–6.04 (m, 3H, H5, H11, H13), 6.01 (d, J = 2.6

Hz, 1H, H25), 5.83 (d, J = 15.7 Hz, 1H, H2), 5.78 (d, J = 10.4,

10.7 Hz, 1H, H15), 5.55 (s,1H, H18), 5.48 (t, J = 10.1 Hz, 1H,

H10), 4.71 (dd, J = 6.6, 9.2 Hz, 1H, H9), 4.14 (q, J = 7.1 Hz,

2H, H1’), 4.05–4.00 (m, 1H, H7), 2.87–2.88 (m, 1H, H16), 2.74

(d, J = 12.6 Hz, 1H, H19), 2.49 (t, J = 6.9 Hz, 2H, H6), 2.39

(ddd, J = 3.3, 3.5, 11.4 Hz, 1H, H24), 2.27 (s, 3H, H12’), 2.12

(s, 3H, H10’), 1.93 (dd, J = 11.8, 11.9 Hz, 1H, H23), 1.89 (s,

3H, H3’), 1.84 (d, J = 13.6 Hz, 1H, H21b), 1.83–1.80 (m, 1H,

H8), 1.73 (d, J = 13.9 Hz, 1H, H21a), 1.45 (s, 3H, H5’), 1.30 (s,

3H, H6’), 1.23 (t, J = 7.1 Hz, 3H, H2’), 1.14 (s, 3H, H8’), 1.08

(d, J = 6.8 Hz, 3H, H4’), 1.07 (s, 3H, H7’), 1.04–0.99 (m, 18H,

H14’, H16’), 0.70–0.58 (m, 12H, H13’, H15’); 13C NMR

(400 MHz, acetone-d6 = 29.8 and 206.3 ppm) δ 169.4 (C9’),

168.7 (C11’), 166.4 (C1), 149.8 (C29), 148.8 (C3), 139.3 (C5),

137.1 (C26), 134.9 (C17), 134.5 (C15), 133.8 (C4), 133.2

(C10), 131.6 (C13), 129.4 (C11), 127.1 (C12), 126.5 (C27),

125.6 (C14), 122.7 (C18),121.3 (C28), 115.9 (C2), 75.0 (C25) ,

74.8 (C20), 72.9 (C7), 70.1 (C9), 60.2 (C21), 59.6 (C1’), 55.1

(C19), 47.4 (C8), 46.6 (C24), 44.7 (C23), 40.8 (C16), 37.5

(C22), 32.6 (C6), 29.8 (C7’), 25.7 (C8’), 23.6 (C6’), 20.6 (C5’),

20.3 (C12’), 20.1 (C10’), 13.7 (C2’), 11.9 (C3’), 9.5 (C4’), 6.5

(C14’), 6.3 (C16’), 4.9 (C13’,15’); HRMS (ESI) m/z: [M + Na]+

calculated for C55H86O9Si2Na, 969.5708; found, 969.5707.

Synthesis of elansolid B1 (2)
Polyene 19 (2.65 mg, 2.79 µmol, 1.0 equiv) was dissolved in

THF (0.5 mL) and cooled to 0 °C. A solution of hydrogen fluo-

ride pyridine complex (0.5 mL) prepared by mixing hydrogen

fluoride pyridine (2 mL; hydrogen fluoride ≈70 %) with pyri-

dine (5.6 mL) in THF (9.8 mL) at 0 °C. The reaction mixture

was stirred for 1 h at this temperature and the reaction was

terminated by addition of a saturated bicarbonate solution. The

aqueous solution was extracted with Et2O for three times. The

combined organic phases were dried over Na2SO4, filtered and

concentrated under reduced pressure to afford the correspond-

ing diol suitably pure for directly being employed in the next

step. An aqueous solution of LiOH (1 M, 0.3 mL, 107 equiv)

was added to crude diol in iPrOH (0.3 mL) and THF (0.3 mL)

at room temperature. After stirring for 5 h, the reaction was

terminated by slowly adding HCl (1 N, 0.24 mL), phosphate

buffer (pH 7, 0.1 mL) and MeOH (0.3 mL). The crude mixture

was directly subjected to HPLC (C18 ISIS-SP) (MeOH: H2O/

50 mM NH4OAc 70:30 to MeOH:H2O/50 mM NH4OAc 100:0

{0–70 min}, 3.0 mL/min) to give elansolid B1 (2) (0.88 mg,

1.45 µmol, 52% over two steps, tR = 47.8 min). [α]D
20 = +176.0

(c  0 .05,  MeOH);  1H NMR (500 MHz, acetone-d6 ;

acetone-d5 = 2.05 ppm) δ 7.35 (d, J = 15.6 Hz, 1H, H3), 7.14

(d, J = 8.3 Hz, 2H, H27), 6.75 (d, J = 8.5 Hz, 2H, H28), 6.57

(dd, J = 12.2, 13.6 Hz, 1H, H12), 6.17 (t, J = 7.23 Hz, 1H, H5),

6.09–6.02 (m, 2H, H13, H14), 5.99 (dd, J = 10.8, 11.0 Hz, 1H,

H11), 5.84 (d, J = 15.7 Hz, 1H, H2), 5.70 (t, J = 10.5 Hz, 1H,

H15), 5.55 (dd, J = 9.5, 10.9 Hz, 1H, H10), 5.52 (s, 1H, H18),

5.18 (d, J = 2.5 Hz, 1H, H25), 4.94 (ddd, J = 0.9, 3.6, 8.6 Hz,

1H, H9), 3.87–3.84 (m, 1H, H7), 2.92 (dd, J = 4.0, 10.8 Hz, 1H,

H16), 2.69 (d, J = 2.6 Hz, 1H, H19), 2.59 (ddd, J = 4.2, 6.8,

15.3 Hz, 1H, H6a), 2.51–2.47 (m, 1H, H6b), 2.22–2.18 (m, 1H,

H24), 1.99–1.95 (m, 1H, H23), 1.88 (s, 3H, H1’), 1.83–1.80 (m,

1H, H8), 1.83 (d, J = 13.8 Hz, 1H, H21a), 1.73 (d, J = 13.8 Hz,

1H, H21b), 1.44 (dd, J = 1.4, 2.2 Hz, 3H, H3’), 1.30 (s, 3H,

H5’), 1.29 (s, 3H, H6’), 1.14 (s, 3H, H4’), 1.03 (d, J = 7.0 Hz,

3H, H2’); 13C NMR (125 MHz, acetone-d6 = 29.8 and 206.3

ppm) δ 167.5 (C1), 155.7 (C29), 149.4 (C3), 138.9 (C5), 135.2

(C26, C17), 134.8 (C15), 133.8 (C4), 132.9 (C10), 130.9 (C13),

129.3 (C11), 127.5 (C12), 127.0 (C27), 126.5 (C14), 122.5

(C18), 115.9 (C2), 114.5 (C28), 74.9 (C20), 73.0 (C7), 72.2

(C25), 68.5 (C9), 60.5 (C21), 55.1 (C19), 48.4 (C24), 44.5

(C23), 44.0 (C8), 40.4 (C16), 37.7 (C22), 34.1 (C6), 30.9 (C5’),

25.7 (C4’), 23.8 (C6’), 20.6 (C3’), 11.8 (C1’), 10.7 (C2’);

HRMS (ESI) m/z: [M + Na]+ calculated for C37H50O7Na,

629.3454; found, 629.3463.

Synthesis of elansolid B2 (3)
In aqueous solution of LiOH (1 M, 0.3 mL, 107 equiv) was

added to the crude diol (3.1 µmol) described for the synthesis of

elansolid B1 (2) in MeOH (0.3 mL) and THF (0.3 mL) at room

temperature. After stirring for 5 h, the reaction was terminated

by slowly adding HCl (1 N, 0.24 mL), phosphate buffer (pH 7,

0.1 mL) and MeOH (0.3 mL). The crude mixture was directly

subjected to HPLC (C18 ISIS-SP) (MeOH: H2O/50 mM

NH4OAc 70:30 to MeOH:H2O/50 mM NH4OAc 100:0

{0–70 min}, 3.0 mL/min) to give elansolid B2 (3) (1.2 mg,

1.93 µmol, 63% over two steps, tR = 63.4 min). [α]D
20 = +262.1

(c  0.087, MeOH); 1H NMR (400 MHz, acetone-d6 ;

acetone-d5 = 2.05 ppm) δ 7.35 (d, J = 15.7 Hz, 1H, H3), 7.07

(d, J = 8.4 Hz, 2H, H27), 6.77 (d, J = 8.5 Hz, 2H, H28), 6.63

(dd, J = 11.5, 14.6 Hz, 1H, H12), 6.34 (dd, J = 11.5, 14.6 Hz,

1H, H13), 6.18 (t, J = 7.2 Hz, 1H, H5), 6.13 (t, J = 11.2 Hz,

1H, H11), 6.02 (t, J = 11.2 Hz, 1H, H14), 5.82 (d, J = 15.7 Hz,

1H, H2), 5.68 (t, J = 10.8 Hz, 1H, H15), 5.57 (dd, J = 9.7, 10.1

Hz, 1H, H10), 5.48 (s, 1H, H18), 4.99 (ddd, J = 0.9, 3.5, 8.6

Hz, 1H, H9), 4.66 (d, J = 2.4 Hz, 1H, H25), 3.88–3.84 (m, 1H,

H7), 3.12 (s, 3H, H7’), 2.90 (dd, J = 3.3, 10.6 Hz, 1H, H16),

2.64–2.62 (m, 1H, 19H), 2.60–2.58 (m, 1H, H6a), 2.52–2.44
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(m, 1H, H6b), 2.01–1.97 (m, 1H, H24), 1.95–1.91 (m, 1H,

H23), 1.89 (s, 3H, H1’), 1.85–1.82 (m, 1H, H8), 1.82 (d, J =

13.5 Hz, 1H, H21a), 1.72 (d, J = 13.8 Hz, 1H, H21b), 1.45 (dd,

J = 1.3, 2.1 Hz, 3H, H3’), 1.29 (s, 3H, H5’), 1.21 (s, 3H, H6’),

1.12 (s, 3H, H4’), 1.03 (d, J = 7.0 Hz, 3H, H2’); 13C NMR

(100 MHz, acetone-d6 = 29.8 and 206.3 ppm) δ 167.3 (C1),

156.2 (C29), 149.4 (C3), 139.0 (C5), 135.5 (C15), 135.3 (C17),

133.8 (C4), 132.5 (C10), 131.6 (C13), 131.0 (C26), 129.4

(C11), 128.3 (C27), 126.8 (C12), 124.3 (C14), 122.5 (C18),

115.7 (C2), 114.7 (C28), 82.9 (C25), 74.8 (C20), 73.0 (C7),

68.5 (C9), 60.4 (C21), 55.6 (C7’), 55.2 (C19), 48.8 (C24), 44.8

(C23), 44.0 (C8), 40.3 (C16), 37.6 (C22), 34.2 (C6), 30.4 (C6’),

25.7 (C4’), 23.7 (C5’), 20.9 (C3’), 11.8 (C1’), 10.8 (C2’);

HRMS (ESI) m/z: [M + Na]+ calculated for C38H52O7Na,

643.3611; found, 643.3611.

Supporting Information
Supporting Information File 1
1H and 13C NMR spectra of synthesized compounds.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-13-124-S1.pdf]
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Abstract
Like thapsigargin, which is undergoing clinical trials, trilobolide is a natural product with promising anticancer and anti-inflamma-

tory properties. Similar to thapsigargin, it has limited aqueous solubility that strongly reduces its potential medicinal applications.

The targeted delivery of hydrophobic drugs can be achieved using liposome-based carriers. Therefore, we designed a traceable lipo-

somal drug delivery system for trilobolide. The fluorescent green-emitting dye BODIPY, cholesterol and trilobolide were used to

create construct 6. The liposomes were composed of dipalmitoyl-3-trimethylammoniumpropane and phosphatidylethanolamine.

The whole system was characterized by atomic force microscopy, the average size of the liposomes was 150 nm in width and

30 nm in height. We evaluated the biological activity of construct 6 and its liposomal formulation, both of which showed

immunomodulatory properties in primary rat macrophages. The uptake and intracellular distribution of construct 6 and its lipo-

somal formulation was monitored by means of live-cell fluorescence microscopy in two cancer cell lines. The encapsulation of

construct 6 into the liposomes improved the drug distribution in cancer cells and was followed by cell death. This new liposomal
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trilobolide derivative not only retains the biological properties of pure trilobolide, but also enhances the bioavailability, and thus has

potential for the use in theranostic applications.
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Introduction
Targeted (smart) drug delivery is a method for specific deliv-

ering of an active compound preferentially to some cells or

tissues in the human body. This approach has become the key

issue for surpassing the bottleneck of drug discovery. With the

advent of new technologies and deeper understanding of the bi-

ological processes, the concept of specific targeting has become

one of the most attractive directions in the field of biomedicine.

Specific drug targeting can be achieved by using, for example,

antibodies, peptides, polyethylene glycol polymers, and last but

not least, liposomes, which have been nowadays extensively in-

vestigated [1,2]. In general, liposomes are employed in order to

enhance the therapeutic index of an applied drug by improve-

ment of drug absorption, prolonging its biological half-life or

decreasing its metabolism [3].

Since “seeing is believing”, it is strongly desired to not only

target a drug to the disease-affected tissue, but also image its

localization and possibly its mechanism of action directly on

the given site. Based on this approach, multimodal agents

delivered using a vehicle containing a drug capable of both

imaging and curing were developed [4]. A meaningful informa-

tion about biomolecule/drug localization and action can be

gained employing fluorescence imaging, since it provides non-

invasiveness, sensitivity and good spatio-temporal resolution

altogether [5]. From the plethora of known fluorescent com-

pounds, there are widely used small organic fluorophores, such

as BODIPY dyes.

BODIPYs are fluorescent dyes based on the 4,4-difluoro-4-

bora-3a,4a-diaza-s-indacene scaffold, which have recently

experienced increased attention in chemistry [6-10] and life

science applications [11-13]. On the grounds of high fluores-

cence quantum yield, narrow spectral characteristics, and suffi-

cient chemical stability, BODIPYs have been utilized for exam-

ple as laser dyes, tags of small organic molecules [14-16], drugs

[17], cell organelle markers, for antibody, peptide and nucleic

acid labelling [18-20], for pH [21], metal [22,23] and redox

potential sensing (well-reviewed in Boens et al. [24]), as well as

for the development of photodynamically active agents [25,26].

In this work, we describe the synthesis and application of a

fluorescent construct (further called construct 6, depicted in

Scheme 1) based on a green-emitting BODIPY dye and

trilobolide–cholesterol (Tb-ChL) in a liposome formulation.

Trilobolide (Tb, Figure 1) is a potent natural compound of the

sesquiterpene lactone class, which causes cell death via

depleting intracellular Ca2+ ion stores by the irreversible inhibi-

tion of sarco-/endoplasmic reticulum Ca2+-ATPase (SERCA)

already at nanomolar concentrations [27-30]. In our recent

study, we reported the localization of fluorescent Tb-BODIPY

conjugates in the endoplasmic reticulum of a number of cancer

cell lines [31]. Besides that, Tb is of high interest also for the

fact that it induces high production of nitric monoxide (NO)

which has an immunomodulating effect on rat peritoneal cells

[32]. We documented in [31] that Tb, prepared as a fluorescent

conjugate with green-emitting BODIPY, induced a dose-de-

pendent NO production in primary rat macrophages. The poten-

cy of the fluorescent Tb to express inducible NO and cytokine

secretion was shifted to a low micromolar range in comparison

to the submicromolar activity of Tb itself.

The introduction of cholesterol (ChL) in the proposed structure

is based on its routine exploitation in production of artificial

liposome vehicles. Incorporation of ChL into liposomes was

shown to ‘tighten’ the fluid bilayers, and thus, to reduce the

leakage of an active content from the liposomes [1]. Taken

together, a construct 6 probe, containing Tb, ChL and BODIPY,

represents a well-defined traceable system with a potentiated

ability to assemble into liposomal systems.

Results and Discussion
Chemistry
In this work, Tb was connected to a pegylated BODIPY build-

ing block containing ChL. This way obtained construct 6 was

used as a component for liposomal formulation. The syntheses

of some of the employed molecules were previously described

[24,27,28], their structures are shown in Figure 1.

The synthesis of a BODIPY-based building block is displayed

in Scheme 1, part A. Methyl 4-iodo-L-phenylalaninate hydro-

chloride was prepared by the reaction of 4-iodo-L-phenylala-

nine with thionyl chloride in MeOH in quantitative yield [33].

The successive acylation of the α-amino group with 5-azido-

valeric acid catalyzed by T3P (propylphosphonic anhydride) in

the mixture of pyridine and AcOEt gave azidoterminated prod-

uct 1 in 70% yield. Alkaline hydrolysis of methyl ester 1 with

aqueous LiOH in THF and subsequent Suzuki cross-coupling

with BODIPY-BA [34] catalyzed by Pd(PPh3)4 and K2CO3 in a

mixture of toluene/MeOH/water provided the fluorescent build-

ing block 3 in 88% yield.
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Figure 1: Chemical structures of the basic compounds used in this study.

Figure 2: Absorbance and fluorescence spectra of compounds 3–6. UV spectra (part A) were recorded with a concentration of 10 μM in DCM and
fluorescence spectra (part B) with a concentration of 0.1 μM in DCM using an excitation wavelength of 475 nm. A typical Stokes shift (10 nm) is
demonstrated for construct 6 (part C).

Sequential connection of other functional components of the

target compound is shown in Scheme 1, part B. Propargyl-ChL

[35] was introduced into Huisgen copper-catalyzed 1,3-dipolar

cycloaddition [36] (CuAAC) with BODIPY 3. This microwave-

assisted reaction catalyzed by CuSO4·5H2O, sodium ascorbate

and a catalytic amount of TBTA (tris[(1-benzyl-1H-1,2,3-

triazol-4-yl)methyl]amine) [37] in DMF gave a cholesterol-con-

taining clickate 4 in 49% yield. The pegylation of 4 with amino-

PEG4-alkyne in the presence of EDCI (N-(3-dimethylamino-

propyl)-N′-ethylcarbodiimide hydrochloride), 4-DMAP

(4-dimethylaminopyridine) and HOBt (N-hydroxybenzotri-

azole) in DMF provided an alkyne-terminated intermediate 5 in

excellent yield (92%). Finally, CuAAC cycloadition of 5 and

Tb-N3VA [31] gave the target fluorescent construct 6 in good

yield (84%).

The absorbance and fluorescence emission spectra of com-

pounds 3–6 are depicted in Figure 2.

Compounds 3–6 showed absorption and emission maxima at

503 and 513 nm (excitation at 475 nm), respectively. The molar

extinction coefficients of 3–6 in DCM ranged from 45,000 to
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Scheme 1: Synthesis of the BODIPY building block (part A) and construct 6 (part B).
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Figure 3: NO production in primary rat macrophages. The cells were treated with Tb, compounds 4, 5, and Tb-construct 6 for 24 h with or without
lipopolysaccharide (LPS, 100 pg·mL−1). The results represent the mean ± SEM of 2 independent experiments, n = 4. Statistical significance:
*P < 0.05, **P < 0.01, ***P < 0.001; black*: compounds are significantly different from untreated cells, red*: the compound is significantly different from
LPS-treated cells.

58,000 L·mol−1·cm−1. The purity of the target construct 6 was

determined by HPLC–MS and proved to be ≥95% (Supporting

Information File 1, section 5.3, Figure S15). Thereafter,

construct 6 was used for liposomal formulation and biological

experiments, in which the immunomodulatory, delivery and

anticancer potential was evalueated.

Nitric oxide release in primary macrophages
NO (nitric oxide) is one of the most important effector mole-

cules in the repertoire of non-specific immune defence mecha-

nisms. This molecule is produced by macrophages and the anti-

microbial and antiparasitic properties of NO have been well de-

scribed [38]. Currently, the role of NO as a mediator between

chronic inflammation and carcinogenesis is intensively studied

[39]. The expression of inducible NO is under control of a num-

ber of cytokines. Alternatively, lipopolysaccharide (endotoxin)

is known as strong inducer of NO in macrophages. Since it is

known that sesquiterpene lactones, Tg, Tb, as well as Tb deriva-

tives [31], possess strong stimulating activity for NO produc-

tion by immune cells [40,41], we examined whether construct 6,

also based on Tb, exhibits similar immunobiological properties.

The production of NO was evaluated after 24 h of cultivation of

primary rat macrophages in the presence of increasing concen-

trations of Tb and construct 6. In this study, we observed the

typical activity of Tb to induce NO production in rodent macro-

phages which started below 0.1 µM Tb and reached an NO pro-

duction of 50 µM in the presence of 4 µM Tb (the highest con-

centration tested, Figure 3).

The tested construct 6 induced moderate dose-dependent NO

induction (methods in Supporting Information File 1, sections

4.3 and 4.4). The significant increase of NO to 21 µM was ob-

served only at the highest concentration of 100 µM of construct

6 (*P < 0.05). We also investigated an eventual synergistic

effect of construct 6 and lipopolysaccharide (LPS) in macro-

phage immunomodulation. To activate the macrophages, only a

low concentration of an immunostimulator (LPS, 100 pg·mL−1)

was used. In the presence of LPS, the dose-dependent curve for

NO production was running higher and it was in parallel with

the curve of non-stimulated cells. The synergistic effect of

construct 6 with LPS on increased NO production was detected

at 40 µM concentration of Tb-construct 6, and it was signifi-

cantly pronounced at 100 µM of construct 6 (*P < 0.05 vs

LPS), upon which the level of NO reached 30 µM concentra-

tion. As expected, no effect on NO synthesis was found for 4

and 5 BODIPYs-ChL derivatives not containing Tb. No

changes were detected in cell viability (WST-1 assay) for com-

pounds 4, 5, and 6 (data not shown). From these and previous

findings [30,31], we can summarize that the reduced

immunomodulatory activity of Tb construct 6 is given by its

high molecular weight (MW equal to 1814) in comparison to Tb

(MW equal to 522), and overall shape of the molecule. Further,
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Figure 4: Atomic force microscopy images of liposomes, 5 µm area: A) 2D image, B) 3D image (Ra = 2.4 nm); 2 µm area: C) 2D image, D) 3D image
(Ra = 2.6 nm). Ra represents the arithmetic average of the deviations from the centre plane of the sample.

cholesterol is one of the basic natural components of eukaryotic

cells, thus some portion of construct 6 could be fixed in plasma

membrane, which decreases the possibility of manifesting the

known biological effects of Tb inside cells [42].

Liposome preparation and characterization
Liposomes were prepared by a reverse-phase evaporation

method followed by homogenization (Supporting Information

File 1, section 2). Dipalmitoyl-3-trimethylammonium-propane

(DPTAP), phosphatidylethanolamine (DOPE) and ChL were

used for implementation of fluorescent construct 6 into lipo-

somal formulation (ratio 4:4:1:1, respectively). A hydrophobic

film prepared by evaporation of a lipid–chloroform solution was

hydrated with physiological solution. The desired unilamellar

vesicles were obtained by homogenization of the dispersion

through a 100 nm pore size polycarbonate filter. Characteriza-

tion of the prepared liposomes with incorporated construct 6

was performed by atomic force microscopy (AFM) analysis in a

tapping mode in 2D and 3D arrangement, see Figure 4 (Sup-

porting Information File 1, section 3).

We confirmed the successful preparation of liposomes, the av-

erage size of which was 150 nm in width and 30 nm in height.

The larger dimension of the liposomes in width, than expected,

was probably caused by their adhesion to the glass surface,

which was on the other hand necessary in order to perform the

AFM analysis. The values of average roughness described in

the Figure 4 for both (2 × 2) and (5 × 5) μm2 are almost similar,

therefore the uniformity of prepared liposomes over the surface

was proven (no significant differences caused by change in the

surface structure). It was confirmed, on the basis of surface

roughness for both scanning areas and the evaluation of height

and width of globular structures, that prepared liposomes were

uniform in shape (high variability in shape or inhomogeneous

peak structure would extensively increase the roughness value)

and the cover over the surface was also homogeneous.

Live-cell imaging of construct 6 and its
liposomal formulation
The potency of the fluorescent construct Tb-ChL and BODIPY

and its liposome derivative to enter cancer cells was tested by

live-cell fluorescence microscopy using two human cell line

models: cells were derived from osteosarcoma (U-2 OS) and

cervical carcinoma (HeLa).

Inside U-2 OS cells, construct 6 was localized from 200 nM

concentration already after 1 h of incubation, the fluorescent

signal was of dot-like character and persisted for at least 48 h

until which, the intracellular localization was followed

(Figure 5).

A similar situation was observed in HeLa cells (Supporting

Information File 1, Figure S17), in which the construct 6 was

also internalized and its distribution resembled the structure of

the endoplasmic reticulum as well as partially the cell mem-

brane.
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Figure 5: Panel of images from live-cell fluorescence microscopy: intracellular localization of construct 6 in U-2 OS cells after 48 h of incubation:
A) 200 nM; C) 500 nM concentration of construct 6; B) and D) merges of A and C with bright field images of U-2 OS cells, respectively.

In the case of liposomes containing construct 6, intracellular

uptake was detected already at 43 nM concentration after 1 h of

incubation with U-2 OS cells (Supporting Information File 1,

Figure S16), on which they were bound at the plasma mem-

brane. After 2 h of incubation, there were two populations of

cells with liposomes bound either on the plasma membrane or

inside the cells (Figure 6).

The intracellular localization of liposomes was further pro-

nounced with increased concentration up to 1.25 µM (Support-

ing Information File 1, Figure S18) after 2 h of incubation. With

prolonged time (7 h), the U-2 OS cells were disrupted and

underwent cell death (Supporting Information File 1, Figure

S18), which could be caused by the release of the active

construct 6 from the liposomes. Further tests are necessary to

confirm this hypothesis.

Conclusion
In summary, in order to develop a drug delivery system for

potential theranostic applications, we prepared a submicron

liposome-based formulation of a cytotoxic agent, sesquiterpene

lactone, trilobolide. More specifically, we synthesized and char-

acterized a fluorescent construct of Tb conjugated to choles-

terol and a green-emitting BODIPY dye, which was successful-

ly incorporated into liposomes. The immunomodulatory activi-

ty tested in primary rat macrophages revealed significant dose-

dependent NO production in the presence of LPS; at 100 µM

concentration of construct 6, the level of NO raised up to

30 µM. In further biological evaluation, we found that construct

6 was efficiently localized inside human U-2 OS and HeLa

cancer cells. The encapsulation of construct 6 into liposomes

resulted in sufficient distribution inside the cancer cells. The

intracellular trafficking pattern of liposomes was characterized

by two populations: the first one clearly localized on the cell

membrane and the other inside the cells. With prolonged time,

the population with internalized liposomes was linked to cell

death, which might be caused by the release of active construct

6 from liposomes in cells. This study could be useful for further

design and optimization of analogous systems for theranostic

liposomal drug-delivery applications.
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Figure 6: Panel of images from live-cell fluorescence microscopy: intracellular localization of liposomes with construct 6 (250 nM) in U-2 OS cells
after 2 h of incubation: A, D) bright field; B, E) construct 6 in liposomes; C, F) merged images of A and B and D and E.

Supporting Information
Supporting Information File 1
Additional information, characterization methods,

experimental, analytical data, and supporting images from

live-cell fluorescence microscopy.
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Abstract
Background: Croton oil is the only commercial source of the diterpenoid phorbol (1a), the starting material for the semi-synthesis

of various diesters extensively used in biomedical research to investigate cell function and to evaluate in vivo anti-inflammatory ac-

tivity. While efficient chemoselective esterification protocols have been developed for phorbol, its isolation from croton oil is tech-

nically complicated, and involves extensive manipulation of very toxic materials like the oil or its native diterpenoid fraction.

Results: The preparation of a crude non-irritant phorboid mixture from croton oil was telescoped to only five operational steps, and

phorbol could then be purified by gravity column chromatography and crystallization. Evidence is provided that two distinct phor-

boid chemotypes of croton oil exist, differing in the relative proportion of type-A and type-B esters and showing different stability

to deacylation.

Conclusion: The isolation of phorbol from croton oil is dangerous because of the toxic properties of the oil, poorly reproducible

because of differences in its phorboid profile, and time-consuming because of the capricious final crystallization step. A solution for

these issues is provided, suggesting that the poor-reproducibility of croton oil-based anti-inflammatory assays are the result of poor

quality and/or inconsistent composition of croton oil.
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Introduction
Croton oil is obtained by pressing or solvent extraction from the

seeds of Croton tiglium L., a small tree native to the Far East

[1]. The oil is toxic to all living organisms, from bacteria to

insects and vertebrates, and its irritancy and cathartic properties

are legendary [2]. Croton oil was once used in human medicine

as a topical rubefacient and in veterinarian medicine as a strong

laxative [1], but nowadays its only medical use is in rejuve-

nating esthetic surgery in association to blepharoplasty, a prac-

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
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Figure 1: The major diterpene polyols from croton oil [phorbol (1a), 4α-phorbol (2), 4-deoxy-4α-phorbol (3a)] and their derivatives.

tice that was mastered in the 1960s capitalizing on the potent

exfoliating activity of the oil, especially in association to phenol

[3].

The extraordinarily obnoxious and vesicant properties of croton

oil have fostered studies aimed at the identification of its active

principles since the very early developments of organic chem-

istry. Thus, the first chemical study on croton oil was reported

by Pelletier and Caventou, the founding fathers of alkaloid

chemistry, in 1818 [4], but the nature of its irritant principles

remained obscure and controversial until 1930, when

Flaschenträger unambiguously characterized the inflammatory

fraction of the oil as a mixture of esters of a crystalline diter-

pene pentaol, named phorbol (Figure 1, 1a) after the plant

family to whom C. tiglium belongs (Euphorbiaceae) [5]. The

early studies left their mark in organic chemistry in the well-

known names of crotonic and tiglic acids, although, paradoxi-

cally, croton oil does not contain crotonic acid, that is only

generated in the harsh conditions of the early studies [6]. The

structure of phorbol eluded clarification until 1968, when it was

eventually elucidated by a low-temperature (−160 °C) crystallo-

graphic study on the chloroform solvate of its 20-(5-bromo-

furoate) [7]. This study solved a riddle that classic degradative

studies had proved unable to address because of the tendency of

phorbol to skeletal rearrangement and to its idiosyncratic chem-

ical reactivity [6]. By this time, the medicinal use of croton oil

had become obsolete, but interest had been rekindled by the

discovery of its co-carcinogenic properties by Berenblum in

1941 [8]. The tumor-promoting properties of the oil were asso-

ciated to a specific class of phorbol diesters, exemplified by

phorbol myristate acetate (PMA, TPA, 1b), having a long-chain

and a short-chain acyl residue on the vicinal hydroxy groups on

ring C (Type-A esters). The molecular target of PMA was iden-

tified in a series of isoforms of PKC, a family of serine/threo-

nine kinases involved in a host of cellular activities [9]. Because

of its kinase-activating properties, PMA has become an indis-

pensable tool in the study of cell function, with a single vendor

claiming to have sold over 250,000 ampules of TPA since 1980

[10]. PMA has also been clinically investigated as an anti-

cancer agent [11], and, in the wake of the successful develop-

ment of ingenol mebutate for the management of actinic

keratosis, a pre-cancerous condition [12], interest for phorboids

in the area of cancer prevention and treatment remains high

[13].

Phorbol occurs in croton oil as a mixture of di- and triesters,

generally in a ca. 1:2 ratio [6], and therefore isolation involves a

deacylation step, critical because of the sensitivity of phorbol to

isomerization to 4α-phorbol (2) by a base-induced vinylogous

retro-aldol mechanism [6]. Furthermore, phorbol strongly

retains all kinds of solvents, forming crystalline solvates of

limited stability with many common solvents, including ethanol
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[6,10]. Over the past three decades, we have been interested in

the chemistry of phorbol, and have practiced its preparation

from croton oil, evaluating various strategies to minimize the

contact with this very toxic and irritant material, simplifying the

purification strategy, and improving the storage of the final

product. After summarizing the methods previously described

in the literature, we describe in detail the protocol we have de-

veloped and its modulation according to differences in the com-

position of commercial croton oil.

Results and Discussion
The process developed by Flaschenträger [5] and then basically

used by Hecker [6] and Crombie [14] in their classic studies on

the structure of phorbol is based on the repeated extraction of

croton oil with methanol to separate phorbol esters from triglyc-

erides, and on the use of barium hydroxide as a base for the

hydrolysis, using long (4–5 days) reaction times under mild

basic conditions (pH ca. 8–9). After partition between ether and

water, and precipitation of barium as a sulfate, the water phase

is exhaustively extracted with ether and ethyl acetate, and then

evaporated. Phorbol is extracted from the residue with hot

methanol and, after filtration of the inorganic salts and evapora-

tion, the methanol extract is crystallized from ethanol. There are

two major issues with this protocol. The first one is the repeated

handling of croton oil, a very toxic and obnoxious material,

during the methanol extraction step, that requires several hours

of stirring and then of resting to achieve a good phase separa-

tion, and the second one is the capricious crystallization of

phorbol from the transesterification reaction mixture, a viscous

oil for the presence of glycerol, that requires extended periods

(four weeks according to ref. [6]). Furthermore, the unstable

ethanol solvate has to be transformed into a more stable hydrate

by recrystallization from hot water, a step that also requires a

long time (one week according to ref. [6]). Also of concern is

the overall number of operational steps (a series of over fifteen

partitions, separations and evaporations), while the recovery of

the more lipophilic and abundant phorbol triesters by methanol

extraction of the oil is problematic, since these compounds are

strongly retained in the triglyceride phase and multiple extrac-

tions are necessary to transfer them into the methanol phase,

with an estimated loss of ca 50% [15]. To cope with the diffi-

culties of the crystallization steps, protocols based on the purifi-

cation of a crude mixture of ethanol solvates of phorboids by

reverse-phase preparative flash chromatography or by counter-

current chromatography were developed [15-17]. The recovery

of the triesters could be improved by first treating croton oil

with acidic methanol to selectively remove the 20-acyl group.

Partition between methanol and hexane afforded a crude mix-

ture of phorbol diesters, that was next tritylated. After deacyla-

tion by basic treatment and chromatography, 20-tritylphorbol

(1c) was obtained, as a hydrate, in sufficient purity to be used as

starting material for the esterification [18]. This method was

originally developed by Bernd Sorg of the Deutsches Krebs-

forschung Zentrum (Heidelberg, Germany), who kindly shared

it with other researchers in the field. In our hands, it was

simpler and more efficient than the original process developed

by Flaschenträger, but it was, nevertheless, problematic for the

multigram isolation of phorbol due to the extensive handling of

the toxic croton oil and the ultra-toxic mixture of phorbol

diesters obtained in the acidic transesterification step. Further-

more, the tritylation of the crude mixture of phorbol diesters

suffered from interference from variable amounts of glyceryl

mono- and diesters co-extracted with phorbol diesters and,

presumably, already occurring in the native oil.

Since phorbol and its monoesters are not toxic, an “anticipa-

tion” of the deacylation step could afford a reaction mixture

amenable to handling under normal laboratory conditions, also

securing the recovery of phorbol triesters, difficult to selec-

tively extract from the oil with a polar solvent. This strategy is

not new in conception [16,19], but its implementation needs

improvement in the recovery of phorbol to be practical. Thus,

the water solution of phorbol and glycerol obtained after hydro-

lysis of the oil and washing with organic solvents must be evap-

orated with care, maintaining an acidic pH to minimize epimeri-

zation to 4α-phorbol [19]. Next, the recovery of phorbol from

the resulting ca 10% solution of phorboids in glycerol is diffi-

cult under both normal- and reverse-phase silica gel chromatog-

raphy, that fail to separate phorbol from 4α-4-deoxyphorbol

(3a) because of their similar chromatographic behavior and of

the presence of glycerol. As a result, the week-long crystalliza-

tion from water was still necessary [19], a process that, tedious-

ness aside, we found was accompanied by partial epimerization

to 4α-phorbol (2a) and erosion of the overall final yield.

To streamline the recovery of phorbol in the deacylation step,

croton oil was treated with sodium methylate. By replacing

hydrolysis with transesterification, it was possible to remove

fats from the detoxified reaction mixture by extraction with

petroleum ether, making dilution with water unnecessary. Pro-

vided that the pH of the reaction did not exceeded 13, retro-

aldol epimerization was also negligible, and undetectable by

TLC control. Evaporation of methanol was straightforward and

gave a solution of phorboids in glycerol as a dark thick oil that

was subjected to liquid–liquid partition to recover phorbol from

the glyceryl matrix. After considerable experimentation, we

found that glycerol could be efficiently removed from a tetra-

hydrofuran (THF) solution of the transesterification residue by

repeated washings with acidified brine. 1-Butanol and 1,4-

dioxane were far less selective, affording extracts heavily con-

taminated by glycerol, also giving problems of foaming during

their evaporation. The rationale for the selective partition be-
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tween THF, a low-boiling and easily removed solvent, and

water is unclear. The use of THF was inspired by the work of

Seebach on the solubility of peptides in ether-type organic sol-

vents in the presence of certain alkaline cations [20], and it is

not unconceivable that the interaction with sodium ions substan-

tially diversifies the relative polarity of glycerol and phorbol,

making it possible to selectively partition them. In this way, the

preparation of the diterpene polyol fraction was telescoped to

only five operational steps (treatment of croton oil with sodium

methylate, extraction with petroleum ether, evaporation, parti-

tion between THF and brine, and evaporation of THF). Purifica-

tion of phorbol from the THF extract by gravity column chro-

matography (GCC) was then straightforward, affording a semi-

crystalline ca. 5:1 mixture of phorbol (1a) and 4α-4-

deoxyphorbol (3a). The two compounds had very similar chro-

matographic behavior, but could be efficiently separated by

exploiting the efficient solubility of 3a in ethyl acetate, a sol-

vent where phorbol is insoluble. Thus, after trituration with

ethyl acetate, filtration, and washing, phorbol could be obtained

as an off-white powder (6.0 g, 1.2% from croton oil), suffi-

ciently pure for further chemical modification and devoid of 3a.

The ethyl acetate solvate of phorbol is a powder with limited

stability (weeks) also at low temperature, but crystallization

from methanol afforded large crystals of the more stable metha-

nol solvate. While the ethanol solvate of phorbol degrades in a

few days even at low temperature [21], the methanol solvate

could be stored for at least four months at 4 °C without any sig-

nificant degradation.

Transesterification with sodium methylate, and presumably also

with barium hydroxide under the milder conditions of the

Flaschenträger protocol, could not remove the α-branched acyl

group of type-B phorbol esters, and a mixture of phorbol

12-monoesters, mainly phorbol 12-tiglate (1d) and phorbol

12-(2-methylbutyrate) (1e) was obtained from the early chro-

matographic fractions. The mixture of 12-acyl phorbols that

had resisted global transesterification could not be further

hydrolyzed without epimerization to 4α-phorbol (2) and

extensive degradation, and accounted for ca 30% of the amount

of phorbol obtained from the transesterification. The recovery

of phorbol from the monoesters 1d and 1e was, however,

possible after tritylation of the primary 20-hydroxy group (vide

infra).

While this method worked well with different batches of croton

oil, with consistent yields of phorbol as EtOAc solvate in the

range of 1%, some samples gave a lower yield (0.2–0.3%)

because of incomplete transesterification. Furthermore, the

crude transesterification mixture was devoid of significant

amounts of 4α-4-deoxyphorbol (3a), and contained as major

constituent a mixture of partially hydrolyzed esters, mainly

phorbol 12-tiglate (1d) and phorbol 12-(2-methyl)butyrate (1e).

Thus, the 1H NMR spectrum (methanol-d4) of the crude phor-

boid fraction, while showing the deshielded signals of the

tiglate methine (δ ca. 6.80) and of H-1 of phorbol at δ ca. 7.60,

lacked the singlet of H-1 of 4α-4-deoxyphorbol at δ ca. 7.20.

Hydrolysis of the 12-monoesters failed under a variety of condi-

tions, including hydrazinolysis for the tiglate residue, and re-

quired conditions too basic for the survival of phorbol. On the

other hand, tritylation of the primary 20-hydroxy group had a

surprising stabilizing effect toward basic degradation, making it

possible to remove the remaining ester group. 20-Tritylphorbol

(1c) [18] obtained in this way could be directly used for the syn-

thesis of specific esters, or, alternatively, deprotected with

acidic methanol (pH 3) to phorbol. The reasons for this trityl-in-

duced stabilization are unclear, an educated guess being that the

bulky trityl group could hinder oxidative reactions based on

oxygen attack to the ring B double bond, a major degradation

pathway for phorbol derivatives, especially under basic condi-

tions [22].

Taken together, these observations revealed that two chemo-

types of croton oil exist. The high-yielding oil contains mainly

type-A phorbol di- and triesters. These phorboids have a long-

chain acyl group bound to the secondary hydroxy group at C-12

and a short chain acyl group bound to the 13-hydroxy group,

and are easily transesterified to phorbol. Conversely, the low-

yield chemotype is dominated by type-B phorbol esters, where

the long-chain ester group is located at the tertiary 13-hydroxy

group, and branched acyl groups are bound to the 12-hydroxy.

These branched acyl groups are not significantly removed by

transesterification in the pH range of stability of phorbol, even

at the more basic conditions of our protocol compared to the

classic Flaschenträger method.  Furthermore,  4α-4-

deoxyphorbol derivatives are not contained in significant

amounts in this chemotype.

Croton oil is used as a reference for in vivo anti-inflammatory

assays, like the mouse-ear erythema assay, and it is tempting to

suggest that the notoriously poor-reproducibility of the data

from this assay [23] might be related also to differences in the

composition of croton oil, since the irritancy of phorbol esters is

critically dependent on their acylation profile [6]. However, the

native phorboid profile of croton oil is still poorly characterized

in terms of analytical profile [24], and the recovery of the native

highly lipophilic phorboid esters from the lipid matrix of the oil

remains a challenge. We hope that our observations will foster

studies aimed at developing analytical methods to better charac-

terize and quantify the diterpenoid profile of this oil, whose

extraordinarily irritant properties have not only generated scien-

tific interest, but also found a place in history [25] and litera-

ture [26].
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Experimental
General experimental procedures: 1H and 13C NMR spectra

for the mixtures 1d/1e were measured on a Bruker 700 Anance

III HD (700.43 MHz; 176.13 MHz). Chemical shifts were refer-

enced to the residual solvent signal (CDCl3: δH = 7.24, δC =

77.0). Silica gel 60 (70–230 mesh) for gravity column chroma-

tography (GCC) was purchased from Macherey-Nagel (Düren,

Gerrmay). Aluminum-coated Merck 60 F254 (0.25 mm) plates

were used for TLC, visualizing the spots by UV inspection and/

or staining with 5% H2SO4 in ethanol and heating. All solvents

were of analytical grade, and were purchased from Aldrich,

while croton oil was supplied by Adipogen Life Sciences (San

Diego, USA). References samples of the batches used in this

study are kept at the Novara laboratories.

Phorbol from croton oil
a) Croton oil rich of type-A esters: In a 2 L round-bottom

flask, freshly prepared 0.3 N sodium methylate in methanol was

added dropwise (ca. 10 mL/min) to a magnetically stirred mix-

ture of croton oil (LKT Laboratories, batch number 2597837,

500 mL) and methanol (50 mL) until the pH reached a value of

12–12.5 (pH strips, 0.5 pH unit resolution). Approximatively

1 L of methylate solution was necessary to reach and stabilize

this pH value, and during the addition the amber color of the oil

initially faded, and next darkened to eventually become black

when the pH was strongly basic (>10). The course of the trans-

esterification was followed by TLC, monitoring the appearance

of the spot of phorbol [(EtOAc/MeOH 96:4 as eluent, direct

deposition from the reaction mixture, Rf (phorbol) = 0.14)], and

the lack of formation of 4α-phorbol (Rf = 0.09 in the same

eluent system). After stirring overnight, the reaction mixture,

whose pH was now around 11.5, was transferred into a 3 L

separatory funnel, neutralized with a few drops of glacial acetic

acid, and extracted with petroleum ether (5 × 300 mL). The

upper phase was initially deep yellow, but its color faded with

the successive extractions, while the lower phase remained dark

colored. Evaporation of the lower methanol phase gave a

viscous black residue that was dissolved in THF (250 mL) and

washed with brine until the lower water phase was almost color-

less (5 × 250 mL). The combined water phases were back-

extracted with THF (ca. 100 mL), and the pooled THF phases

were dried with sodium sulfate and then evaporated. A semi-

solid residue was obtained (ca. 30 g), then purified by GCC on

silica gel (250 g). The column was packed with petroleum

ether/EtOAc 5:5 and the amount of EtOAc was gradually in-

creased. Elution with petroleum ether/EtOAc 2:8 gave a crude

fraction of phorbol monoester (8.9 g, see infra or the characteri-

zation). Elution was next continued with EtOAc and finally

with EtOAc/MeOH 9:1 to afford a mixture of phorbol (1a) and

4α-4-deoxyphorbol (3a) as a semi-solid orange paste (ca. 15 g).

The paste was triturated with EtOAc (150 mL) and the suspen-

sion was cooled two hours at the refrigerator temperature and

next suction filtered to obtain phorbol as a slightly oatmeal-

colored powder (6.0 g, 1.2% from the oil). Recrystallized from

hot MeOH (35 mL) afforded 1.07 g of large colorless crystals of

a methanol solvate.

The mother liquors from the trituration with EtOAc were evap-

orated, dissolved in pyridine (20 mL), and then treated with

Ac2O (20 mL) and DMAP (cat.). After 1 h, the reaction was

worked up by the addition of a few drops of methanol to destroy

the excess Ac2O and of 2 N H2SO4, and next extracted with

EtOAc. After drying and evaporation, the residue was purified

by GCC on silica gel using petroleum ether/EtOAc 8:2 as eluent

to afford 12,13,20-triiacetyl-4α-4-deoxyphorbol (3b, 1 g) [27]

and 12,13,20-triacetylphorbol (500 mg) [27].

b) Croton oil rich of type-B esters: The oil (Alexis Biochemi-

cals, batch number 350-089-0000, 500 mL) was processed as

above. The de-glycerinated THF crude phorboid mixture was

separated by GCC to afford 9.0 g of a mixture of phorbol

monoesters and 1.0 g crude phorbol, that, when analyzed by
1H NMR was devoid of 4α-4-deoxyphorbol. A portion (1.0) of

the phorbol monoesters mixture was further purified by GCC to

obtain an orange powder, that was then washed with ether to

afford a colorless product (400 mg). This, when analyzed by
1H NMR, was a mixture of the phorbol monoesters 1d and 1e

(ca. 2:1 ratio).

Phorbol-12-tiglate (1d): 1H NMR (700.43 MHz, CDCl3) δ

7.56 (s, 1H, H-1), 5.63 (m, 1H, H-7), 4.84 (d, J = 9.8 Hz, 1H,

H-12), 4.03 (m, 1H, H-20b), 3.98 (m, 1H, H-20a), 3.17 (br d, J

= 2.5 Hz, 1H, H-10), 3.09 (m, 1H, H-8), 2.54 (m, 1H, H-5b),

2.44 (m, 1H, H-5a), 1.77 (dd, J = 2.9,1.3 Hz, 3H, H-19), 2.15

(m, 1H, H-11), 1.01 (s, 3H, H-17), 1.16 (s, 3H, H-16), 1.03 (s,

3H, H-18), 0.90 (m, 1H, H-14), 6.85 (qd, J = 7.1, 1.3 Hz, 1H,

H-3’), 1.78 (m, 3H, H-4’), 1.80 (d, J = 1.09 Hz, 1H, H-5’), 4.93

(br s, 1H, 9-OH); 13C NMR (176.13 MHz, CDCl3) δ 208.80 (s,

C-3), 160.28 (s, C-1), 140.74 (s, C-6), 133.41 (s, C-2), 129.29

(d, C-7), 79.17 (s, C-9), 87.36 (d, C-12), 73.49 (s, C-4), 67.97

(t, C-20), 60.83 (s, C-13), 56.77 (d, C-10), 43.50 (d, C-11),

38.99 (d, C-8), 38.74 (t, C-5), 35.19 (d, C-14), 27.69 (s, C-15),

22.27 (q, C-16), 17.05 (q, C-17), 16.08 (q, C-18), 10.14 (q,

C-19), 170.51 (s, C-1’), 138.66 (s, C-3’), 128.13 (s, C-2’), 14.51

(q, C-4’), 12.05 (q, C-5’).

Phorbol-12-(2-methylbutyrate) (1e): 1H NMR (700.43 MHz,

CDCl3) δ 7.55 (br s, 1H, H-1), 5.63 (br d, J = 5.1 Hz, 1H, H-7),

4.83 (d, J = 10.0 Hz, 1H, H-12), 4.03 (d, J = 12.9 Hz, 1H,

H-20b), 3.98 (d, J = 12.9 Hz, 1H, H-20a), 3.16 (br d, J = 3.3

Hz, 1H, H-10a), 3.09 (br d, J = 5.6 Hz, 1H, H-8a), 2.54 (d, J =

19.1 Hz, 1H, H-5b), 2.44 (d, br, J = 16.3 Hz, 1H, H-5a), 1.80



Beilstein J. Org. Chem. 2017, 13, 1361–1367.

1366

(dd, J = 2.9, 1.3 Hz, 3H, H-19), 2.11 (dd, J = 10.0, 6.72 Hz, 1H,

H-11), 1.04 (s, 3H, H-17), 1.17 (s, 3H, H-16), 1.00 (d, J = 6.5

Hz, 3H, H-18), 0.89 (d, J = 7.6 Hz, 1H, H-14a), 2.39 (td, J =

13.9, 7.0 Hz, 1H, H-2’), 1.65 (m, 1H, H-3’), 1.48 (tt, J = 13.7,

7.4 Hz, 1H, H-3’), 1.13 (d, J = 6.9 Hz, 1H, H-5’), 0.90 (t, J =

6.0 Hz, 3H, H-4’); 13C NMR (176.13 MHz, CDCl3) δ 208.77

(s, C-3), 160.18 (d, C-1), 140.84 (s, C-6), 133.42 (s, C-2),

129.17 (d, C-7), 79.12 (s, C-9), 87.41 (d, C-12), 73.47 (s, C-4),

67.92 (t, C-20), 60.89 (s, C-13), 56.82 (d, C-10), 43.28 (d,

C-11), 38.96 (d, C-8), 38.70 (t, C-5), 35.14 (d, C-14), 27.63 (s,

C-15), 22.37 (q, C-16), 17.24 (q, C-17), 15.92 (q, C-18), 10.13

(q, C-19), 179.68 (s, C-1’), 41.31 (d, C-2’), 26.90 (t, C-3’), 11.

67 (q, C-4’), 16.47 (q, C-5’).

Hydrolysis of the mixture of 1d/1e: A portion of the mixture

of monoesters (3.0 g) was dissolved in pyridine (30 mL) and

treated with trityl chloride (11.4 g) and cat. DMAP. After stir-

ring overnight at room temp., the reaction was worked up by

dilution with EtOAc (50 mL) and washing with 2 N H2SO4/

brine (10:1, 100 mL). After drying and evaporation, the residue

was purified by GCC on silica gel (petroleum ether/EtOAc 4:6

as eluent) to afford 3.14 g of a mixture of 20-tritylphorbol

monoesters. The latter was dissolved in methanol, and 0.3 N so-

dium methylate was added dropwise until pH reached 12.5.

After stirring overnight at room temp., the reaction was worked

up by neutralization with 2 N H2SO4, dilution with brine, and

extraction with CH2Cl2. Evaporation of the solvent left a solid

residue, that was purified by GCC on silica gel (75 g, petro-

leum ether/EtOAc 3:7 as eluent) to afford 930 mg of 20-trityl

phorbol. The latter could be directly used for the preparation of

specific 12,13-diesters. Alternatively, it was dissolved in metha-

nol (15 mL) and acidified to pH 3 with a few drops of 70%

HClO4. After 30 min, the reaction was worked up by neutraliza-

tion with NaOAc and evaporation. The residue was purified by

GCC on silica gel (15 g) using EtOAc/MeOH 95:5 as eluent, to

afford 460 mg phorbol, that was triturated with EtOAc, eventu-

ally affording 295 mg of a colorless powder.

Supporting Information
Supporting Information File 1
ESI-HRMS and 1H and 13C NMR spectra of compounds 1d
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Abstract
Two hitherto unknown fusaricidins were obtained from fermentation broths of three Paenibacillus strains. After structure elucida-

tion based on tandem mass spectrometry and NMR spectroscopy, fusaricidin E was synthesized to confirm the structure and the

suggested stereochemistry. The synthesis was based on a new strategy which includes an efficient access to the 15-guanidino-3-

hydroxypentadecanoyl (GHPD) side chain from erucamide.

1430

Introduction
Fusaricidins are lipid-modified non-ribosomal cyclic hexadepsi-

peptides containing four D-amino acids and two L-amino acids.

All of them carry an L-threonine linked to a unique 15-guani-

dino-3-hydroxypentadecanoic acid side chain through the

N-terminus. This particular ω-functionalized lipid side chain is

of key importance for the antibiotic activity of the fusaricidins

and their selective inhibition of bacterial cells due to the interac-

tion with phospholipid cell membranes [1]. Genetic analysis of

the producing organisms suggests that the biosynthesis of this

essential part of the fusaricidins most likely shows similarity to

the fatty acid synthesis pathway [2].

All fusaricidins have three amino acids (L-Thr, D-allo-Thr, and

D-Ala) in common and are mostly isolated in pairs which differ

in a single amino acid (asparagine vs glutamine). There are

several known members of the fusaricidin family which were

isolated from several strains of Paenibacillus polymyxa [3,4].

Fusaricidins exhibit antimicrobial activity against Gram-posi-

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
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tive bacteria and a wide range of fungi including Leptosphaeria

maculans, a plant pathogenic fungus responsible for the

blackleg disease on Brassica crops [5-7].

Two new compounds were obtained from fermentation of

Paenibacillus sp. strain Lu16774 as an inseparable mixture of

two homologous cyclic depsipeptides containing either gluta-

mine (in 1) or asparagine (in 2). Initially, the absolute and rela-

tive configuration of the isoleucine residue was unknown

(Figure 1). Thus, an assumed stereoisomer (containing D-allo-

Ile) of the new fusaricidin member was synthesized based on

analogy to known members of the series and compared to the

natural product [8].

Figure 1: Structure of fusaricidins E (1) and F (2).

Results and Discussion
Isolation and structure elucidation
The Paenibacillus strain was cultivated on agar plates contain-

ing GYM medium (10 g/L glucose, 4 g/L yeast extract, 10 g/L

malt extract; pH 5.5, adjusted before autoclaving) and 20 g/L

agar. The submerged cultivation was carried out for 10 to

20 days at room temperature. For maintenance, agar slants con-

taining the same medium were used and stored at 4 °C. Small

scale liquid cultures (250 mL GYM medium in 500 mL flasks)

were inoculated with 4–5 pieces of a well grown agar culture

and cultivated on an orbital shaker at 120 rpm at room tempera-

ture. Large scale fermentations were carried out in 20 L

fermenters with 15 L GYM medium inoculated with 250 mL

well grown liquid culture at room temperature with agitation

(120 rpm) and aeration (3 L/min) for 5 to 8 days. To prevent

excessive foaming, a few mL of silicone antifoam were added

prior to sterilization of the medium.

An equal volume of isopropanol was added to the culture. After

agitation for 2 h, 200 g/L sodium chloride was added to the

mixture until phase separation of the organic and aqueous phase

was visible. The isopropanol layer was concentrated in vacuo.

The resulting extract was dissolved in methanol, centrifuged for

better precipitation of salt residues, and the organic phase was

concentrated in vacuo again. This step was repeated until no

further salt precipitates were visible.

A portion of the extract (30 g) was dissolved in methanol and

adsorbed to silica gel (Merck, K60, 70–230 mesh, 50 g), dried

at 40 °C and applied onto silica gel (1 kg, column 10 cm diame-

ter, 30 cm height). Elution was carried out in four steps as

follows: ethyl acetate, ethyl acetate/methanol (3:1, v/v), ethyl

acetate/methanol (1:1, v/v) and methanol. The third fraction

containing the active compounds, was dried in vacuo and dis-

solved in 40% methanol (MeOH) in 0.1% formic acid (FA, con-

centration: 100 mg/mL). The other fractions were discarded. A

fraction (20 mL) of the sample was loaded onto a previously

equilibrated (with 40% MeOH in 0.1% FA) Chromabond HR-X

cartridge (Macherey-Nagel, 1000 mg). The cartridge was

washed with 100 mL 40% MeOH in 0.1% FA and eluted with

60 mL 70% MeOH in 0.1% FA. The sample was dissolved in

DMSO (concentration: 200 mg/mL) and 300 μL thereof were

applied to a Sunfire C18 column (19 × 250 mm, 5 μm, Waters)

and eluted as follows: 16 min at 10 mL/min, isocratic 70%

0.2% FA; 30% acetonitrile (MeCN), 1 min at 14 mL/min,

gradient to 65% 0.2% FA; 35% MeCN, 5 min at 14 mL/min,

isocratic 65% 0.2% FA; 35% MeCN. The five resulting frac-

tions were dried in vacuo and re-dissolved in DMSO (concen-

tration: 125 mg/mL). Further purification was performed using

the same column and isocratic conditions (flow: 10.5 mL/min)

adjusted for every fraction (12.5 mg per run). In the second

fraction 68% 0.2% FA; 32% MeCN was used and a single peak

was detected, consisting of an inseparable mixture of two novel

fusaricidins which were named fusaricidin E (1) and fusaricidin

F (2). The mixture (6.0 mg) was composed of 3 parts of 2 and

7 parts of its higher homologue 1 and had an optical rotation of

[α]D
25 +20.9 (c 0.6, DMSO-d6). The mass difference between

both metabolites is 14 amu. This observation was supported by

two ion peaks observed in the ESIMS spectrum at m/z 961.6

and m/z 975.6, respectively.
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Through extensive analysis of the 1 and 2D NMR data of the

major component 1, six amino acids including tyrosine (Tyr),

glutamine (Gln), alanine (Ala), two threonines (Thr1 and Thr2)

and isoleucine (Ile) were identified. NMR experiments like

COSY, NOESY and HMBC (Figure 2) clarified the sequence of

the amino acids through two or three bonds correlation.

Figure 2: NOESY /COSY and HMBC correlations of compound 1.

The spectra revealed correlations from the Thr2 NH at δ 8.50 to

the α-CH of Thr2 at δ 3.94 and the carbonyl of Tyr at δ 166.7.

The same correlations were found for the Tyr NH at δ 8.52, the

Tyr α-CH at δ 2.60 and the carbonyl of Ile at δ 170.4. The spec-

tra also showed a strong correlation of the Ile α-CH at δ 4.16

with the carbonyl signal of Ile at δ 170.4 and a weak correla-

tion with the carbonyl of Thr1 at δ 168.6. Furthermore, the

β-methine proton at δ 5.30 of Thr1 correlated with the carbonyl

signal at δ 170.4 of Ala and additionally the NH of Ala at δ 7.27

had the expected contact with Ala’s α-CH at δ 4.20. The latter

proton showed correlations with the carbonyl of the same amino

acid and the one of Gln. The NH proton of Gln at δ 8.20

displayed correlations with the methine hydrogen of Gln at

δ 3.87 and the carbonyl of Thr2 at δ 170.6. All data suggested a

cyclodepsipeptidic structure for 1. The N-atom of Thr1 was

bound to a guanidine β-hydroxy fatty acid as a key correlation

was observed between the signal of its α-methine proton at

δ 4.46 and the resonance of a carbonyl at δ 171.9. This carbon-

yl showed HMBC correlation with α-methylene protons at

δ 2.35 and the β-methine proton at δ 3.77. Additionally correla-

tions between methylene protons at δ 3.03 and the guanidine

carbon at δ 157.2 were found. The length of the side chain be-

tween the β-hydroxy and the guanidine group was affirmed by

the fragment ion observed in the APCI–MS–MS spectrum of

the parent [M + H]+ ion at m/z 256.2. Likewise, this spectrum

provided information (Figure 3) which confirmed the connec-

tion sequence of amino acids and led to elucidate the structure

of 1 and 2 as shown below.

Signals of geminal hydrogen atoms at δ 2.80, 2.52 revealed a

direct correlation with the carbon atom δ 36.3 in the HSQC

spectrum. Based on long-range H–H and H–C interactions,

these resonances were assigned to the β-CH2 group of

asparagine (Asn) in the lower homologue 2. Thus, the conclu-

sion was supported by reported data for Asn in other fusari-

cidins [9] in conjunction to fragments obtained from the tandem

mass of the parent peak at m/z 961.6 (Figure 3).

Retrosynthetic plan
For our synthesis, a novel and efficient access to the GHPD side

chain starting from erucamide (6) as an inexpensive natural

source for the required C13-fragment was developed. After

ozonolysis of the Fmoc-protected amine obtained by reduction

and alkoxycarbonylation from 6, the stereocenter should be

generated by nucleophilic addition of an allyl anion equivalent

to the resulting aldehyde 5.

Guanidine formation and ozonolysis with subsequent oxidation

to the carboxylic acid would then furnish the protected GHPD

side chain building block 3 which can then be coupled to the

cyclodepsipeptide fragment to give the desired product 1

(Scheme 1). For the synthesis of the cyclodepsipeptide portion,

a convergent route was envisaged in which the complete GHPD

side chain should be attached in solution after assembly of the

cyclodepsipeptide on solid support. The hitherto only published

synthesis of a natural fusaricidin by the Jolliffe group em-

ployed a ring closure via a lactonization in solution and subse-

quent attachment of the side chain to the cyclized depsipeptide

[10]. Since the macrolactonization approach suffered from dia-

stereoselectivity issues and low yield, it was decided to perform

an on-resin head-to-tail macrolactamization instead [11]. A sim-

ilar strategy had been used by Cudic and co-workers to synthe-

size analogs of fusaricidin A with an on resin coupling of a

12-aminododecanoic acid combined with a late stage guani-
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Figure 3: Fragmentation pattern of compounds 1 and 2.

Scheme 1: Retrosynthetic plan for the depsipeptide and GHPD side chain.
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Scheme 2: a) LiAlH4, THF, reflux, 12 h, quant.; b) Fmoc-OSu, NaHCO3, 1,4-dioxane, H2O, 0 °C to rt, 87%; c) 1: O3, DCM, –78 °C, 2: Zn, HOAc,
–78 °C to 10 °C, 66%; d) allylmagnesium chloride, 15, Et2O, –78 °C, 84%, 94% ee; e) MOMCl, DIPEA, DCM 0 °C to rt; f) piperidine, DCM, rt; g) 14,
NEt3, DCM, 49% (over 3 steps); h) 1: O3, DCM, –78 °C, 2: PPh3, –78 °C → rt, 77%; i) NaClO2, NaH2PO4, amylene, t-BuOH, H2O, rt, 80%.

dinylation to give the unnatural 12-guanidinyldodecanoic acid

side chain [12]. In order to reduce the number of linear steps,

the protected guanidino group was included in the side chain

building block in our case. This strategy would allow to

assemble the complete peptide core in a solid-phase synthesis

and to perform the solution-phase coupling without a large

excess of the GHPD side chain building block. Thus, Cudic’s

SPPS approach should be combined with the advantages of the

late stage coupling employed by Jolliffe.

Synthesis
The C13-fragment was prepared starting from erucamide (6) in

three simple operations. Reduction of the amide with lithium al-

uminium hydride, followed by Fmoc-protection and ozonolysis

furnished aldehyde 5 in 57% yield over three steps (Scheme 2).

The homoallylic alcohol was prepared by an enantioselective

Duthaler–Hafner allylation [13] with the titanium-complex 15

in high yield and 94% ee. Attempts to perform a catalytic Keck

allylation with BINOL-titanium catalysts failed due to low

conversion [14]; however, in spite of good experience with the

Maruoka–Keck allylation in another total synthesis, the conver-

sion was not satisfying in this case [15]. After protection and

guanidinylation with triflylguanidine 14, the homoallylic

alcohol 12 was subjected to ozonolysis and Pinnick oxidation to

furnish the protected GHPD acid 3 in an overall yield of 14.3%.

The peptide core was synthesized manually according to a stan-

dard SPPS Fmoc protocol using HATU and NMM in NMP

[16]. For protection of the threonine unit, it was converted into

a 2,2-dimethylated pseudoproline (ΨMe,Me'Pro). This method

has been reported to improve yields of macrolactamizations

through stabilizing the cis-configuration of the amide bond and

working as a turn inducer in peptides [17-20]. The ΨMe,Me'Pro

unit turned out not to be completely stable during the esterifica-

tion with DIC/DMAP [12] as the double acylation product 18

could be detected (Scheme 3).

Further investigations suggested DMAP to be responsible for

the cleavage of the ΨMe,Me'Pro and after reduction of the

amount of DMAP to 5 mol %, nearly no doubly acylated prod-

uct was found.
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Scheme 3: Ester bond formation with 2,2-dimethylated pseudoproline including peptide 16.

Besides the doubly acylated product, several other uncharacter-

ized byproducts were formed. Nevertheless, O-deallylation with

Pd(PPh3)4 and BH3·NHMe2 gave a high conversion to the

deprotected peptide [1]. The cyclization with PyBOP, HOBt

and DIPEA in DMF led again to the formation of numerous by-

products. In contrast to literature reports [12], it was found that

cleavage from the resin with “reagent K” [12,21] was inferior to

a TFA/TIS/H2O mixture (95:2.5:2.5). Due to the instability of

ΨMe,Me'Pro during esterification and cyclization, the isolated

yield of 19 was only 6% (Scheme 4).

To improve this, O-tert-butyl-protected D-allo-Thr was em-

ployed instead. For the O-tert-butyl-protected D-allo-Thr, clean

and complete conversion was observed during both esterifica-

tion and deprotection. This time, cyclization was performed

with PyAOP and NMM in NMP to provide 19 in an isolated

yield of 37% (Scheme 5).

Unfortunately, we observed two signal sets in NMR spectra (in-

tensity 3:1) for the product which could not be attributed to

conformers or rotamers as evidenced by variable temperature

and NOESY NMR experiments.

These results, and the fact that Cochrane also reported prob-

lems due to epimerization during macrolactonization suggested

that a partial loss of stereochemical integrity had taken place

during either cyclization or esterification [11]. The site of epi-

Scheme 4: Cyclization with 2,2-dimethylated pseudoproline including
peptide 16.
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Scheme 5: Depsipeptide cyclization and coupling with GHPD side chain.

merization could not be determined with certainty, but most

likely, the D-Ala residue was affected.

As the assumed diastereomers could not be observed or separat-

ed by HPLC, the next steps were performed with the mixture.

Performing the removal of the Cbz group with H2/Pd-C in THF,

we encountered the formation of the N-(4-hydroxybutylated)

product 25 resulting from a ring opening reaction of the solvent

(Figure 4). This side reaction has been reported for unstabilized

THF [22] while stabilized THF was used in our case.

Due to solubility problems in 1,4-dioxane and other solvents

suitable for hydrogenolysis, the deprotection was thus per-

formed in DMF [23,24]. Unfortunately, an O→N acyl shift to
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Figure 4: Byproducts from removal of Cbz group in THF and DMF.

product 26 could be observed as judged by NMR spectroscopy

when aged DMF was used for this purpose. In fresh DMF,

hydrogenolysis smoothly produced amine 7 instead. When the

crude peptide was coupled to the GHPD side chain unit 3,

HPLC showed only a single peak with the correct m/z ratio.

This compound 24 was isolated by preparative HPLC and NMR

analysis showed a single signal set, so the fate of the assumed

minor stereoisomer remains unclear and it was probably lost

during HPLC purification. The analysis also revealed that the

acylation with the GHPD side chain was selective for the amine

and no O-acylated product was formed. Side chain protecting

groups were removed to yield the natural product 1. HPLC

analysis showed only a single peak with the same retention

time, mass and fragmentation pattern as the natural product.

After purification by preparative HPLC, NMR spectroscopy

confirmed that the assumed structure and stereochemistry of the

natural product was correct (see pages S38 and S39 of Support-

ing Information File 1).

Conclusion
In summary, two new members of the fusaricidin family, fusari-

cidins E and F, were isolated from fermentation broths of

Paenibacillus sp. strain Lu16774 as an inseparable mixture of

homologs. Structure elucidation of both peptides was per-

formed with extensive NMR spectroscopy and tandem mass

spectrometry. The full stereostructure of the major component,

fusaricidin E, could be confirmed by total synthesis. It included

a macrolactamization approach combined with a late stage

attachment of the GHPD side chain which was synthesized by a

newly developed and efficient sequence starting from

erucamide. Compared to the Jolliffe strategy, yields were im-

proved and the number of solution phase transformations was

reduced. On the other hand, the yields of the Cudic synthesis

could not be reached and more steps required purification of the

respective products.

Supporting Information
Supporting Information File 1
Procedures for the synthesis and characterisation data of the

compounds.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-13-140-S1.pdf]
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Abstract
Mycolactones are a group of macrolides excreted by the human pathogen Mycobacterium ulcerans, which exhibit cytotoxic,

immunosuppressive and analgesic properties. As the virulence factor of M. ulcerans, mycolactones are central to the pathogenesis

of the neglected disease Buruli ulcer, a chronic and debilitating medical condition characterized by necrotic skin ulcers. Due to their

complex structure and fascinating biology, mycolactones have inspired various total synthesis endeavors and structure–activity rela-

tionship studies. Although this review intends to cover all synthesis efforts in the field, special emphasis is given to the comparison

of conceptually different approaches and to the discussion of more recent contributions. Furthermore, a detailed discussion of mo-

lecular targets and structure–activity relationships is provided.

1596

Review
I. Mycolactones and Buruli ulcer
Buruli ulcer is a chronic and debilitating disease characterized

by skin ulcers and necrotic cutaneous lesions. Ulcers typically

occur at the limbs and can extend to 15% of the skin surface if

untreated. The disease is caused by the pathogen Mycobac-

terium ulcerans and represents the third most common

mycobacterial infection after tuberculosis and leprosy [1-3].

At its outset Buruli ulcer usually occurs as painless subcuta-

neous swellings in the form of nodules, papules, plagues or

diffuse edema [4]. Due to their inconspicuous appearance, early

disease stages might be confused with insect bites, boils,

lipomas or diverse subcutaneous infections [3]. The ulcerative

stage is characterized by massive necrotic tissue destruction.

Lesions are mainly located in the upper and lower limbs (35%

and 55%, respectively) while only 10% occur at other parts of

the body [3]. Generally, large numbers of extracellular

mycobacteria are observed in all, the early, the pre-ulcerative

and the ulcerative disease stage without being accompanied by

granuloma formation [5]. The ulcers expand over time and can

spread over the entire extremities. However, ulceration is

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:karl-heinz.altmann@pharma.ethz.ch
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normally not accompanied by pain and fever although those

symptoms might be present in severe forms. In 5–10% of all

cases, M. ulcerans also invades the bone and causes

osteomyelitis leading to serious disabilities and severe deformi-

ties [4,6]. Although Buruli ulcer itself is rarely life threatening,

untreated disease generally results in severe functional and

aesthetic squeal [7] and increases the risk for dangerous second-

ary infections [8].

Buruli ulcer is one of currently 18 neglected tropical diseases

(NTDs) according to the WHOs classification and primarily

affects children under the age of fifteen. M. ulcerans infections

have been reported from at least 33 countries, typically in trop-

ical and subtropical regions, and represent a substantial societal

and economic burden [9]. Although the vast majority of Buruli

ulcer cases has been reported for Western sub-Saharan Africa

(especially from Ivory Coast, Benin, Ghana and the Demo-

cratic Republic of the Congo), the pathogen is also endemic in

South America, the Western Pacific region (incl. Australia) and

Asia (e.g., China and Japan). In certain highly endemic regions

like the Zou department in southern Benin, the prevalence of

Buruli ulcer can even exceed that of tuberculosis or leprosy

[10]. Since 2010, the number of reported Buruli ulcer infec-

tions worldwide has declined from almost 5000 annual cases to

approximately 2000 in 2015 [11,12], but the reasons for this de-

crease are unknown [3]. However, these numbers have to be

treated with care and numerous cases have to be assumed to

remain unreported, since only 15 countries regularly report data

to the WHO [3]. In addition, infections might often remain

unrecognized, due to poor healthcare standards in most of the

affected countries [12].

The first suspected case of a M. ulcerans infection was reported

in the early 1860s by Captain James August Grant in his

accounts of his journey with John Hanning Speke on their quest

for the source of the White Nile. In his book A walk across

Africa or domestic scenes from my Nile journal [13] a detailed

description of his condition is given that reflects the symptoms

of the edematous form of Buruli ulcer as it is occurring in

Central and Western Africa [14]. The first clinical description

of Buruli ulcer was provided in 1897 by the medical missionary

Sir Ruskin Albert Cook in Kampala (Uganda) [15]. More than

50 years later, a seminal report by MacCallumn and co-workers

from Bairnsdale hospital (Victoria, Australia) described six

patients from rural riverine areas suffering from an unknown

ulcerative infection [16]. A “mycobacterium hitherto

unrecorded and pathogenic to man” was found in the patients’

lesions. Biopsy and microscopic analysis revealed a unique

histopathological pattern in all patients that distinctly differed

from tuberculosis. However, the germ gave the typical acid-fast

stain common to all mycobacteria. As reported by Fenner et al.,

MacCallum later suggested the name Mycobacterium ulcerans

[17]. Initial attempts to cultivate the bacterium failed until it

was realized that, in contrast to M. tuberculosis that can be

grown at 37 °C, M. ulcerans requires temperatures above 25 °C,

but below 37 °C (ideally 32–33 °C) for growth [16]. This might

be one of the reasons why M. ulcerans infections in humans are

primarily limited to cutaneous tissue. Furthermore, low oxygen

concentrations were later shown to be beneficial for cultivating

this very slow growing mycobacterium [18]. A few years after

their initial characterization, infections with M. ulcerans were

also observed in today’s Democratic Republic of Congo [19]

and in Uganda [20-22]. The name Buruli ulcer was suggested in

relation to case reports from Buruli County in Mengo district

(today Nakasongola district) in Uganda [20]. Although Bairns-

dale ulcer would be the historically more correct denomination,

the WHO approved the name Buruli ulcer.

Despite the long known association of Buruli ulcer with riverine

areas and wetlands [22,23], the natural reservoir of M. ulcerans

is still elusive and due to its obscure route of transmission [12],

Buruli ulcer is sometimes referred to as the “mysterious

disease” [24]. While M. ulcerans is believed to be an environ-

mental pathogen [25], there is putative evidence that it can also

be hosted and transmitted by living organisms such as aquatic

insects [26], mosquitoes [27], fish and amphibians [28].

Upon infection, M. ulcerans is usually concentrated in a small

focus surrounded by a larger necrotic area that contains few

bacteria. Based on this observation, Connor and Lunn specu-

lated already in 1966 that M. ulcerans might excrete a diffusible

toxin [21]. In 1974, two reports by Connor and co-workers

corroborated this hypothesis by demonstrating that the injection

of culture filtrates from different M. ulcerans strains into mouse

footpads and guinea pig skin caused similar effects as the inocu-

lation with the living organism [29,30]. These studies also sug-

gested that the toxin had a molecular mass of around

100,000 Da and was moderately heat stable. Four years later, in

1978, Krieg and co-workers proposed the toxin to be a phos-

pholipoprotein–polysaccharide complex, based on studies in-

vestigating the stability of M. ulcerans extracts towards differ-

ent chemicals and enzymes [31]. The true nature of the toxin,

however, remained elusive until 1998, when Small and

co-workers identified a polyketide isolated from acetone-

soluble M. ulcerans lipid extracts as the key virulence factor

[32,33]. The initial characterization of the toxin relied on the

separation of extract components by thin layer chromatography

(TLC) and the biological characterization of the individual

bands, a process that revealed a light yellow UV-active compo-

nent to possess the highest cytopathogenic activity. Further

purification of this material by reversed-phase HPLC and subse-

quent characterization by high-resolution mass spectrometry
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Figure 1: Initial proposal for the core macrolactone structure (left) and the established complete structure of mycolactones A (1a) and B (1b) (right).

and two-dimensional NMR spectroscopy unveiled a 12-mem-

bered macrolactone substituted with two polyketide-derived

side chains (Figure 1). Based on its mycobacterial origin and its

chemical structure, this compound was named mycolactone. It

is worth noting that mycolactone represented the first polyke-

tide macrolide isolated from a mycobacterial species and was

also the first example of a polyketide acting as the virulence

factor of a human pathogen [34].

The purified toxin possessed similar in vitro cytopathogenicity

as culture filtrates from M. ulcerans and caused essentially the

same gross pathological and histopathological changes as a

M. ulcerans infection. In contrast, a mycolactone-deficient

M. ulcerans strain was not able to induce those phenotypes [32].

However, chemical complementation with mycolactone

restored the typical M. ulcerans pathology for mycolactone-

deficient strains [35]. Some chemical modifications were per-

formed on the purified extracts showing that peracetylation or

exhaustive double bond saturation by hydrogenation resulted in

a total loss of cytopathogenicity. Interestingly, washing cells

after mycolactone treatment restored cell growth, thus indicat-

ing at least a partial reversibility of the toxic effects.

The structural proposal for mycolactone that was offered by

Small and co-workers in the context of their original report on

the isolation of the toxin was only cursory. A complete two-

dimensional structure was reported shortly thereafter, although

both the absolute and relative stereochemistry of the molecule

remained unassigned at the time [36]. Importantly, an NMR

spectroscopic analysis showed that the isolated “mycolactone”

in fact consisted of a 3:2 mixture of two isomeric compounds

that were distinct by the configuration of the C4’–C5’ double

bond in the C5 (“lower”) side chain. These isomers were conse-

quently named mycolactone A (Z-isomer, 1a) and B (E-isomer,

1b, Figure 1). Although separable by reversed-phase HPLC,

neither of the isomers could be isolated in pure form, presum-

ably due to rapid (re)equilibration during or after separation.

Indeed, this presumption was later proven to be true by the

(attempted) targeted total synthesis of each isomer; as part of

this work, mycolactones A and B were shown to rapidly equili-

brate under standard laboratory conditions [37]. The prevalence

of the Z-Δ4’,5’ isomer at equilibrium can be rationalized by the

allylic strain [38] induced by the methyl groups attached to C4’

and C6’, respectively. The relative and absolute stereochemis-

try of mycolactone was then established in 2001 by Kishi and

co-workers [39,40], using a combination of model compound

synthesis and exploitation of an NMR database [41,42]. The

correctness of the assignment was subsequently verified by total

synthesis (vide infra) [43].

After the discovery of mycolactones A/B (1a,b), eight

congeners (mycolactones C (2), D (3), E (6) and its minor oxo-

metabolite (7), F (8) and dia-F (9), S1 (4) and S2 (5)) (Figure 2)

were discovered in extracts from different M. ulcerans strains

and closely related mycobacteria. Given their close genetic rela-

tionship [44], it has been suggested that all currently known

mycolactone-producing bacteria should be reclassified as

M. ulcerans [45]. Within this review, however, the originally

proposed species names (M. marinum, M. ulcerans ecovar

liflandii, M. pseudoshottsii, M. ulcerans subsp. shinshuense)

will be used.

It should also be noted at this point that the nomenclature used

for mycolactones is not consistent throughout the literature. In

this review, we will use the term “mycolactone A/B” to refer to

the equilibrated mixture of mycolactone A and mycolactone B;

in contrast, and following common literature practice, all other

mycolactones (vide infra) are denoted by appending a single

letter to the name mycolactone, although preparations of these

different variants that are obtained either by isolation or by total

synthesis are mixtures of double bond isomers and used as such

in biological experiments. As for atom numbering, the carbon

atoms in the 12-membered macrolactone ring are designated as

C1–C11 (with the carbonyl carbon of the lactone ester group as
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Figure 2: Mycolactone congeners and their origins.
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Figure 3: Misassigned mycolactone E structure according to Small et al. [50] (11) and the correct structure (6) first proposed by Leadlay et al. [56].

C1), those in the carbon-linked (“upper”) side chain as

C12–C20 and those of the oxygen-linked (“lower”) side chain

as C1’–C16’ (with the carbonyl carbon of the exocyclic ester

group as C1’). Finally, in our terminology, the term “mycolac-

tone core” refers to the C1–C11 macrolactone ring (including

the OH group on C5) without the C12–C20 side chain, while

the term “extended core” encompasses the entire C1–C20 seg-

ment. Consequently, the upper side chain comprising C12–C20

will be referred to as “core extension.”

The discovery of mycolactones other than mycolactone A/B

(1a,b) was initially triggered by the observation that

M. ulcerans strains from Asia, Mexico, and Australia were

apparently less virulent than African strains [46]. Intriguingly,

these differences seem to translate into differences in the specif-

ic pathology of M. ulcerans infections [46]. For example,

osteomyelitis, a pathology regularly observed in association

with M. ulcerans infections in Benin [6] is absent in Australia

or Mexico. Likewise, the plaque form of Buruli ulcer which is

also found in Benin has not been reported in Australia [47].

Finally, Asian strains seem to be less virulent than their African

complements [48-50]. These observations led the Small group

to analyze partially purified mycolactones from M. ulcerans

isolates of different geographical origin by TLC, (LC–)MS and

in a cytopathogenicity assay [47,51]. These studies suggested

the presence of at least two additional mycolactone congeners,

with the dominant mycolactone variant found in Australian

strains lacking one oxygen atom. Importantly, this compound,

which was termed mycolactone C (2), had a lower cytopatho-

genic activity than mycolactone A/B (1a,b), thus offering a

rationale for the lower virulence of Australian M. ulcerans

strains. Asian strains contained significant amounts of a variant

that was denominated mycolactone D (3) and which was

hypothesized to contain an additional oxygen atom; in addition,

the presence of minor amounts of the (non-acylated) extended

mycolactone core was demonstrated. These findings were

subsequently confirmed by Spencer et al. employing

LC−sequential mass spectrometry (LC–MSn) analysis, which

suggested that the various mycolactone congeners only differ in

the exact structure of the polyunsaturated side chain. More

specifically, they concluded that mycolactone C (2) is distinct

from mycolactone A/B (1a,b) by a lack of the hydroxy group at

C12’ [52], a proposal that was finally verified by Kishi and

co-workers by means of total synthesis (vide infra) [53]. The

structure of mycolactone D (3) was later re-investigated by

Leadlay and co-workers applying LC−sequential and high-reso-

lution mass spectrometry in combination with deuterium

exchange experiments [54]. Instead of the additional hydroxy

group proposed by the Small group, these studies provided

strong evidence for mycolactone D (3) to feature an extra

methyl group at the C2’-position. However, ultimate proof for

the structure of mycolactone D (3) is still elusive.

More recently, it was discovered that not only M. ulcerans but

also the fish pathogens M. marinum and M. pseudoshottsii and

the frog pathogen M. ulcerans ecovar liflandii are capable of

producing mycolactones. In contrast to M. ulcerans, those

organisms cause systemic infections [50,55], probably enabled

by the lower body temperature of their poikilothermic hosts. In

2005, the Small [50] and the Leadlay [56] group independently

discovered mycolactone E (6) from M. ulcerans ecovar liflandii,

a pathogen that causes lethal infections in Xenopus frogs. This

congener differs from mycolactone A/B (1a,b) in the lower side

chain by the lack of the C8'–C9' segment, the replacement of

the terminal methyl group by ethyl, and the absence of one

hydroxy group. A different structure of mycolactone E (6) had

originally been proposed by the Small group (11, Figure 3) after

partial TLC purification and subsequent high-resolution mass

spectrometry and 1H NMR spectroscopy (although no NMR

data are shown in their report) [50]. Shortly afterwards, the

Leadlay group proposed structure 6 (Figure 2) based on tandem

mass spectrometry in conjunction with oxidative degradation

and deuterium exchange experiments [56]. In spite of the chal-

lenge posed by the severely limited availability of natural mate-
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rial for structural analysis, Kishi and co-workers later demon-

strated by total synthesis (vide infra) that the Leadlay structure

was the correct one [57]. Besides mycolactone E (6), a minor

metabolite (7) with a keto group replacing the hydroxy function

at the C13’-position was found in M. ulcerans ecovar liflandii

lipid extracts [50,56]. Again, the structure was finally estab-

lished by Kishi and co-workers using a combination of total

synthesis and HPLC on a chiral stationary phase [58]. Of note,

the shorter conjugated system in these tetraenoate derivatives

causes a different pigmentation of the respective mycobacteria.

While M. ulcerans colonies generally possess a light yellow

color, M. ulcerans ecovar liflandii colonies are light orange

[50].

In 2006, mycolactone F (8), a congener found in certain fresh

water fish-infesting M. marinum strains and in M. pseu-

doshottsii, was first described by Small and co-workers [55].

With its molecular weight of 700 Da, mycolactone F is the

smallest member of the mycolactone family known to date. A

structure was proposed by the Small group based on mass frag-

mentation and 1H/2D NMR spectroscopic data. This structure,

which features a tetraenoate (lower) side chain with a terminal

1,3-diol motif was once again confirmed by total synthesis in

the Kishi laboratory; the relative and absolute stereochemistry

of the compound was assigned by NMR in conjunction with

HPLC on a chiral stationary phase [59]. Of note, the stereo-

chemistry of the 1,3-diol motif of the polyunsaturated side chain

of mycolactone F (8) is antipodal to the same motif in all other

natural mycolactones with known configuration. Intriguingly,

salt water fish-infesting M. marinum produces a remote dia-

stereomer [60] of mycolactone F (dia-mycolactone F, 9) that

exhibits the regular configuration of the 1,3-diol motif at the

end of the lower side chain [61]. Most recently, the Kishi labo-

ratory isolated two new mycolactone family members, mycolac-

tones S1 (4) and S2 (5), from the Japanese strain M. ulcerans

subsp. shinshuense [62]. Both of these new variants are

oxidized derivatives of mycolactone A/B (1a,b) bearing a keto

group at the C15’-position; in addition, mycolactone S2 incor-

porates an extra hydroxy group at C14’.

The first and currently only mycolactone originating from a

genetically engineered biosynthetic pathway was isolated by

Leadlay and co-workers in 2007 [63]. Thus, the cloning of a

CYP450 hydroxylase gene from a related strain into the

M. marinum DL045 strain produced a mycolactone F variant

with a formyl group attached to C8’ and a single bond between

C8’ and C9’ (mycolactone G, 10).

Due to its unspecific appearance at early stages, the diagnosis of

Buruli ulcer is non-trivial and no point-of-care rapid diagnostic

test is currently available [64]. Identification of the infection

generally relies on the experience of local health professionals.

Subsequent laboratory testing to confirm the clinical diagnosis

might then be performed by 1) direct smear examination for

acid-fast bacilli; 2) in vitro culture; 3) polymerase chain reac-

tion (PCR), targeting the genomic region IS2404; and 4)

histopathological examination [64]. Alternatively, serological

testing has been proposed and promising results were obtained

in a case control study in Ghana [65]. More recently, the detec-

tion of mycolactone from patient biopsy samples via LC–MS

[66] and RNA aptamer binding [67] has been suggested, but the

suitability of these methods for broad application in endemic

areas is questionable. The WHO recommends at least two dif-

ferent confirmative tests for a conclusive diagnosis. In clinical

practice, however, disease management without microbiolog-

ical confirmation of the diagnosis is common. To improve this

situation, non-invasive diagnostic tools that are cost-efficient,

operationally simple and do not require sophisticated laborato-

ry equipment are required. A method that fulfills these require-

ments and that relies on thin layer chromatography (TLC) for

mycolactone separation was recently introduced by Kishi and

co-workers [68]. While the UV-based quantification of myco-

lactones on TLC plates is hampered by a high detection limit

(20–30 ng) and requires access to difficult to store reference

samples, Kishi and co-workers have devised a more sensitive,

specific detection method that is based on the chemical derivati-

zation of mycolactone A/B (1a,b) with a 2-naphthylboronate-

based fluorogenic chemosensor (Figure 4). The latter com-

plexes the 1,3-diol moiety proximal to the pentaene motif of the

lower side chain, thus resulting in enhanced fluorescence emis-

sion intensity of the mycolactone band upon irradiation with

365 nm UV light. This method allows the detection of as little

as 2 ng of mycolactone within a considerably reduced back-

ground and it is specific for mycolactones A/B (1a,b), C (2),

and D (3, no data for mycolactones S1 and S2 available). Myco-

lactones E (6) and F (7) do not yield fluorescent spots or bands.

The method has been validated for a mouse footpad model of

M. ulcerans infection [69] and for skin tissue samples from

Buruli ulcer patients [70]. With a detection rate of 73%, TLC

proved superior to microscopy (30–60%) or culture (35–60%)

and comparable to histology (82%), but inferior to PCR

(92–98%) [71,72].

Although spontaneous healing may occur in rare cases [73],

early and continuous treatment is generally considered crucial

for avoiding long-term damage by the Buruli ulcer disease [74].

It is beyond the scope of this review to detail the currently

established or exploratory treatment options for Buruli ulcer;

this topic has been reviewed elsewhere [75,76]. Suffice it to say

that the WHO recommends combination treatment with oral

rifampicin (10 mg/kg once daily) and intramuscular strepto-

mycin (15 mg/kg once daily) over eight weeks [75].
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Figure 4: Schematic illustration of Kishi’s improved mycolactone TLC detection method exploiting derivatization with 2-napthylboronic acid as a fluo-
rescence enhancer.

II. Biological effects of mycolactones and
mechanisms of action
Although Buruli ulcer is associated with extensive fat cell

necrosis at the sites of infection, the ulcers are typically accom-

panied by minimal pain or inflammatory response. These

macroscopic observations reflect the cytotoxic [32], immuno-

suppressive [35,77] and analgesic [78] properties of mycolac-

tones. Although these properties seem fairly general, mycolac-

tone-promoted effects are still multifaceted and strongly depend

on the cell line investigated. A detailed discussion of cell-type

specific effects can be found in a recent review by Sarfo et al.

[79]. Therefore, cellular effects of mycolactones will be dis-

cussed here only briefly, while emphasis is placed on their mo-

lecular targets.

Even at very low, non-toxic concentrations pure mycolactones

or M. ulcerans culture supernatants suppress innate and adap-

tive immune response. For example, mycolactone treatment

leads to a marked reduction of cytokine expression levels in

human monocytes [77,80] and T-lymphocytes [77], although

not all cytokines are affected [81]. In fact, the mycolactone-

mediated downregulation of the immune response and preven-

tion of the recruitment of inflammatory cells to the infection site

might be crucial for Buruli ulcer pathogenesis [35,81]. With in-

creasing concentrations, the cytotoxic effects of mycolactone

become more prominent. These are typically accompanied by a

profound structural change in the cytoskeleton followed by cell

cycle arrest in the G0/G1 phase. Ultimately, cell death, mainly

via apoptosis, is observed in vitro and in vivo [32,33,82]. It is

worth mentioning that in certain cell types, e.g., adipocytes, cell

death via necrosis is dominant over apoptosis [83].

The most commonly used cells to study the cytopathogenicity

of mycolactones are murine L929 fibroblasts, which are

extremely mycolactone-sensitive. Upon exposure to natural

mycolactone A/B concentrations as low as 0.025 ng/mL

(0.034 nM), L929 cells show cytoskeletal rearrangements at

12 h, cell rounding within 24 h and a loss of adhesion along

with growth arrest after 48 h [32]. At this point, the effect of the

toxin seems to be still reversible, since washed cells are capable

of regrowth. Upon extended exposure (3 to 5 days), murine

L929 fibroblasts undergo apoptosis at mycolactone A/B con-

centrations as low as 3 ng/mL (4 nM), while very high concen-

trations (15 µg/mL) cause cell death via necrosis within 4 h

[35]. Interestingly, the addition of the pan-caspase inhibitor

Boc-Asp(OMe)-fluoromethylketone [84] prevented apoptosis,

while a normal cytopathogenic effect and subsequent cell death

by necrosis was observed. Mycolactone A/B is also highly cyto-

toxic to keratinocytes [85], dendritic [81], and endothelial cells

[86], while T cells [87,88] and macrophages [80,89] are less

sensitive. Strikingly, no toxic potential was observed against

human hepatoma HuH7 or human embryonic kidney HEK293 T

cells [85]. Intriguingly, mycolactone A/B lacks antimicrobial

activity [90], which suggests that the defense against competing

microorganisms was not the evolutionary driver for the emer-

gence of the toxin.

It is generally assumed in the literature that mycolactones reach

their cellular targets by passive diffusion [91]. Based on compe-

tition experiments with the fluorescent, boron-dipyrromethene

(BODIPY)-labeled mycolactone analog 12 (Figure 5) which

was obtained by chemical modification of natural mycolactone

A/B (1a,b), Synder and Small concluded that mycolactone

uptake is non-competitive and non-saturable. The compound

quickly penetrated L929 fibroblasts and appeared to be local-

ized in the cytoplasm, without any significant binding to the

nucleus, mitochondria or actin being detectable. Similar results

were obtained by Blanchard and co-workers with the fully syn-
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Figure 5: Fluorescent probes derived from natural mycolactone A/B (1a,b) or its synthetic 8-desmethyl analogs (13a,b).

thetic 8-desmethylmycolactone analog 13, which bears a

BODIPY tag as a partial replacement for the core extension

[92]. According to unpublished data from the Demangel group,

corroborative results were obtained in human lymphocytes and

epithelial cells exposed to a 14C-labeled form of the toxin [63].

Several molecular targets of mycolactone (A/B) have been iden-

tified so far, the first ones being the Wiskott–Aldrich syndrome

protein (WASP) and the related neuronal Wiskott–Aldrich

syndrome protein (N-WASP) that were discovered by

Demangel and co-workers in 2013 based on experiments with a

biotinylated mycolactone probe [93]. The WAS family

comprises five scaffolding proteins that are crucially involved

in the dynamic remodeling of the actin cytoskeleton [94]. While

N-WASP is ubiquitously expressed, WASP is only found in

cells of the hematopoietic lineage and appears to be critically

involved in the regulation of the immune system [95]. WASP

and N-WASP exist in a basal auto-inhibited state, a closed con-

formation in which the C-terminal verprolin homology, cofilin

homology, and acidic (VCA) region interacts with a control

region located at the N-terminus [96]. Upon cooperative

binding of the cell division control protein 42 homolog

(CDC42) and phosphatidylinositol 4,5-bisphosphate (PIP2), a

conformational change is induced, which allows the (N-)WASP

VCA domain to bind to and activate the cytoskeletal organizing

complex ARP2/3, which in turn stimulates actin polymeriza-

tion. Mycolactone A/B was found to bind to the CR1 domain of

N-WASP and the CR7 domain of WASP about 100 times more

tightly (Kd = 20–70 nM in both cases) than the natural ligand

CDC42, thus triggering uncontrolled ARP2/3-mediated

assembly of actin. As a consequence, mycolactone A/B causes

impaired cell adhesion and defects in the migration of epithelial

cells (e.g., increased cell motility accompanied by a loss of

directionality). Mycolactone binding to WASP was also demon-

strated by means of a fluorescent mycolactone-derived probe,

which co-localized with active WASP to a small but significant

extent in Jurkat T cells. At the same time, wiskostatin, a known

N-WASP inhibitor [97] was found to counteract some of the

effects of mycolactone (e.g., impaired cell adhesion in HeLa

cells). Wiskostatin also suppressed the thinning of skin caused

by mycolactone in a mouse model, thus indicating that

N-WASP hyperactivation is indeed critically involved in the

epidermal destruction seen in Buruli ulcer. Unfortunately, no

X-ray or NMR data on WASP-bound mycolactone are avail-

able at this point and the interactions between mycolactone and

WASP on a molecular level thus are still elusive.

More recently, Simmonds and co-workers [89,98] have provi-

ded evidence for a strong inhibitory effect of mycolactone on

the Sec61 translocon. Earlier investigations from this group on

human monocytes had indicated that the production of inflam-

matory mediators such as cytokines (e.g., TNF, IL-1β, IL-6,

IL-10, and IP-10), chemokines (e.g., IL-8), and effector mole-

cules like COX-2 was suppressed by subtoxic doses of purified

natural mycolactone without any change in the corresponding

mRNA levels [80]. A post-transcriptional mechanism was thus

suggested to account for the discrepancy between mRNA and

protein levels. Similar conclusions were later drawn by

Demangel and co-workers [87]; intriguingly, however, myco-

lactone exposure affected only a subset of the proteome in

human monocytes. Subsequent studies on human RAW264.7

macrophages then led to the hypothesis that rather than

blocking translation, mycolactone A/B would block transloca-

tion of secretory proteins into the endoplasmic reticulum (ER)

[89,99]. Nascent secretory proteins that are not translocated

into the ER are usually rapidly degraded by the 26S protea-

some. Consistent with this, mycolactone treatment in the pres-

ence of a proteasome inhibitor restored COX2 and TNF produc-

tion in RAW264.7 cells and both proteins were found in the

cytosol.

Translocation of secretory proteins into the ER is mediated by

the Sec61 complex, a protein conducting channel that consists

of three monomeric subunits, Sec61α, β and γ. Blockade of the
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Sec61 translocon by mycolactone was confirmed in several

translocation assays. Of 18 cytokines produced in RAW264.7

cells after LPS stimulation, 17 were almost completely

suppressed by mycolactone, generally with IC50 values of

around 60 nM. Metabolic labeling experiments indicated that

mycolactone exposure caused an almost complete blockage of

the production of secretory and N-glycosylated proteins, which

are generally processed in the ER [100]. In contrast, only minor

changes in the levels of cytosolic proteins were detected. Simi-

lar results were obtained with human dermal microvascular en-

dothelial cells (HDMVEC), murine L929 fibroblasts and HeLa

cells. Mechanistic studies in a cell-free system then showed that

mycolactone efficiently inhibited the co-translational transloca-

tion of polypeptides into the ER, while the post-translational,

ribosome-independent translocation of short secretory proteins

(SSPs) is only partially affected. Together with the results of

cross-linking experiments, these data indicate that mycolactone

interferes with the ribosome–nascent chain (RNC)-Sec61 com-

plex. Similar conclusions were recently derived from an inde-

pendent study by Demangel and co-workers, who confirmed by

global proteome analysis via stable-isotope labeling with amino

acids in cell culture (SILAC) [101] in T cells that mycolactone

A/B is a broad-spectrum Sec61 inhibitor [102]. The mycolac-

tone binding site on Sec61 appears to be located near a luminal

plug of the Sec61α subunit, as the mutation of Arg66 in Sec61α

to Gly renders Sec61 insensitive to mycolactone. The expres-

sion of this mutant in T cells restored their homing potential and

effector functions, while expression in macrophages restored

their IFN-γ-mediated bactericidal response, a critical factor for

early host defense [103].

Interestingly, based on data from both the Simmonds as well as

the Demangel group, WASP does not seem to play a major role

for the immunosuppressive effects of mycolactone. Neither did

the WASP inhibitor wiskostatin restore the production of secre-

tory proteins nor did the silencing of (N)-WASP by RNA inter-

ference alter the suppression of secretory and membrane pro-

tein production by mycolactone.

The angiotensin pathway was identified as a third target of

mycolactones by Brodin and co-workers in 2014 [104]. It has

been known for some time that mycolactone is responsible for

the local analgesia and the consequent painlessness of

M. ulcerans infected lesions [78], a phenomenon that until

recently was ascribed to the destruction of nerve bundles

[78,105]. However, this assumption seems inconsistent with the

fact that nerve damage only occurs at advanced stages of the

infection, while lesions are painless from its very onset. In fact,

Brodin and co-workers could demonstrate that the injection of

either mycolactone A/B (1a,b) or a GFP-expressing M. ulcerans

mutant into mouse footpads was associated with a rapid onset of

analgesia that was reversible and not accompanied by macro-

scopic or ultrastructural signs of nerve destruction and hypoes-

thesia. Subsequent experiments revealed that mycolactone

exposure caused hyperpolarization of neurons derived from

PC12 cells that was mediated by the TRAAK potassium

channel. Finally, screening of a siRNA library targeting 8000

host genes identified the angiotensin type II receptor (AT2R) as

the molecular target of mycolactone, which was confirmed by

genetic knockout in vitro and in vivo and by chemical inhibi-

tion. In a competition binding assay mycolactone was able to

displace the potent radiolabeled agonist [125I]-CGP42,112A

(Kd = 0.01 nM) [106,107] with an IC50 value of 3 µg/mL (cor-

responding to 4 µM). Binding of mycolactone A/B to AT2R

was found to trigger the activation of phospholipase A2, result-

ing in the release of arachidonic acid. The latter can be con-

verted into prostaglandin E2 (PGE2), which was shown to acti-

vate TRAAK channels. In line with this mechanistic model,

cyclooxygenase (COX) 1 and prostaglandin-E synthase 2,

which are central for PGE2 biosynthesis from arachidonic acid,

were found to be essential for mycolactone-mediated hyperpo-

larization; in contrast, genetic or chemical abrogation of COX2-

activity was inconsequential. The conclusions of Brodin and

co-workers have recently been challenged by Anand and

co-workers, who described a destructive effect of mycolactone

A/B on human and rat nociceptive dorsal root ganglia (DRG)

neurons [108]. Furthermore, mycolactone-treated DRG neurons

showed a reversible and dose-dependent decline in capsaicin

response, potentially indicating an interaction of mycolactone

A/B with the transient receptor potential cation channel

subfamily V member 1 (TRPV1, vanilloid receptor 1) [109]. On

the other hand, co-treatment with either angiotensin II or the

AT2R antagonist EMA401 [110] did not alter the morphologi-

cal and functional defects provoked by mycolactone, thus

putting into question the proposed role of the angiotensin II re-

ceptor in mycolactone-promoted analgesia.

Very recently, the Pluschke laboratory in collaboration with our

own group identified the mammalian (more recently: mechanis-

tic) target of rapamycin (mTOR) pathway as a key player in the

pathogenesis of Buruli ulcer [111]. As a principal regulator of

cell fate decisions, mTOR interacts with different proteins to

form the multiprotein complexes mTOR complex 1 and 2

(mTORC 1 and 2), which trigger different downstream

signaling cascades. As the core component of these complexes,

mTOR exhibits protein kinase activity and phosphorylates a

variety of downstream meditators. One of the principal sub-

strates of the mTORC2 complex is the serine/threonine kinase

Akt, which gets activated upon phosphorylation at Ser473

[112]. Disruption of the mTORC2 complex or inhibition of its

kinase activity causes Akt inactivation via dephosphorylation

that results in the dephosphorylation and activation of Akt-
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Figure 6: Tool compounds used by Pluschke and co-workers for elucidating the molecular targets of mycolactones.

targeted transcription factors including forkhead box O1 and O3

(FoxO1 and FoxO3) [113,114]. Upon translocation to the nucle-

us, dephosphorylated FoxOs induce the expression of target

genes such as BCL2L11, which encodes the pro-apoptotic Bcl-

2-like protein 11, also referred to as BIM. Moreover, FoxOs can

trigger apoptosis via the Fas death receptor signaling pathway

[115]. In early investigations, we studied the toxicity of synthe-

tic mycolactone A/B on L929 fibroblasts pre-treated with the

pan-caspase inhibitor Z-Val-Ala-Asp-[OMe]-fluoromethyl ke-

tone (Z-VAD-FMK) [116], the autophagy inhibitor 3-methyl-

adenine [117] and necrostatin 1 [118], an inhibitor of pro-

grammed necrosis and found that mycolactone-treated cells die

by apoptosis. Interestingly, the addition of wiskostatin, which

was previously shown to counteract cytotoxic effects of myco-

lactones [93], even enhanced mycolactone toxicity. By using a

real-time PCR (qPCR) screening of 84 genes involved in the

regulation of apoptosis, autophagy and necrosis, a strong

increase in the mRNA transcripts encoding for the BH3-only

protein Bim and the Fas receptor was observed. Both translated

into an increase of the respective protein levels and into the

emergence of apoptosis markers such as cleaved caspase 3 and

8, which correlated well with the time course of mycolactone-

mediated apoptosis. Silencing Bim and Fas by RNA interfer-

ence proved that Bim is the key driver of mycolactone-medi-

ated apoptosis while Fas upregulation may represent a passive

bystander effect. Based on these results and considering the

remote similarity of mycolactones with rapamycin, the mTOR

pathway was contemplated as a potential molecular target. To

put this hypothesis to test, the effect of mycolactone treatment

on the phosphorylation of the mTORC1-targeted ribosomal pro-

tein S6 (rpS6) and the mTORC2-targeted kinase Akt was inves-

tigated in L929 fibroblast and Jurkat T cells. Strikingly, myco-

lactone treatment abolished both, S6 and Akt phosphorylation.

Since mycolactone A/B did not directly interfere with the

kinase activity of mTOR and caused a time-dependent gradual

loss of mTORC1/2 signaling capacity, it was hypothesized that

mycolactone interferes with the mTOR complex assembly. This

hypothesis was confirmed by immunoprecipitation of the

respective mTOR complexes at different time points after

mycolactone treatment. Of note, the blockade of mTORC2

assembly by rapamycin [119] followed a similar time course as

observed for mycolactone A/B. Subsequent Western blot analy-

sis of L929 whole cell lysates proved the complete abrogation

of FoxO3 phosphorylation at the Akt target site after 12 h of

mycolactone treatment, which is in line with the time course of

Akt inactivation. In accordance with these results, stable over-

expression of constitutively active Akt (Myr-Akt) [120] rescued

L929 fibroblasts from mycolactone-promoted apoptosis while

silencing FoxO3 by RNA interference was only partially protec-

tive. The latter finding might be explained by the compensating

effects of other FoxO proteins. Two synthetic mycolactone-

derived probes bearing a biotin tag as a substitute of the lower

side chain (15) or attached at C20 of the core extension (16,

Figure 6) were used to investigate whether mycolactone

supresses mTOR signaling in a similar fashion as rapamycin.

The latter is known to bind to the FK506-binding protein
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FKBP12. Strikingly, target fishing in L929 whole cell lysates

using these two tool compounds identified FKBP12 in the pre-

cipitates obtained with 16, but not with 15. In line with those

observations and with published SAR (vide infra) [90], the

simplified analog 14 with a truncated lower side chain caused

neither inhibition of mTORC2 activity nor up-regulation of

Bim. Furthermore, the suggested interaction of mycolactone

A/B with FKBP12 is supported by the protective effects of an

excess of FK506 against mycolactone-induced apoptosis. How-

ever, further experimental validation of the mycolactone-

FKBP12 interaction, e.g., by SPR, NMR or X-ray crystallogra-

phy, would be highly appreciable. Finally, we also demon-

strated the key role of mycolactone-triggered Bim-mediated ap-

optosis in vivo. To this end, the food pads of wild-type (WT)

and homozygous Bim and Fas knockout mice (Bim−/− and

Fas−/−) were infected with M. ulcerans. Intriguingly, WT and

Fas−/− mice showed the typical Buruli ulcer phenotype, while

Bim−/− mice were devoid of the typical Buruli ulcer-like symp-

toms. Moreover, Bim−/− mice were able to contain the

M. ulcerans infection suggesting that infiltrating phagocytes are

able to eliminate M. ulcerans if they are not killed by the

excreted toxin.

III. Total synthesis of mycolactones
The fascinating biology and the challenging structural features

of mycolactones have attracted significant interest from

research groups worldwide with a focus on natural product syn-

thesis. In this chapter the synthetic work on mycolactones that

has been reported by the groups of Kishi, Negishi, Burkart,

Altmann, Aggarwal, Gurjar, Feringa, Minnaard, Blanchard and

Dai will be discussed. As a consequence of the enormous

amount of work published in the field, not every single aspect

of this research can be covered. While trying to be as compre-

hensive as necessary, we will focus on highlighting conceptual

differences between different total syntheses and synthesis

plans (even if not fully implemented) and exceptional chem-

istry that has emerged from these efforts. Moreover, a summary

assessing synthetic efficiency by step count and overall yield

will be provided for each synthesis. In this context, we will

define a "step" as one in which a substrate is converted to a

product (irrespective of the number of transformations) without

intermediate workup [121]. For detailed information the inter-

ested reader is referred to the literature cited.

III.1. Syntheses of the mycolactone core
Currently, all mycolactone partial and total syntheses share the

(projected) final esterification of the C5-hydroxy group of the

appropriately protected extended mycolactone core with the

respective polyunsaturated fatty acid under Yamaguchi condi-

tions (Figure 7). Two principal approaches have been used to

establish the 12-membered macrolactone ring, namely (1) ring-

closure by macrolactonization, the approach followed by Kishi,

Negishi and Aggarwal, or (2) ring-closing olefin metathesis

(RCM) to form the C8–C9 double bond, which is part of

Burkart’s and Altmann’s syntheses of the mycolactone core and

of Blanchard’s synthesis of its 8-desmethyl derivative.

A common element between Kishi’s 1st generation approach

and Negishi’s and Aggarwal’s strategies consists in the

assembly of the entire linear C1–C20 fragment prior to macro-

cyclization. For most other syntheses, namely Kishi’s 2nd and

3rd generation approaches, Burkart’s 3rd generation strategy as

well as Altmann’s and Blanchard’s approaches, full elaboration

of the upper (C12) side chain is performed only after formation

of the macrocycle. Moreover, the majority of syntheses (all of

Kishi’s syntheses, Burkart’s 3rd generation synthesis,

Altmann’s and Blanchard’s syntheses) relied on the construc-

tion of the C13–C14 bond by means of palladium-mediated

C(sp2)–C(sp3) cross-coupling between a C1–C13 and a

C14–C20 fragment. As one of two exceptions, Negishi's myco-

lactone synthesis features the final assembly of the C1–C20

seco acid via formation of the C9–C10 bond by an epoxide-

opening reaction with an alkyne-derived alkenyl trialkylalumi-

nate. A distinct strategy was also chosen by the Aggarwal

group, which connected the linear C1–C11 fragment to the

C12–C20 fragment employing their lithiation–borylation

homologation methodology; the required fragments were also

obtained by the sequential application of this methodology. Of

note, Burkart’s 1st generation approach aiming to assemble the

cyclized C1–C14 fragment with the C15–C20 extension was

unsuccessful, since the keto group located at C14 failed to

undergo Wittig, HWE or Julia olefination with the respective

C15–C20 fragments.

The most extensive contributions to the synthesis of mycolac-

tones have come from Kishi and co-workers, who pioneered the

synthesis of the extended mycolactone core structure. The

group’s approaches to this problem have evolved over time,

leading to three distinct generations of syntheses. The 1st gener-

ation synthesis [39] was developed in 2001 with the intention to

confirm the mycolactone core structure, including the unambig-

uous assignment of its relative and absolute stereochemistry. In

their 2nd generation approach [122], published in 2007, Kishi

and co-workers increased the overall efficiency of the synthesis

by reorganizing the assembly of the principal fragments and by

optimizing the key C(sp2)–C(sp3) Negishi cross-coupling reac-

tions as well as the choice of protecting groups. The 3rd genera-

tion approach [123], published in 2010 was developed with a

main focus on scalability. Alternative access routes to key frag-

ments allowed the efficient synthesis of multigram quantities of

late stage intermediates. Finally, 1.3 g of the highly pure ex-

tended mycolactone core were prepared.
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Figure 7: Synthetic strategies towards the extended mycolactone core. A) General strategies. B) Kishi’s approaches. C) Negishi’s approach.
D) Altmann’s, Blanchard’s and Burkart’s approaches. E) Aggarwal’s approach. PG = protecting group.

Kishi’s 1st generation synthesis of the mycolactone core struc-

ture is depicted in Scheme 1. It relied on two consecutive

Negishi cross-coupling reactions [124] to construct the linear

C1–C20 fragment, which was to be cyclized by macrolactoniza-

tion [39].

Vinyl iodide 19, corresponding to the C14–C20 part of the core

extension, was synthesized from literature-known aldehyde

(R)-17, which defined the configuration of the C19 stereocenter

(mycolactone numbering, see Figure 1). Aldehyde (R)-17 can

be easily prepared from commercially available methyl (R)-3-

hydroxybutyrate ((R)-47, see Scheme 4) in two steps, namely

TBS protection followed by selective reduction with DIBAL-H

[125]. Aldehyde (R)-17 was submitted to an asymmetric Brown

crotylation reaction [126,127] to establish the C16 and C17

stereocenters. Of note, all four possible C16,C17-diastereomers

of 18 were prepared (not shown) by using different combina-

tions of (E)- or (Z)-butene and either enantiomer of methoxydi-

isopinocampheylborane (Ipc2BOMe). These compounds were

required to assign the stereochemistry in the core extension by

NMR spectroscopy. Homoallylic alcohol 18 was converted into

vinyl iodide 19 in a high-yielding six step sequence involving

ozonolysis of the double bond, Seyferth–Gilbert homologation

[128,129] under Bestmann–Ohira conditions [130,131], a

Schwartz hydrozirconation/iodination sequence [132], and

appropriate protecting group manipulations.

Vinyl iodide 21, which comprises the C8–C13 segment was

prepared from TBDPS-protected (R)-hydroxy-2-methylbut-3-

ene 20 that was obtained according to literature procedures

[133], thus setting the stereochemistry at C12. The five-step se-

quence from 20 to vinyl iodide 21 included a (poorly diastereo-

selective) epoxidation, epoxide opening with a propynyl anion

and a hydrozirconation/iodination reaction to generate the vinyl

iodide moiety.

The synthesis of alkyl iodide 23 departed from TBS-protected

5-hydroxypentanal 22 and proceeded via an asymmetric Brown

crotylation to establish the C5 and C6 stereocenters. Intermedi-

ates 21 and 23 were combined under Smith’s modified [134]
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Scheme 1: Kishi’s 1st generation approach towards the extended core structure of mycolactones. Reagents and conditions: a) (Z)-2-butene, t-BuOK,
n-BuLi, (−)-Ipc2BOMe, BF3·OEt2, −78 °C, then aq H2O2 b) 23, t-BuLi, ZnCl2, then 21, Pd(Ph3P)4, THF, rt, 60%; c) 25, t-BuLi, ZnCl2, then 19,
Pd(Ph3P)4, THF, rt, 50%; d) (i) HF∙pyridine/pyridine/THF (1:1:4), rt, 72%; (ii) TEMPO, N-chlorosuccinimide, Bu4NCl, CH2Cl2/pH 8.6 buffer 1:1, rt, 95%;
(iii) NaClO2, NaH2PO4, 1,3-dimethoxybenzene, DMSO/t-BuOH 1:1, rt, 94%; e) (i) 2,4,6-trichlorobenzoyl chloride, DIPEA, DMAP, benzene, rt, 70%;
(ii) CH2Cl2/H2O/TFA 16:4:1, rt, 62%.

Negishi cross-coupling [124] conditions to furnish the pro-

tected C1–C13 fragment 24; the latter was then transformed

into alkyl iodide 25 via several functional group interconver-

sions and protecting group manipulations. Negishi cross-cou-

pling of 25 with vinyl iodide 19 then furnished the full length

intermediate 26 in moderate yield. Simultaneous removal of the

secondary TES and the primary TBS ether protecting groups

was followed by selective oxidation of the ensuing primary

alcohol to deliver seco acid 27. The crucial macrolactonization

was performed under Yamaguchi conditions [135] in 70% yield

and subsequent cleavage of the secondary TBS ether under

mildly acidic conditions furnished the acetal-protected extend-

ed core structure 28. In summary, Kishi’s 1st generation synthe-

sis provided the extended mycolactone core in a longest linear

sequence of 17 steps in 1.3% overall yield from known homoal-

lylic silyl ether 20 [133]; the latter had to be prepared in four

additional steps from commercially available (R)-Roche ester

(R)-70 (cf. Scheme 6, no yields are reported in [133] for the

conversion of (R)-70 into 20).

Upon careful re-analysis of their 1st generation synthesis, Kishi

and co-workers recognized that improvements could be made

by more efficient strategies to access and assemble the chiral

fragments. Moreover, they sought to employ a fully silyl-based

protecting group strategy (including protection of the diol motif

in the C12–C20 core extension) that would enable global depro-

tection after attachment of the polyunsaturated side chain. The

major conceptual difference between Kishi’s 1st and 2nd gener-

ation approaches towards the extended mycolactone core struc-

ture consists in the fact that macrocyclization in the 2nd genera-

tion approach precedes Negishi coupling between a C14–C20

vinyl iodide and a C1–C13 alkyl iodide, thus making the syn-
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Scheme 2: Kishi’s 2nd generation approach towards the extended core structure of mycolactones. Reagents and conditions: a) 31, Zn/Cu, benzene/
DMF 15:1, 55 °C, then 21, Pd(PPh3)4, LiCl, NMP, 60 °C, 83%; b) (i) CH2Cl2/H2O/TFA 16:4:1, rt, 90%; (ii) TIPSCl, imidazole, DMF, 0 °C, quant.;
(iii) LiOH, THF/MeOH/H2O 4:1:1, rt, 81%; c) (i) 2,4,6-trichlorobenzoyl chloride, DIPEA, benzene, then DMAP, benzene, rt, 96%; (ii) HF·pyridine/pyri-
dine 1:1, MeCN, 0 °C, 90%; (iii) Ph3P, imidazole, I2, CH2Cl2, rt, 98%; d) (i) 34, Zn/Cu, benzene/DMF 15:1, 55 °C, then 35, Pd(PPh3)4, LiCl, NMP,
50 °C, 80%; e) DDQ, CH2Cl2/H2O, 0 °C, 91%.

thesis more convergent. The synthesis of TBS-protected vinyl

iodide 35 was realized by the same principle strategy as used

for its cyclopentylidene-protected analog 19 in the 1st genera-

tion synthesis (cf. Scheme 1), while a distinct approach starting

from diethyl (S)-malate ((S)-29) was used for the preparation of

vinyl iodide 21. As illustrated in Scheme 2, the nine-step syn-

thesis of the latter proceeded via key epoxide 30 and comprised

a diastereoselective alkylation of diethyl (S)-malate according to

Seebach and Wasmuth [136] to introduce the C12-methyl group

(dr = 8:1). Although being longer than the 1st generation se-

quence to 21, the revised approach provided a similar overall

yield and proved superior in terms of diastereoselectivity.

As for the synthesis of 23 in the 1st generation approach, alkyl

iodide 31 was also prepared from aldehyde 22. While the se-

quence leading to 31 was clearly longer than for 23 (10 steps vs

5 steps), the additional steps are accounted for the early adjust-

ment of the final oxidation state at the C1-position and the

protecting group change on the C5-hydroxy group from TBS to

PMB. However, in terms of overall strategy, the synthesis of 31

resembles that of 23, with an asymmetric Brown crotylation

defining the C5/C6 stereochemistry as the key step.

The generation of an alkylzinc species from 31 in the presence

of an ester required metalation with a zinc–copper couple [137]

instead of a Li–Zn transmetalation. The efficiency of the

Negishi cross-coupling between the intermediate organozinc

species and vinyl iodide 21 was increased by the addition of

LiCl, which is known to accelerate Stille coupling reactions

[138]. Of note, a 1.4-fold excess of the alkyl iodide was needed

to obtain the coupling product 32 in 83% yield. Subsequent

protecting group manipulations then furnished seco acid 33,

which underwent macrocyclization to the corresponding lactone

under Yamaguchi conditions in almost quantitative yield (com-

pared to 70% for the cyclization of 27 in the 1st generation syn-

thesis). After TIPS deprotection and Appel-type iodination

[139], the ensuing alkyl iodide 34 was submitted to a second

Negishi cross-coupling reaction under the conditions elabo-

rated for the coupling of 21 and 31, except that an excess of the

vinyl iodide 35 (1.5 equivalents) was used in this case. Having
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Scheme 3: Kishi’s 3rd generation approach towards the extended core structure of mycolactones. Reagents and conditions: (a) L1, Ti(OiPr)4,
4,4′-thiobis(6-tert-butyl-m-cresol), H2O2, pH 7.4 phosphate buffer, CH2Cl2, 40 °C, 91%, ee > 99% after recrystallization; (b) (i) LiAlMe4, BF3·OEt2,
CH2Cl2, −78 °C, 87%; (ii) TBSCl, imidazole, DMF, rt, 99%; (iii) Cp2Zr(H)Cl, THF, 50 °C, then I2, THF, 0 °C, 68%. c) 31, Zn/Cu, benzene/DMF 15:1,
55 °C, then 21, Pd(PPh3)4, LiCl, NMP, 55 °C, 95%.

fully protected intermediate 36 in hand, the final DDQ-

promoted cleavage of the C5-PMB ether furnished the bis-TBS-

protected extended mycolactone core 37 in 20 steps and

12% overall yield from known aldehyde 22 [140]; the latter can

be prepared from commercially available 1,5-pentanediol in two

additional steps.

Kishi’s 3rd generation synthesis of the extended mycolactone

core differs from the two previous approaches mainly by em-

ploying alternative routes for the synthesis of vinyl iodides 21

and 35 (Scheme 3). Vinyl iodide 35 was prepared from com-

mercially available (R)-propylene oxide ((R)-38), which was

opened with deprotonated TMS-acetylene. After TBS protec-

tion of the newly formed hydroxy group, iodination with

N-iodosuccinimide followed by hydroboration/protodeborona-

tion and Sonogashira coupling [141] with propyne gave conju-

gated enyne 39 in excellent overall yield. Intermediate 39 was

stereoselectively epoxidized with hydrogen peroxide in the

presence of titanium isopropoxide by using the Katsuki ligand

L1 [142] to give epoxide 40, thus defining the C16/C17 stereo-

chemistry. The C14–C20 fragment 35 was completed by selec-

tive epoxide opening with in situ generated LiAlMe4, TBS

protection and installation of the vinyl iodide moiety by

hydrozirconation/iodination. Vinyl iodide 21 was prepared from

known hepta-2,5-diyn-1-ol (41) [143]. Briefly, the selective

reduction of the hydroxymethyl-substituted alkyne 41 with

LiAlH4 provided an allylic alcohol which underwent the key

Sharpless asymmetric epoxidation [144] to furnish epoxide 42

in 69% yield and with excellent enantiomeric purity. Epoxide

opening with a higher-order methyl cyanocuprate followed by

TBS protection and hydrozirconation/iodination yielded the

C8–C13 fragment 21. Only minor adjustments were made to the

synthesis of alkyl iodide 31.

Starting from known aldehyde 43 [145], possessing the final ox-

idation state at the C1 atom, the sequence was shortened to six

steps while maintaining the previous overall strategy. The

connection of the fragments followed the 2nd generation logic

and fine tuning of reaction conditions, most notably of the

Negishi cross-coupling between 21 and 31, led to an increased

overall yield. In total, Kishi’s 3rd generation approach featured

a longest linear sequence of 14 steps with an overall yield of

23% from aldehyde 43 [145], which is accessible in two addi-

tional steps from δ-valerolactone.
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Scheme 4: Negishi’s synthesis of the extended core structure of mycolactones. Reagents and conditions: a) (i) s-BuLi, THF, −78 °C to −20 °C;
(ii) CF3COOH, THF, 0 °C, 91%; (iii) NaBH4, MeOH, 0 °C; (iv) CBr4, PPh3, 2,6-lutidine, CH2Cl2, 91% (2 steps); b) Pd2(dba)3, P(o-furyl)3 , DMF, 20 °C,
89%; c) (i) MgBr2, Et2O, 20 °C; (ii) Ti(OiPr)4, (−)-DIPT, t-BuOOH, CH2Cl2, −78 °C to −23 °C, 76% (2 steps); d) (i) LiBH4, BF3·OEt2, CH2Cl2, −40 °C,
75%; (ii) MsCl, 2,4,6-collidine, CH2Cl2, 0 °C; (iii) K2CO3, MeOH, 87% (2 steps); e) (i) 46, Cp2ZrCl2, AlMe3, H2O, CH2Cl2, −40 °C, then n-BuLi, hexane,
−78 °C, then 54, Et2O, −40 °C to rt, then rt, 83%; f) (i) TBAF, THF, 0 °C, 78%; (ii) TEMPO, [bis(acetoxy)iodo]benzene, CH2Cl2/H2O 2:1, rt;
(iii) NaClO2, 2-methyl-2-butene, NaH2PO4, t-BuOH/H2O 2:1, rt, 85% (2 steps); (iv) 2,4,6-trichlorobenzoyl chloride, DIPEA, DMAP, benzene, rt, 78%;
(v) HF·pyridine, THF, rt, 86%; g) 1,1-dimethoxycyclopentane, PPTS, 80%.

An alternative approach to the extended mycolactone core that

also relied on a late-stage macrolactonization was reported by

the group of Negishi in 2011 [37]. They envisaged a strategy

that would be heavily branded by methodologies that had been

developed in their own laboratories. Moreover, increasing

stereoselectivity compared to previous routes was defined as a

major objective at the outset of Negishi’s work. As shown in

Figure 7C, the Negishi strategy as a distinct key step features

the formation of the C9–C10 bond by a zirconium-catalyzed

methylalumination of alkyne 46 to form a vinyl trialkylalumi-

nate that was reacted with epoxide 54 to obtain the linear

C1–C20 fragment 55 (Scheme 4).

The synthesis of alkyne 46 followed a similar logic as Kishi’s

synthesis of alkyl iodide 31, with the contiguous stereocenters

at C5 and C6 being installed by asymmetric Brown crotylation

(Scheme 4, intermediate 45). Subsequent TBS protection of the

C5-hydroxy group, hydroboration of the homoallylic double

bond followed by oxidation and a Corey–Fuchs reaction [146]

sequence delivered stereochemically pure alkyne 46 in a
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total of eight steps and 35% overall yield from pentane-1,5-diol

(44).

The preparation of epoxide 54 started from commercially avail-

able methyl (R)-3-hydroxybutyrate ((R)-47) setting the stereo-

chemistry at the C19 position. As for the elaboration of 44 into

45, an asymmetric Brown crotylation was used to install the

chiral centers at C16 and C17; after TBS protection of the

newly formed hydroxy group, aldehyde 48 was then obtained

by oxidative cleavage of the homoallylic double bond using the

Upjohn dihydroxylation protocol [147] followed by periodate-

mediated diol cleavage [148].

Aldehyde 48 was olefinated with 49 in a highly E-selective

manner via a Corey, Schlessinger, and Mills (CSM)-modified

[149-151] Peterson olefination [152] and the ensuing homolo-

gated aldehyde was subsequently converted into alkyl bromide

50 by reduction and Appel reaction. Bromide 50 was then

reacted with the vinylzinc bromide 51 in an alkenyl–allyl

Negishi coupling reaction [153] to deliver protected allylic

alcohol 52. A Lewis acid-promoted removal of the THP group

followed by Sharpless asymmetric epoxidation of the resulting

allylic alcohol furnished epoxide 53 in excellent stereochemical

purity. The epoxide was then migrated to the terminal position

(intermediate 54) using a three-step procedure, thus setting the

stage for the assembly of the principal fragments. In this key

step, the alkenylalanate-based epoxide-opening reaction de-

veloped by the Negishi group in the 1980s [154,155] was put to

test.

Thus, alkyne 46 was treated with an excess of trimethylalu-

minum in the presence of zirconocene dichloride to furnish the

neutral methylaluminated alkene that was transformed into the

respective alkenyl trialkylaluminate with n-BuLi. The latter

selectively opened the epoxide ring in 54 to furnish the isomeri-

cally pure linear C1–C20 fragment 55 in high yield (83%).

Selective removal of the primary TBS group followed by a

TEMPO/Pinnick–Kraus oxidation [156,157] gave the corre-

sponding seco acid that smoothly underwent macrolactoniza-

tion under Yamaguchi conditions. Global removal of the TBS

groups with HF·pyridine yielding triol 56 was followed by acid-

catalyzed protection of the 1,3-diol at the core extension as the

cyclopentylidene acetal, which finally led to 28, the partially

protected extended mycolactone core. Ultimately, Negishi’s

synthesis of the extended mycolactone core comprised a longest

linear sequence of 23 steps and 8.3% yield from commercially

available (R)-methyl 3-hydroxybutyrate ((R)-47).

The preparation of the extended mycolactone core via ring-

closing (olefin) metathesis (RCM) [158] was first reported by

the Burkart group in 2006 as part of a projected synthesis of

mycolactone A/B. In addition to this alternative approach to

ring closure, Burkart’s overall strategy towards the extended

mycolactone core also featured a new concept for the full elabo-

ration of the upper side chain, which was to be based on Wittig

[159,160] or Julia–Lythgoe olefination [161,162] between C14

and C15. Of note, a high E-selectivity would be necessary in

both key reactions.

In Burkart’s 1st generation strategy, the C1–C8 fragment 59

was prepared from known aldehyde 57 [163] via an asym-

metric Evans aldol reaction [164], providing the C5 and C6

stereocenters in a highly stereoselective manner (Scheme 5).

TBS protection of the newly formed hydroxy group, reductive

removal of the Evans auxiliary, oxidation of the resulting pri-

mary alcohol, and addition of 2-propenylmagnesium bromide to

the ensuing aldehyde furnished intermediate 58. The secondary

hydroxy group was acetylated and the acetate was reduced by

palladium-catalyzed transfer hydrogenolysis according to a

modification of the Tsuji protocol [165]. Selective cleavage of

the primary TPDPS group in the presence of a secondary TBS

ether was readily achieved with NaOH in refluxing methanol.

The primary alcohol was oxidized in a Swern [166]/

Pinnick–Kraus oxidation sequence to obtain acid 59 in excel-

lent overall yield.

The synthesis of the C9–C14 segment started from known

methyl (S)-2-methyl-4-oxopentanoate ((S)-60) [167], which was

protected as the 1,3-dithiane followed by reduction of the ester

moiety to the aldehyde stage. The installation of the secondary

homoallylic alcohol moiety and thereby the C11 stereocenter

was achieved by asymmetric allylboration using a 9-BBD-

derived reagent developed by Soderquist et al. [168]. Despite

being a mismatched and anti-Felkin addition, 61 was obtained

with excellent diastereoselectivity, indicating a high level of

reagent control. Secondary alcohol 61 and acid 59 were then

coupled in high yield employing the Keck modification of the

Steglich esterification [169,170], to furnish the crucial RCM

precursor 62. The RCM reaction was accomplished with

Grubbs 2nd generation catalyst (5 mol %) [171] to deliver

macrolactone 63 in 60% yield after flash-chromatographic

removal of the concomitantly formed acyclic dimer and a cata-

lyst-derived benzylidene derivative. The RCM provided the

desired product with exceptional E-selectivity, as indicated by

the lack of a NOE correlation between the C9-proton and the

C8-methyl group. Removal of the 1,3-dithiane protecting group

with N-chlorosuccinimide in the presence of silver nitrate set

the stage for the final olefination that had been envisioned to

complete the construction of the C1–C20 fragment (vide infra).

The longest linear sequence to crystalline macrocyclic ketone

64, whose structure was confirmed by X-ray crystallography,

comprised 14 steps with an overall yield of 19% from known



Beilstein J. Org. Chem. 2017, 13, 1596–1660.

1613

Scheme 5: Burkart’s (incomplete) 1st generation approach towards the extended core structure of mycolactones. Reagents and conditions: a) DCC,
DMAP, CSA, CH2Cl2, rt, 95%; b) Grubbs II (5 mol %), CH2Cl2, reflux, 60%; c) N-chlorosuccinimide, AgNO3, MeCN/H2O 4:1, 81%; d) Wittig or
Julia–Kocienski olefination (undisclosed reaction conditions).

aldehyde 57 [172]; the latter can be obtained in two additional

steps from 1,5-pentanediol.

While Burkart’s 2006 paper did not discuss the elaboration of

64 into a protected version of the extended macrolactone core,

such attempts were described in a follow-up paper published in

2010 [173]. Due to problems with the originally envisaged

extension of 64 at C14 by means of Wittig or Julia-type olefina-

tions, a number of alternative strategies were explored for the

elaboration of the C-linked upper side chain (Scheme 6). Initial

experiments focused on cross metathesis between alkene 67,

which was accessible from ketone 64 (Scheme 5) by Wittig

olefination, and known alkene 68. A variety of conditions were

investigated, all of which led to undesired intramolecular cycli-

zation to cyclohexene ester 69 as the only isolated product,

along with several side products (Scheme 6).

An alternative strategy (termed 2nd generation here) was then

explored, probing the completion of the core extension by Julia

olefination prior to RCM. For this purpose a route toward

sulfone 71, corresponding to the C9–C14 segment was de-

veloped. Starting from commercial (S)-Roche ester ((S)-70), a

high-yielding seven-step sequence, employing a chelation-con-

trolled Keck-type [174] allylation as the key step, led to 71.

The anion of sulfone 71 was next reacted with known aldehyde

48 to furnish the Julia-olefination intermediate 72 that could be

trapped with benzoyl chloride as a 12:6:1:0.5 mixture of dia-

stereomers. Elimination of 72 to form the corresponding olefin

was postponed to a later stage of the synthesis, in order to avoid

intramolecular cyclization as it had been observed for 67 during

attempted cross metathesis with 68. Instead, oxidative removal

of the PMB group followed by esterification with acid 59

yielded the full-length linear precursor 73 ready for cyclization.

RCM to macrolactone 74 with 2nd generation Grubbs catalyst

proceeded in excellent yields. Although the E/Z-selectivity of

the RCM was not commented on, one may assume that the

E-isomer was formed exclusively, based on Burkart’s previous

results with diene 62. Treatment of 74 with sodium amalgam

then gave a 2:1 mixture of the E- and Z-olefins, regardless of
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Scheme 6: Burkart’s (incomplete) 1st, 2nd and 3rd generation approach towards the extended mycolactone core structure. Reagents and conditions:
a) (i) n-BuLi, THF, −78 °C to −20 °C, then 48, THF, −78 °C to −20 °C, then BzCl, −78 °C to rt, 57%; (ii) DDQ, wet CH2Cl2, rt, 95%; b) 59, DCC, DMAP,
CSA, CH2Cl2, 0 °C to rt, 96%; c) Grubbs II (4.3 mol %), CH2Cl2, reflux, 94%; d) (i) Na/Hg, MeOH, −20 °C, 90% (E/Z 2:1); (ii) TASF, DMF, 42% of
E-isomer and 19% of Z-isomer; e) DCC, DMAP, pyridine, CH2Cl2, 0 °C, 87%; f) Grubbs II, CH2Cl2, reflux, 78%; g) (i) TBAF, THF, 0 °C to rt, 85%;
(ii) I2, PPh3, imidazole, toluene, 0 °C, 98%.
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the configuration of the starting diastereomer. Finally, removal

of the TBS groups at the core extension with tris(dimethyl-

amino)sulfonium difluorotrimethylsilicate (TASF) gave diol 75

in 8.1% yield over 13 steps from (S)-Roche ester (S)-70, while

no suitable deprotection method for the C5-TBS ether was

found. This is in sharp contrast to results from Kishi [39] who

removed the C5-TBS ether under mildly acidic conditions and

Negishi [37] and Aggarwal [175] who performed global TBS

deprotection of the same intermediate using HF·pyridine in very

good yield (see Scheme 1, Scheme 4, Scheme 11). Due to the

issues encountered with the cleavage of the C5-TBS ether, the

Burkart group developed a 3rd generation RCM-based access to

the mycolactone core that relied on PMB protection of the

C5-hydroxy group. This strategy was guided by a prior work by

Kishi and co-workers, who had already demonstrated that a

PMB ether masking the C5-hydroxy group could be readily re-

moved by oxidation with DDQ [122]. To this end, C5-OPMB-

protected acid 76 was prepared from aldehyde 57 in 10 steps

and 51% yield (Scheme 6). The synthesis was performed in

analogy to the approach depicted in Scheme 5, with the notable

difference that a Crimmins thiazolidinethione auxiliary was

used to enable the selective formation of the C5 and C6 stereo-

centers in a TiCl4-mediated aldol addition. After Keck-modi-

fied Steglich esterification with literature-known alcohol 77

[176], the stage was set for RCM. Cyclization of diene 78 with

2nd generation Grubbs catalyst furnished macrolactone 79 in

good yield. The subsequent cleavage of the TBS ether at the

C13 position followed by iodination under Appel conditions

gave alkyl iodide 34 that was further elaborated into the extend-

ed mycolactone core 37 following Kishi’s lead [122]. The

Burkhart synthesis provided iodide 34 in 14 linear steps and

29% yield from known aldehyde 57.

In early 2007, shortly after the publication of Burkart’s initial

work, our own group reported a distinct synthesis of the myco-

lactone core structure via RCM [177]. The approach delivered

alkyl iodide 91 that was further elaborated into the extended

mycolactone core and, ultimately, the entire natural product (as

reported in 2011) [178].

The synthesis of the C9–C13 fragment started from (S)-Roche

ester ((S)-70), thereby setting the stereochemistry at the C12-

position (Scheme 7). After PMB protection of the hydroxy

group and reduction of the protected ester to the corresponding

aldehyde 80, a chelation controlled Keck-type allylation with

allyltributyltin in the presence of tin tetrachloride furnished diol

81 with high diastereoselectivity. Selective tosylation of the

C13-hydroxy group completed the synthesis of this fragment

(82). The C1–C8 fragment containing the carboxylic acid

moiety was prepared from 1,5-pentanediol (83). In the initial

steps this involved mono-PMB protection of 83, Swern oxida-

tion of the resulting mono-protected diol, and an Oppolzer aldol

reaction [179] with the ensuing aldehyde to provide 84 with a

dr > 20:1. Reductive removal of the Oppolzer auxiliary fol-

lowed by selective tosylation of the primary hydroxy group

gave tosylate 85.

Direct substitution of the tosyl group with isopropenyllithium

failed, however, and so did the attempted copper-catalyzed

reaction with the corresponding iodide. Therefore, a two-step

procedure was applied. Upon treatment with sodium hydride,

tosylate 85 was cleanly converted into oxetane 86, a stable

intermediate suitable for extended storage periods. Regioselec-

tive opening of 86 with isopropenyllithium in the presence of

BF3·etherate gave terminal alkene 87 in excellent yield. After

TES protection of the unmasked secondary hydroxy group,

PMB cleavage with DDQ followed by a Dess–Martin [180]/

Pinnick–Kraus oxidation sequence gave acid 88. The esterifica-

tion of 88 with secondary alcohol 82 under Höfle–Steglich

conditions [181] proceeded smoothly and gave key diene 89 in

very good yield. An RCM was achieved with Grubbs 2nd gen-

eration catalyst in refluxing methylene chloride.

Since yields for the RCM reaction varied over a wide range

without any changes in reaction conditions (mostly between

50% and 60%), a screening of alternative catalysts and solvents

was performed; however, these efforts proved to be futile

(Gehringer & Altmann, unpublished). These findings mirror

those made in the Blanchard laboratory as part of their work on

8-desmethylmycolactones [182].

The macrocyclic tosylate 90 was then converted into iodide 91

under Finkelstein conditions [183] to enable chain extension by

C(sp2)–C(sp3) cross-coupling. Since the attempted coupling of

91 with the Kishi vinyl iodide 35, either under modified Suzuki

[184] or Negishi conditions did not furnish any of the desired

product, an adjustment of the protecting group strategy was

made at the stage of the vinyl iodide fragment: The two TBS

ethers in 35 were cleaved and a cyclic bis-tert-butylsilyl ether

was installed to mask the 1,3-diol moiety (92) (Scheme 8).

Strikingly, the reduced steric hindrance of this protecting group

enabled the 9-MeO-9-BBN-promoted C(sp2)–C(sp3) Suzuki

coupling [184] giving rise to the complete extended mycolac-

tone core 93. Most recently, a more concise route furnishing

vinyl iodide 92 from known homoallylic alcohol 18 in six steps

and 40% yield was developed (Scheme 8, Gehringer, Bucher &

Altmann, unpublished). Moreover, the yields for the Suzuki

coupling reaction could be improved to up to 97% (Gehringer &

Altmann, unpublished). Cleavage of the secondary TES ether

under mildly acidic conditions furnished the key intermediate

94, ready for acylation with the lower side chain. Up to this

point the synthesis comprised a longest linear sequence of
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Scheme 7: Altmann’s synthesis of alkyl iodide 91. Reagents and conditions: a) (i) PMB-trichloroacetimidate, TfOH, Et2O, rt, 58%. (ii) DIBAL-H,
CH2Cl2, −78 °C, quant.; b) (i) allyl–SnBu3, SnCl4, CH2Cl2, −90 °C, 82%, dr > 20:1; (ii) DDQ, H2O, CH2Cl2, rt; (iii) LiAlH4, Et2O, 0 °C to rt, 76%
(2 steps); c) TsCl, Et3N, DMAP, CH2Cl2, 35 °C, 86%; d) (i) PMBCl (0.15 equiv), NaH, benzene, reflux, 97%; (ii) (COCl)2, DMSO, Et3N, CH2Cl2,
−78 °C to rt, 99%; (iii) N-propionyl-(2R)-bornane-(10,2)-sultam, Et2BOTf, CH2Cl2, −5 °C, then addition of aldehyde, −78 °C, 83%, >95% de;
e) (i) LiAlH4, THF, 0 °C to rt, 78%; (ii) TsCl, Et3N, DMAP, CH2Cl2, 0 °C to rt, 96%; f) NaH, THF, rt to 40 °C, 98%; g) isopropenyllithium, BF3·Et2O,
Et2O, −78 °C, 90% (optimized: 97%; Gehringer & Altmann, unpublished). g) (i) TESOTf, 2,6-lutidine, CH2Cl2, −78 °C to rt, 98%; (ii) DDQ, CH2Cl2,
buffer pH 7.2, rt, 92%; (iii) DMP, CH2Cl2, 0 °C to rt; (iv) NaClO2, 2-methyl-2-butene, NaH2PO4, t-BuOH/H2O 9:2, rt, 91% (2 steps); h) DCC, DMAP,
CH2Cl2, 0 °C to rt, 82%; i) Grubbs II (12 mol %), CH2Cl2, reflux, 80%; j) NaI, acetone, rt to 65 °C, 95%.

16 steps and gave 94 in overall yields up to 26%, if the opti-

mized conditions were employed.

The most recent and probably most elegant contribution to the

synthesis of the extended mycolactone core has been made by

Aggarwal and co-workers [175]. Besides the goal of providing

material for biological studies, the Aggarwal group also adopted

the synthesis of the extended mycolactone core as a case study

to demonstrate the usefulness of their recently developed lithia-

tion–borylation methodology [185,186] in a highly complex

molecular setting. The Aggarwal methodology involves three

steps [186]: 1) the generation of a chiral lithium carbenoid, typi-

cally by enantioselective Hoppe-type lithiation [187] of N,N-

dialkyl carbamates in the presence of (+)- or (−)-sparteine;

2) electrophilic trapping with the organoboron reagent that

usually occurs with retention of configuration; and 3) anti-1,2-

metallate rearrangement substituting the carbamate leaving

group by the migrating group on the boron atom (Scheme 9).

This methodology enables simple desymmetrization in a largely

reagent-controlled manner without any matching issues and it

allows to perform iterative homologations to generate consecu-

tive stereocenters.

The Aggarwal synthesis of the extended mycolactone core

started from commercially available pent-3-yn-1-ol that was

transformed into vinyl boronate 95 by means of a copper-cata-

lyzed regioselective hydroboration followed by protection of

the ensuing hydroxy group as the N,N-diisopropyl carbamate
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Scheme 8: Final steps of Altmann’s synthesis of the extended core structure of mycolactones. Reagents and conditions: a) (i) TBAF, THF, rt, 83%;
(ii) t-Bu2Si(OTf)2, pyridine, CH2Cl2, 0 °C, 87%; (iii) O3, CH2Cl2, −78 °C, then Me2S, PPh3, −78 °C to rt, 84%; (iv) CBr4, PPh3, CH2Cl2, 0 °C, 88%;
(v) n-BuLi, MeI, THF, −78 °C, 79%; (vi) Cp2Zr(H)Cl, THF, 45 °C, then I2, 0 °C, 95% (Gehringer, Bucher & Altmann, unpublished); b) 91, 9-MeO-9-
BBN, t-BuLi, Et2O, THF, −78 °C to rt, then 92, [Pd(dppf)Cl2], AsPh3, Cs2CO3, DMF, rt, 80% (optimized: 97%; Gehringer & Altmann, unpublished);
c) THF/H2O/AcOH (2:1:1), rt, 90%.

Scheme 9: Basic principles of the Aggarwal lithiation–borylation homologation process [185,186].

(not shown). Matteson one-carbon elongation [188] with in situ

generated chloromethyllithium (96) then furnished allyl

boronate 97 (Scheme 10). Further homologation with asymmet-

rically lithiated N,N-diisopropyl ethyl carbamate 98 elaborated

the C6-stereocenter (99) in good yield and with excellent enan-

tioselectivity.

The C1–C5 fragment was then introduced by homologation

with chiral lithiated carbamate 100 that was accessible from

1,5-pentanediol in a simple two-step protection sequence. The

high diastereomeric ratios obtained in this lithiation–borylation

step highlight the level of reagent control mediated by lithiated

carbamate 100. Oxidative cleavage of the boronate furnished

secondary alcohol 101 and subsequent TBS protection led to

key intermediate 102. Interestingly, the three consecutive

homologation reactions from 95 to 101 could also be per-

formed sequentially without intermediate purification (termed

“one pot” by the authors) increasing the yield from 63% to 82%

over three steps.

Vinyl boronate 103, corresponding to the C14–C20 segment of

mycolactones was prepared via alkene 68 (cf. Scheme 6), which

was accessed from methyl (R)-3-hydroxybutyrate ((R)-47) using

the Kishi approach [122]. Cross metathesis with isopropenyl-

boronic acid pinacol ester using Hoveyda–Grubbs 2nd genera-

tion catalyst [189] under optimized conditions gave 103 in mod-

erate yield (Scheme 11). Matteson one-carbon homologation to

104 followed by another homologation with enantioselectively



Beilstein J. Org. Chem. 2017, 13, 1596–1660.

1618

Scheme 10: Aggarwal’s synthesis of the C1–C11 fragment of the mycolactone core. Reagents and conditions: a) ClCH2I, n-BuLi, Et2O, −95 °C, 99%;
b) EtOCb, (+)-sparteine, s-BuLi, Et2O, −78 °C, then 97, −78 °C to 40 °C, 83%, er 97:3; c) (i) 5-TBSO-pentyl-OCb, (+)-sparteine, s-BuLi, Et2O, −78 °C,
then 99, −78 °C to 40 °C; (ii) NaOH/H2O2, THF, 0 °C, 77% (2 steps), dr 94:6; d) TBSCl, imidazole, DMF, 25 °C, 82%. OCb = N,N-diisopropyl carba-
mate. aOne pot = sequential reactions without intermediate purification.

Scheme 11: Aggarwal’s synthesis of the linear C1–C20 fragment of the mycolactone core. Reagents and conditions: a) isopropenylboronic acid
pinacol ester, Hoveyda–Grubbs II catalyst (10 mol %, sequentially added), CH2Cl2, periodic degassing, 60%, Z/E > 99:1; b) ClCH2I, n-BuLi , Et2O,
−95 °C, 99%; c) EtOCb, (+)-sparteine, s-BuLi, Et2O, −78 °C, then 104, −78 °C to 40 °C, 81%, dr 97:3; d) (i) 102, (−)-sparteine, s-BuLi, Et2O, −78 °C,
then 105, −78 °C to 40 °C; (ii) NaOH/H2O2, THF, 0 °C, 82%, (2 steps). aProcedure according to [37,39,178]. bOne pot = sequential reactions without
intermediate purification. cProcedure according to [37].

lithiated N,N-diisopropyl ethyl carbamate 98 produced the C12

stereocenter (105) with excellent diastereoselectivity.

Subsequently, 105 was stereoselectively elongated with lithi-

ated key intermediate 102 followed by oxidative cleavage of the

boronate to yield the complete linear C1–C20 fragment 55.

Again, performing the reaction sequence from 103 to 55

in “one pot” increased the yield from 66% to 81% over three

steps.

With known intermediate 55 in hand, the endgame was realized

according to Negishi’s approach [37] and gave the unprotected

extended mycolactone core in 45% yield over 5 more steps. The

Aggarwal synthesis outcompetes the other published syntheses

in terms of longest linear sequence (11 or 13 steps, respectively,

vs 14 steps [123]) and total step count (15 or 19 steps, respec-

tively, vs 26 steps [173]), but not in terms of overall yield (17%

and 13%, respectively, vs 23% [123]). The optional implemen-

tation of “one pot” reaction sequences suggest that this synthe-
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Figure 8: Synthetic strategies towards the mycolactone A/B lower side chain.

sis may be performed in a very time-efficient manner. In addi-

tion, the synthesis proved to be scalable (950 mg of intermedi-

ate 55 were produced in a single batch) and most of the expen-

sive sparteine required for the stereoselective homologations

can be recovered.

III.2. Synthesis of the lower mycolactone side chain
A general feature of all syntheses of the mycolactone A/B

polyunsaturated side chain is the convergent late stage assembly

of two fragments of similar size (Figure 8). The pioneering ap-

proach by Gurjar and Cherian connecting the C8’–C9’ double

bond by HWE olefination was adopted by the groups of Kishi

and Altmann, while the Negishi and the Blanchard groups opted

for fragment assembly between the C7’ and the C8’ atoms by

C(sp2)–C(sp2) cross-coupling reactions. A disconnection be-

tween the C9’ and the C10’ atom was envisaged by the groups

of Feringa and Minnaard who intended to join their fragments

by C(sp)–C(sp2) cross-coupling followed by selective reduc-

tion of the generated internal triple bond.

The western trienoate fragment is usually built up by Wittig

two-carbon elongation cycles, with the notable exception of the

Negishi approach, which relied exclusively on (hydro/

carbo)metalation and cross-coupling reactions. The eastern

fragment incorporating the three chiral centers (C12’, C13’ and

C15’) was either constructed by chiral pool synthesis from

monosaccharides (Gurjar/Cherian, Feringa/Minnaard and

Altmann), by a strategy relying solely on asymmetric synthesis

(Blanchard) or by mixed approaches (Kishi/Negishi). The

convergent strategy based on the assembly of two advanced

fragments was also pursued in the synthesis of the pentaenoate

chains of mycolactones C, S1 and S2, while the tetraenoate

chains in mycolactones E and F were constructed completely by

iterative elongation cycles. As an exception, the mycolactone E

side chain was prepared by Wang and Dai via connection of the

C1’–C7’ and the C8’–C15’ fragments by Suzuki cross-cou-

pling.

III.2.1. Synthesis of the mycolactone A/B pentaenoate side

chain: In 2001, Gurjar and Cherian were the first to complete

the synthesis of the protected mycolactone fatty acid

side chain [190]. Their retrosynthetic analysis involved a

Horner–Wadsworth–Emmons (HWE) [191,192] reaction to

assemble the pentaene from a triene harboring the requisite

phosphonate and an α,β-unsaturated aldehyde bearing the triol

moiety. Due to the unknown stereochemistry at the C12’, C13’

and C15’ position at the beginning of their synthetic endeavor,

Gurjar and Cherian needed a flexible approach towards this

eastern fragment. They opted for a chiral pool synthesis starting

from different 4,6-deoxyhexoses that would eventually define

the stereochemistry of the triol moiety.

The western triene fragment was prepared starting from α,β-

unsaturated ester 106, which is readily accessible from ethylene

glycol or allyl alcohol in a three-step protection, oxidation,

Wittig reaction sequence [193]. The ester 106 was then reduced

to the corresponding allylic alcohol with DIBAL-H, oxidized

with MnO2 and the ensuing aldehyde was olefinated with ethyl

2-(triphenylphosphoranylidene)propionate to furnish diene 107

(Scheme 12).

The same three-step homologation procedure was repeated with

ethyl (triphenylphosphoranylidene)acetate as the Wittig reagent,

giving triene 108 upon TBS deprotection. The transformation of

the primary hydroxy group to the respective bromide with PBr3

was succeeded by conversion to phosphonate 109 in a

Michaelis–Arbuzov reaction [194,195] with neat triethyl phos-

phite.

The synthesis of the eastern fragment started from benzylated

methyl 4,6-dideoxy-D-glucose 110, which was hydrolyzed with

sulfuric acid and reduced with sodium borohydride to give the

dibenzylated tetraol 111 (Scheme 13). For selective benzyla-

tion of the secondary hydroxy group at the C15’ position, a

three step sequence involving protection and deprotection of the
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Scheme 12: Gurjar and Cherian’s synthesis of the C1’–C8’ fragment of the mycolactone A/B pentaenoate side chain. Reagents and conditions:
a) (i) DIBAL-H, CH2Cl2, −78 °C; (ii) MnO2, CHCl3, rt; (iii) Ph3P=C(Me)COOEt, benzene, reflux, 84% (2 steps); b) (i) DIBAL-H, CH2Cl2, −78 °C, 92%;
(ii) MnO2, CHCl3, rt; (iii) Ph3P=CHCOOEt, benzene, reflux, 83% (2 steps); (iv) TBAF, THF, rt, 93%; c) (i) PBr3, Et2O, 0 °C; (ii) P(OEt)3, 90 °C, 64%
(2 steps).

Scheme 13: Gurjar and Cherian’s synthesis of the benzyl-protected mycolactone A/B pentaenoate side chain. Reagents and conditions: a) (i) H2SO4,
dioxane/water 2:1, 100 °C; (ii) NaBH4, MeOH, 0 °C, 54% (2 steps); b) (i) TBSCl, imidazole, CH2Cl2, rt; (ii) BnBr, NaH, DMF, rt; (iii) TBAF, THF, rt,
75% (3 steps); c) (i) (COCl)2, DMSO, Et3N, −78 °C; (ii) Ph3P=C(Me)COOEt, benzene, reflux, 80%; (iii) DIBAL-H, CH2Cl2, −78 °C, 94%; (iv) MnO2,
CHCl3, rt; d) 109, LDA, THF, −78 °C to 0 °C, 65% (Z-Δ4’,5’/ E-Δ4’,5’ 3:2).

primary hydroxy group was required. The resulting alcohol 112

was oxidized under Swern conditions [166] and the resulting

aldehyde was submitted to a Wittig reaction with ethyl (tri-

phenylphosphoranylidene)propionate. The subsequent reduc-

tion of the ensuing ester with DIBAL-H and oxidation with

MnO2 delivered α,β-unsaturated aldehyde 113.

At this point, it is worth mentioning that an initial attempt to

elaborate the entire pentaene backbone iteratively was

hampered by the limited stability of the doubly unsaturated

aldehyde obtained from 113 after another two-carbon elonga-

tion cycle. The LDA-mediated HWE reaction of 113 with

phoshonate 109, however, proceeded smoothly to provide the

fully protected pentaenoate 114 in a longest linear sequence of

10 steps (19 in total) and 20% overall yield from benzylated

4,6-dideoxy-D-glucose 110. Compound 114 was obtained with

a Z-Δ4’,5’/E-Δ4’,5’-ratio of 3:2 as demonstrated by NOESY-

NMR studies. In accordance with later findings [43,122], the

authors reported a slow re-equilibration of the C4’–C5’ double

bond isomers after separation by HPLC on a chiral stationary

phase. However, no conclusions were drawn at that stage with

regard to the configuation of the C12’, C13’ and C15’ stereo-

centers. Although the utility of Gurjar and Cherian’s work is

confined by the limited availability of methods to selectively

remove the benzyl ether protecting groups in the presence of the

sensitive pentaenoate system and the stereochemistry at the

C15’ position that would require to start from expensive

L-sugars [196] to furnish the desired epimer, as already alluded

to above, their approach was adopted by other groups in their

strategies towards mycolactones A/B (vide infra).

Kishi’s synthesis of the mycolactone A/B pentaenoate side

chain incorporated Gurjar and Cherian’s approach towards

triene 109 (Scheme 12) with the minor modification of using

the methyl ester instead of the ethyl ester at the C1’ position

[43]. For the eastern C9’–C16’ fragment, however, a different

strategy was chosen. In Kishi’s earlier studies, model com-

pounds were prepared to elucidate the stereochemistry at C12’,

C13’ and C15’ by NMR spectroscopy [40]. To enable the deter-

mination of the relative configuration at those three proximal

stereocenters, a route permitting the synthesis of all possible

stereoisomers at the C13’ and the C15’ position was chosen,

while keeping the configuration at C12’ invariable. The

absolute stereochemistry would then be deduced by compari-
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Scheme 14: Kishi’s synthesis of model compounds for elucidating the stereochemistry of the C7’–C16’ fragment of the mycolactone A/B pentaenoate
side chain. Reagents and conditions: a) (i) (R,R)- and (S,S)-diisopropyl tartrate-modified allylboronate, 4 Å molecular sieves, toluene, −78 °C, then
NaBH4, EtOH, −78 °C; (ii) NaH, BnBr, DMF, 0 °C to rt, 88%; (iii) OsO4, NMO, DABCO, THF/H2O 10:1, rt; (iv) Pb(OAc)4, benzene, rt; (v) MeLi, CuI,
−20 °C, 83% (3 steps), 1:1 mixture of diastereomers.

son of NMR spectra of the model compounds with the natural

material in chiral solvents. The synthesis of the model com-

pounds started from D-glyceraldehyde acetonide ((R)-115),

which was subjected to Roush allylation [197] with either

(R,R)- or (S,S)-diisopropyl tartrate-modified allylboronates

[176] to separately obtain two diastereomeric homoallylic alco-

hols (Scheme 14).

After benzyl protection and oxidative cleavage of the double

bond, an unselective methyl cuprate addition gave access to a

diastereomeric mixture of 116 that could be separated after

hydrogenolytic benzyl cleavage. In seven more steps, including

a Wittig olefination and several redox and protecting group

manipulations, 116 was transformed into α,β-unsaturated ester

117, and six more steps were required to obtain the four dia-

stereomeric C7’–C16’ model dienes exemplified by 118. As

discussed above, comparison of 1H NMR shifts revealed the

relative syn,syn-relationship of the C12’, C13’ and C15’

hydroxy groups and differential 1H NMR profiles in (R)- and

(S)-N,α-dimethylbenzylamine (DMBA) unveiled the C12’/

C13’/C15’ configuration of 118 to be the opposite of natural

mycolactone A/B.

Although the route used to prepare the model compounds could

have been used to prepare aldehyde 120 (Scheme 15) required

for assembly of the lower side chain of natural mycolactone

A/B by HWE olefination, Kishi and co-workers pursued an al-

ternative strategy. Even though, not commented on in their

report, obvious reasons against the previous strategy include its

length and the lack of stereocontrol during the desymmetriza-

tion of the C15’ atom. Kishi’s improved approach commenced

with a Wittig reaction to elongate literature known aldehyde

(R)-17 (Scheme 15).

The α,β-unsaturated ester obtained was submitted to asym-

metric Sharpless dihydroxylation [198] with AD-mix-α [199],

which proceeded with a moderate 3.8:1 diastereoselectivity in

favor of the desired diastereomer 119. The undesired diastereo-

mers, however, could be separated chromatographically at a

later stage of the synthesis. TBS protection of both hydroxy

groups followed by a five-step reduction/oxidation/Wittig reac-

tion sequence furnished key aldehyde 120. The latter was

connected to phosphonate 121 under Gurjar and Cherian’s

HWE conditions, furnishing full length pentaenoate 122a,b.

Photochemical equilibration gave an inseparable 35:52:4:5 mix-

ture of the all-E, the Z-Δ4’,5’, the Z-Δ6’,7 and the Z-Δ4’,5’/

Z-Δ6’,7’ isomers, containing, in addition, 3% of a fifth isomer.

After ester hydrolysis, the two major geometric isomers could

be separated as a 3:2 mixture of the Z-Δ4’,5’ and the E-Δ4’,5’

isomer. The mycolactone side chain was thus obtained in

10 steps and 18% overall yield from aldehyde (R)-17.

Endeavors towards the synthesis of the polyunsaturated myco-

lactone A/B side chain were subsequently reported by the

groups of Feringa and Minnaard [196]. Although they did not

ultimately complete the synthesis, Feringa and Minnaard estab-

lished a convenient access towards intermediates with the

correctly configured C12’, C13’ and C15’ stereocenters by

using readily available α-D-glucopyranoside or α-L-rhamnopy-

ranoside as starting materials. Furthermore, the preparation of

several key precursors that might be useful for the assembly of

(modified) mycolactone A/B side chains was reported, al-

though the connection of these fragments could not be success-

fully executed at the time. Due to space limitations, only

the most significant aspects of this work will be highlighted

here.

The preparation of the western C1’–C9’ fragment started from

known 2,4-dimethylfuran (123) [200], which was transformed

into keto ester 124 by a rhodium-catalyzed reaction with ethyl

diazoacetate [201] (Scheme 16).
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Scheme 15: Kishi’s synthesis of the mycolactone A/B pentaenoate side chain. (a) (i) NaH, (EtO)2P(O)CH2CO2Et, THF, rt, 64%; (ii) AD-mix-α,
MeSO2NH2, 1:1 t-BuOH/H2O, 0 °C, 70%, dr 3.8:1; (b) (i) TBSOTf, 2,6-lutidine, CH2Cl2, 0 °C, 99%; (ii) DIBAL-H, CH2Cl2, −78 °C, 89%; (iii) SO3·pyri-
dine, DIPEA, 3:2 CH2Cl2/DMSO, rt; (iv) Ph3P=C(Me)CO2Et, toluene, 110 °C, 83% (2 steps); (v) DIBAL-H, CH2Cl2, −78 °C, then separation of dia-
stereomers by flash chromatography; major isomer: 57%; minor isomer: 15%; (vi) SO3·pyridine, DIPEA, 3:2 CH2Cl2/DMSO, rt, quant.; c) (i) LDA, THF,
−78 °C to rt, 94% (E-Δ4’,5’/Z-Δ4’,5’/other isomers 73:17:10); (e) LiOH, THF/MeOH/H2O 4:1:1, rt, quant. (Z-Δ4’,5’/E-Δ4’,5’ 3:2 + minor isomers).

Scheme 16: Feringa and Minnaard's incomplete synthesis of mycolactone A/B pentaenoate side chain. Reagents and conditions: a) (i) Rh2(OAc)4
(0.4 mol %), CH2Cl2, ethyl diazoacetate, rt; (ii) I2, CH2Cl2, rt; b) (i) TMS–C≡C–CH2–P(O)(OEt)2, n-BuLi, THF, 0 °C to rt, 61%; (ii) TBAF, THF, EtOAc,
0 °C, 80%; c) (i) SO2Cl2, pyridine, CHCl3, −78 °C to 50 °C, 56%; (ii) Bu3SnH, AIBN, toluene, reflux, 89%; (iii) 1,3-propanedithiol, conc. HCl, 87%;
(iv) acetone, CuSO4, H2SO4, 95%; d) PPh3, BzOH, DEAD, THF, 82%; e) (i) MeI, 2,4,6-collidine, acetone, H2O, reflux, 89%; (ii) PPh3, CBr4, CH2Cl2,
0 °C to rt, 72%; (iii) LDA, THF, −78 °C, 88%; (iv) LDA, HMPA, MeI, THF, −78 °C to −10 °C, 88%; (v) Pd(PPh3)2Cl2, Bu3SnH, pentane, 63%;
(vi) CH2Cl2, I2, −78 °C to rt, 99%; f) Pd(PPh3)4, CuI, iPrNH2, 94%; g) H2, Lindlar catalyst, hexanes, EtOAc, quinoline; or Zn, Cu(OAc)2·H2O, AgNO3,
H2O, MeOH; or H2, THF, Elsevier catalyst; or Ni(OAc)2·4H2O, EtOH, H2, hydrazine, NaBH4.
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A two-carbon elongation was then performed by HWE reaction

with TMS-protected diethyl ethynylmethyl phosphonate, and

the subsequent TMS cleavage afforded alkyne 125. The synthe-

sis of the eastern fragment started from α-D-methyl gluco-

pyranoside (126), which was converted into partially protected

triol 127 by selective chlorination of the C14’ and the C16’ po-

sitions and consecutive reductive removal of the chlorine atoms

as the key steps. The configuration at the C15’ position was

subsequently inverted under Mitsunobu conditions [202]

furnishing benzoate ester 128, which is also a key intermediate

in the Altmann synthesis of the mycolactone A/B pentaenoate

chain. After dithiane cleavage, the resulting aldehyde was sub-

jected to a Corey–Fuchs reaction [146]/methylation sequence to

furnish a methylalkyne that underwent palladium-catalyzed

hydrostannylation [203] with moderate regioselectivity (6.3:1

ratio in favor of the desired isomer). Tin–iodine exchange

finally delivered vinyl iodide 129 in 16% yield over 10 steps.

An alternative synthesis of 129 starting from α-L-rhamnopyra-

noside proved less cost-efficient and concise. Vinyl iodide 129

was reacted with terminal alkyne 125 in a Sonogashira cross-

coupling reaction [141] to produce the full length C1’–C16’

fragment 130. Unfortunately, all conditions screened to selec-

tively reduce the internal triple bond in 130 (e.g., hydrogena-

tion with Lindlar catalyst [204] or Elsevier catalyst [205],

reduction with Ni(OAc)2/NaBH4 [206] or Zn(Cu/Ag) [207])

failed to provide pentaenoate 131. Moreover, all attempts to

convert terminal alkyne 125 into the corresponding E-vinyl

iodide or stannane that might have been used to assemble the

C1’–C16’ fragment in a palladium-catalyzed C(sp2)–C(sp2)

cross-coupling reaction were not successful nor was an alterna-

tive strategy with a retrosynthetic disconnection at the C7’–C8’

double bond.

As noted above, our own group used a hybrid approach that

combined access to the C1’–C8’ fragment according to Gurjar

and Cherian with the synthesis of the chiral C11’–C16’ frag-

ment according to Feringa and Minnaard (Scheme 17) [178]. To

this end, intermediate 128 from the Feringa/Minnaard synthesis

[196] was partially deprotected and reprotected and then elon-

gated to 120 by a Wittig/reduction/oxidation sequence. HWE

reaction of 120 with 109 under the conditions elaborated by

Gurjar and Cherian gave rise to the full length C1’–C16’ frag-

ment; alkaline saponification finally furnished acid 122a,b in

15 steps (longest linear sequence) and 18% overall yield from

α-D-methyl glucopyranoside.

A distinct approach selectively providing both the mycolactone

A and the mycolactone B pentaenoate chain was followed by

the Negishi group [37]. In analogy to their synthesis of the

mycolactone core, this strategy was largely driven by the desire

to demonstrate the synthetic utility of their (hydro/carbo)meta-

Scheme 17: Altmann’s approach towards the mycolactone A/B
pentaenoate side chain. Reagents and conditions: a) (i) NaH, MeOH,
rt, 95%; (ii) cat. TFA, AcOH, H2O, rt, quant.; (iii) TBSCl, imidazole,
DMF, 70 °C, 96%; (iv) MeI, 2,4,6-collidine, acetone, H2O, reflux, 97%;
(v) Ph3P=C(Me)COOEt, benzene, reflux, 93%; (vi) DIBAL-H, CH2Cl2,
−78 °C, 91%; (vii) SO3-pyridine, DIPEA, CH2Cl2/DMSO, rt, 97%;
b) (i) 109, LDA, THF, −78 °C to rt, 90%; (ii) LiOH, THF/H2O/MeOH
(4:1:1), rt, 99%.

lation and cross-coupling methodologies. In a communication in

2006, Negishi and co-workers reported the stereoselective syn-

thesis of both of the above mycolactone side chains [208].

However, it turned out later that the protecting group strategy

chosen in this initial work was not appropriate for the late stage

global deprotection envisaged in the total synthesis of mycolac-

tones A and B. Therefore, minor adjustments (replacement of

the C12’ MOM ether by a TBS ether) were made in the context

of the total synthesis. Since the syntheses from both reports are

virtually identical, only the 2nd generation approach will be dis-

cussed here.

The Negishi group provided two different synthetic pathways to

prepare the C1’–C7’ fragment with a Z-configured C4’–C5’-

double bond (Scheme 18). The first started from propargyl

alcohol (132) that was converted into the geminal dibromo-

olefin 133 [209] by a sequence of TMS protection of the termi-

nal alkyne moiety, Swern oxidation and dibromoolefination of

the ensuing aldehyde according to Corey–Fuchs. A highly

E-selective palladium-catalyzed methylation with ZnMe2

yielded Z-bromoolefin 134 that was converted into ynediene

135 by another Negishi-type cross-coupling reaction with (E)-

(3-((tert-butyldimethylsilyl)oxy)prop-1-en-1-yl)zinc bromide

followed by global silyl deprotection. Compound 135 was thus

obtained in 42% yield over 6 steps.

An alternative route to obtain 135 departed from propyne (136)

[210] which underwent bromoborylation to 137, which served
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Scheme 18: Negishi’s access to the C1’–C7’ fragment of mycolactone A. Reagents and conditions: a) (i) n-BuLi, TMSCl, then HCl; (ii) (COCl)2,
DMSO; (iii) CBr4, PPh3, Zn, 90% (3 steps); b) Me2Zn, Pd(dpePhos)Cl2 (5 mol %), DMF/THF 1:1, rt, 70%; c) (i) [trans-TBSO–CH2C=C–ZnBr],
Pd(dpePhos)Cl2 (5 mol %), THF/DMF 1:1, rt to 45 °C; (ii) TBAF, THF, rt, 66% (2 steps); d) (i) BBr3, CH2Cl2; (ii) pinacol; e) (i) [trans-
iBu2Al–OCH2C=C–ZnBr], PEPPSI (1 mol %); (ii) I2, NaOH, THF/H2O, 77% (2 steps); f) Et2Zn, then (HC≡C)2–Zn, Pd(t-Bu3P)2 (0.5 mol %), 94%;
g) (i) AlMe3, Cp2ZrCl2, CH2Cl2, −78 °C to rt, then I2, THF, −78 °C; (ii) TBSCl, imidazole, DMF, rt, 65% (2 steps).

Scheme 19: Negishi’s approach to the C1’–C7’ fragment of mycolactone B. Reagents and conditions: a) (i) DIBAL-H, THF, 0 °C, then DIBAL-H,
Cp2ZrCl2, THF, 0 °C to rt, then I2, THF, −78 °C; (ii) Et2Zn; then (HC≡C)2–Zn, Pd(dpePhos)Cl2 (5 mol %), THF, 0 °C to rt, 58% (2 steps);
b) (i) AlMe3/Cp2ZrCl2, CH2Cl2, −78 °C to rt, then I2, THF, −78 °C; (ii) (HC≡C)2–Zn, Pd(dpePhos)Cl2 (5 mol %), THF, 0 °C to rt, 62% (2 steps);
c) (i) AlMe3/Cp2ZrCl2, CH2Cl2, −78 °C to rt, then I2, THF, −78 °C; (ii) TBSCl, imidazole, DMF, rt, 63% (2 steps).

as the precursor for a Negishi alkenylation and alkynylation

reaction, respectively. Of note, this approach relied on a tran-

sient protection of the C1’ hydroxy group as a diisobutylalu-

minum complex during cross-coupling. Intermediate 135 was

obtained in only three steps and 72% overall yield thereby

clearly outcompeting the approach departing from propargylic

alcohol both in terms of step count and efficiency. Finally,

transformation to E,Z,E-configured trienyl iodide 139a was

achieved in two steps and 65% yield by means of a zirconium-

mediated carboalumination/iodination sequence followed by

TBS protection [211].

The C1’–C7’ fragment with an E-configured C4’–C5’-double

bond was also prepared from propargyl alcohol (132,

Scheme 19). Transient protection of the C1’ hydroxy group

with DIBAL-H followed by hydrozirconation with in situ-

generated Schwartz reagent [212] and quenching with iodine

yielded an (E)-vinyl iodide, that was further processed into

enyne 140 by Negishi cross-coupling with bis(ethynyl)zinc.

Again, transient hydroxy protection was employed with

diethylzinc as the blocking agent. A second zirconium-medi-

ated carboalumination/iodination/cross-coupling sequence then

furnished terminal alkyne 141 that was eventually transformed

into all-(E) vinyl iodide 139b, again by carboalumination/iodi-

nation.

Negishi and co-workers again decided for an independent

strategy, when it came to the synthesis of the eastern C8’–C16’

fragment. Aldehyde (S)-17 was prepared as previously and

submitted to a variant of the Brown allylation [213] employing

(+)-(Z)-MOM-OCH=CHCH2B(Ipc)2 (142), thus enabling the

simultaneous installation of the stereocenters at C12’ and C13’

(Scheme 20). Although this reaction was highly selective, it

came at the cost of requiring a MOM ether protecting group

which necessitated further protecting group manipulations, in

order to enable late stage global deprotection. Alkene 143 was
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Scheme 20: Negishi’s synthesis of the C8’–C16’ fragment of mycolactone A/B. Reagents and conditions: a) 142, BF3·Et2O, Et2O, −90 °C to 0 °C,
then H2O2, aq NaHCO3, 91%, dr 94:4; b) (i) TBSOTf, 2,6-lutidine, CH2Cl2, 0 °C; (ii) OsO4 (1 mol %), NMO, THF, H2O, rt; (iii) NaIO4, THF, H2O, rt,
95% (3 steps); (iv) PPh3, CBr4, 2,6-lutidine, CH2Cl2, 0 °C, 96%; c) (i) TMS–C≡C–ZnBr, Pd(dpePhos)Cl2 (5 mol %), THF, 0 °C; (ii) Me2Zn, Pd(t-Bu3P)2
(2 mol %), THF, rt; (iii) K2CO3, MeOH, rt, 61% (3 steps); d) (i) HCl (3 M in H2O), MeOH, 55 °C; (ii) TBSOTf, 2,6-lutidine, CH2Cl2, rt; (iii) Cp2Zr(H)Cl,
THF, rt, then I2, −78 °C, 55% (3 steps).

Scheme 21: Negishi’s assembly of the mycolactone A and B pentaenoate side chains. Reagents and conditions: a) (i) 139a or 139b, t-BuLi, then dry
ZnBr2, Et2O, THF, −78°C to rt, then 146, Pd(dpePhos)Cl2 (5 mol %), DMF, rt; (ii) TBAF, THF, 0 °C, 61% and 65% (2 steps); (iii) DMP, NaHCO3,
CH2Cl2, rt; (iv) NaClO2, NaH2PO4, 2-methyl-2-butene t-BuOH/H2O 2:1, rt, 122a: 73%, 122b: 76% (2 steps).

cleaved under Upjohn/Lemieux–Johnson [147,148] conditions

and conversion of the resulting aldehyde into the geminal vinyl

dibromide 144 was achieved by employing the Corey–Fuchs

protocol. The more reactive E-bromo substituent underwent

selective palladium-mediated alkynylation with TMS-

ethynylzinc bromide, which was followed by another Negishi-

type cross-coupling reaction between the Z-bromide and

dimethylzinc to furnish enyne 145. After several protecting

group manipulations, a final hydrozirconation/iodination reac-

tion then yielded key dienyl iodide 146 in 28% yield over

11 steps (longest linear sequence from (S)-17). At this point, it

is worth mentioning that dienyl iodide 146 was also prepared

using a different route in the course of our own studies and we

found this material to be relatively unstable even at −18 °C, thus

hampering the storage of this key intermediate (Gehringer &

Altmann, unpublished).

With the C1’–C7’ and the C8’–C16’ fragments in hand, the

subsequent assembly was carried out in parallel for the respec-

tive precursors of mycolactone A and B. To assemble the

polyunsaturated side chain, the trienyl iodides 139a and 139b

were lithiated with t-BuLi. After transmetallation, the corre-

sponding alkenylzinc intermediates were subjected to Pd-medi-

ated Negishi coupling with dienyl iodide 146 (Scheme 21).
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Scheme 22: Blanchard’s approach to the mycolactone A/B pentaenoate side chain. a) (i) Ph3P=C(Me)COOEt, CH2Cl2, rt, 99%; (ii) AD-mix α,
K2OsO4·2H2O (0.6 mol %), MeSO2NH2, t-BuOH, H2O, 0 °C, 70%, 86% ee; (iii) triphosgene, pyridine, CH2Cl2, rt, 79%; b) Pd2(dba)3·CHCl3
(0.5 mol %), HCO2H, Et3N, THF, rt, 63%; c) (i) TBSCl, imidazole, DMAP, DMF, rt, 93%; (ii) AD-mix α, K2OsO4·2H2O (2 mol %), MeSO2NH2, t-BuOH,
H2O, 0 °C, 70%; (iii) TBSCl, imidazole, DMAP, DMF, rt, 83%; d) (i) DIBAL-H, CH2Cl2, −78 °C, 97%; (ii) MnO2, CH2Cl2, 94%; (iii) CrCl2,
n-Bu3SnCHBr2, LiI, THF/DMF 20:1, rt; e) (i) 152, CuTC, Ph2P(O)OBu4N, NMP, rt, 48% (2 steps); (ii) LiOH, THF, H2O, 92%; (iii) hν, acetone, rt, quant.

After selective unmasking of the primary hydroxy group at C1’,

a Dess–Martin/Pinnick–Kraus oxidation sequence afforded the

highly pure (≥98%) side chain acids of mycolactone A (122a)

and B (122b) in 15 steps (longest linear sequence) from (S)-17

in 12% and 14% overall yield, respectively.

Finally, a very distinct approach to the polyunsaturated myco-

lactone A/B side chain was established by Blanchard and

co-workers. With the goal of developing a diverted total synthe-

sis of C8-desmethylmycolactone analogs for SAR studies, the

Blanchard group required a general strategy that would give

access to different stereoisomers of the lower side chain [92].

Therefore, they adopted a methodology developed by

O’Doherty [214] that involves catalytic asymmetric oxidation

and subsequent reductive defunctionalization reactions to

construct all three stereocenters. The linkage of the C1’–C7’

and the C8’–C16’ fragments relied on a Stille-type coupling

reaction. Starting from readily available trans-hexadienal (147)

(which corresponds to the C11’–C16’ segment), a Wittig two-

carbon elongation followed by stereoselective Sharpless

dihydroxylation (86% ee) of the most electron-rich double bond

and subsequent reaction with triphosgene furnished cyclic

carbonate 148 (Scheme 22). The C14’ position was then

defunctionalized to give alcohol 149 by palladium-catalyzed

allylic reduction using triethylammonium formate as the

hydride donor [214]. A second Sharpless dihydroxylation and

subsequent TBS protection afforded fully protected triol 150

with the correctly configured stereocenters at C12’, C13’, and

C15’ in place. Ester reduction and allylic oxidation with MnO2

followed by chromium-mediated one-carbon elongation with

Bu3SnCHBr2 [215] led to dienyl stannane 151, the precursor for

the Stille cross-coupling.

The partner for this coupling reaction, vinyl iodide 152, was ob-

tained from known (E)-3-iodo-2-methylprop-2-en-1-ol [216] by

two Wittig elongation cycles. Instead of using traditional Stille

conditions, Blanchard and co-workers relied on the palladium-

free copper(I) thiophene-2-carboxylate (CuTC)-promoted

variant developed by Allred and Liebeskind [217]. Coupling

proceeded rapidly at ambient temperature in the presence of

tetra-n-butylammonium diphenylphosphinate as tin scavenger

[218], but only moderate yields were obtained, which some-

what limits the overall efficiency of the synthesis. Final ester

hydrolysis and photochemical equilibration furnished the myco-

lactone A/B pentaenoate side chain acid in 12 steps (longest

linear sequence) and 7.4% overall yield from trans-hexadienal

(147). Ultimately, a set of 4 stereoisomers (vide infra) was pre-

pared via this route (as pairs of E/Z isomers at C4',C5', includ-

ing 122a,b).

III.2.2 Synthesis of the polyunsaturated side chains of other

natural mycolactones: The most extensive contributions to the

synthesis of the polyunsaturated side chains of other natural

mycolactones were again made by the Kishi laboratory. After

having completed the total synthesis of mycolactone A/B, Kishi

and co-workers devised strategies for the synthesis of mycolac-

tones C, E, F, S1 and S2 and the photochemical decomposition

products of mycolactone A/B (“photo-mycolactones”). Contri-

butions from other groups include the approach to the mycolac-

tone E side chain developed by Wang and Dai and Blanchard’s
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Scheme 23: Kishi’s approach to the mycolactone C pentaenoate side chain exemplified for the 13’R,15’S-isomer 154. Reagents and conditions:
a) (i) (+)-Ipc2BOMe, allylmagnesium bromide, Et2O, −78 °C, 67%, dr 8:1; (ii) TBSCl, imidazole, DMF, rt; (iii) O3, CH2Cl2, −78 °C, then PPh3;
(iv) Ph3P=C(Me)COOEt, toluene, 110 °C, 84% (3 steps).

synthesis of the mycolactone C side chain, as well as our own

unpublished work on the latter.

III.2.2.1. Synthesis of the pentaenoate side chain of mycolac-

tone C: At the time when Kishi and co-workers initiated their

work on mycolactone C, only a gross structure had been pro-

posed for the compound by the Small [47] and the Leadlay

groups [52] (vide supra). Having a suitable route to the myco-

lactone core in hand, a flexible approach enabling the synthesis

of all four possible stereoisomers of the proposed 1,3-diol motif

in the pentaenoate side chain was required for Kishi to synthe-

size mycolactone C and establish its exact structure. Kishi’s

work departed from the two enantiomers of TBS-protected

3-hydroxybutyraldehyde 17. The second stereocenter was intro-

duced by Brown asymmetric allylation with allylmagnesium

bromide [219] in the presence of (+)- or (−)-Ipc2BOMe, respec-

tively (Scheme 23) [53]. After TBS-protection of the resulting

secondary alcohols and ozonolysis of the homoallylic double

bond, a two-carbon chain extension was performed by Wittig

chemistry to obtain α,β-unsaturated ester 153 (and all of the cor-

responding stereoisomers). The ester was further processed ac-

cording to Gurjar and Cherian’s protocol to deliver all four

C13’/C15’ stereoisomers of the putative mycolactone C side

chain as 1:1 mixtures of Z-Δ4’,5’ and E-Δ4’,5’-isomers. As an ex-

ample, Scheme 23 shows that the 13’R,15’S-isomer 154 was

obtained in 48% overall yield for the 8-step sequence from (S)-

3-hydroxybutyraldehyde ((S)-17).

An alternative, as yet unpublished approach to the mycolactone

C fatty acid side chain was recently developed in our own labo-

ratories [220]. The synthesis started with the allylation of 1,3-

dithiane (155) with allyl bromide (Scheme 24). Deprotonation

of the resulting allylated dithiane and quenching with (S)-propy-

lene oxide ((S)-38) yielded (S)-configured alcohol 156.

Unmasking the keto group with iodine under slightly basic

conditions followed by a chelation-controlled 1,3-syn reduction

with NaBH4 in the presence of Et2BOMe [221] provided a 1,3-

diol that was converted into the cyclic di-tert-butylsilyl ether

157. Cleavage of the double bond by ozonolysis followed by a

two-carbon elongation via Wittig olefination with 2-(triphenyl-

phosphoranylidene)propanal yielded aldehyde 158, which was

to be submitted to HWE reaction with phosphonate 109. The

HWE reaction, however, proved to be more difficult than for

the analogous step in the synthesis of the mycolactone A/B side

chain. After some experimentation, it was found that a two-fold

excess of deprotonated phosphonate 109 was necessary to

consume most (>80%) of the aldehyde 158. Fortunately, the

starting materials could be recovered, yielding 70% of the ethyl

pentaenoate as an inseparable 4:1 mixture of the E-Δ4’,5’ and

the Z-Δ4’,5’-isomers along with 4% of a minor isomer. The ethyl

ester smoothly underwent saponification with LiOH to yield

acid 159  in 95% yield as a 72:22:6 mixture of the

E-Δ4’,5’-isomer, the Z-Δ4’,5-isomer and other minor isomers, re-

spectively. This product was obtained from 1,3-dithiane (155)

in 7 steps and 14% overall yield.

Yet an alternative approach towards the mycolactone C side

chain was reported by Blanchard and co-workers in the context

of their work on C8-desmethylmycolactone analogs [92]. The

synthesis relied on the same logic as their synthesis of the

mycolactone A/B side chain (cf. Scheme 22). Briefly, interme-

diate 149 was protected and stereoselectively dihydroxylated

with AD-mix α at the γ,δ-double bond (Scheme 25). The result-

ing diol 160 was converted into the corresponding cyclic

carbonate, defunctionalized in the allylic position with triethyl-

ammonium formate/palladium(0) and TBS-protected to provide

ester 161. Transformation of 161 into vinylstannane 162 was

achieved by reduction to the corresponding aldehyde followed
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Scheme 24: Altmann’s (unpublished) synthesis of the mycolactone C pentaenoate side chain. Reagents and conditions: a) (i) n-BuLi, THF, −78 °C,
then allyl bromide, −78 °C to rt, 97%; (ii) n-BuLi, THF, −10 °C, then (S)-propylene oxide, −10 °C, 74%; b) (i) I2, NaHCO3, MeCN/H2O 2:1, 0 °C, 85%;
(ii) Et2BOMe, NaBH4, THF, MeOH, −78 °C, 71%, dr 17:1; (iii) t-Bu2Si(OTf)2, pyridine, CH2Cl2, 0 °C, 85%; c) (i) O3, CH2Cl2, −78 °C, then PPh3, 76%;
(ii) Ph3P=C(Me)CHO, benzene, reflux, 77%; d) (i) 109, LDA, THF, −78 °C to rt, 70%, (E-Δ4’,5’/Z-Δ4’,5’ 4:1); (ii) LiOH, THF/H2O/MeOH 4:1:1, rt, 95%
(E-Δ4’,5’/Z-Δ4’,5’/minor isomers 72:22:6).

Scheme 25: Blanchard’s synthesis of the mycolactone C pentaenoate side chain. Reagents and conditions: a) (i) TBSCl, imidazole, DMAP, DMF, rt,
93%; (ii) AD-mix α, K2OsO4·2H2O (2 mol %), MeSO2NH2, t-BuOH/H2O, 0 °C, 70%; b) (i) triphosgene, pyridine, CH2Cl2, 0 °C, 84%;
(ii) Pd2(dba)3·CHCl3 (0.4 mol %), HCO2H, Et3N, THF, rt, 95%; (iii) TBSCl, imidazole, DMAP, DMF, rt, 87%; c) (i) DIBAL-H, CH2Cl2, 0 °C, 81%;
(ii) MnO2, CH2Cl2, reflux, 93%; (iii) CrCl2, CHI3, THF, rt, 59%; (iv) n-BuLi, Et2O, −78 °C, then n-Bu3SnCl, −78 °C to rt.

by Takai-olefination [222], lithiation and quenching of the

vinyllithium intermediate with tributyltin chloride. Intermedi-

ate 162 was further processed according to Scheme 22 to

obtain the complete lower side chain acid 154 in 15 steps

(longest linear sequence) and 0.8% overall yield from trans-

hexadienal.

III.2.2.2. Synthesis of the tetraenoate side chain of mycolac-

tone F: Kishi and co-workers have also addressed the total syn-

thesis of mycolactone F (8) [59], another mycolactone

congener, whose gross structure had been inferred from mass

spectrometry data, while the relative and absolute configuration

of the lower side chain could not be assigned. The Kishi group

assumed a syn-relationship of the 1,3-diol moiety in analogy to

the structures that had been previously established for other

mycolactone variants [40,43,53]. Consequently, only the two

enantiomers with an S,R or R,S-configuration, respectively, at

the C11’- and C13’-positions were to be prepared (exemplified

by 163, Scheme 26). Again, the two enantiomers of aldehyde 17

served as starting points for the syntheses, which were identical

for both enantiomers. Aldehyde 17 was reacted with allyl bro-

mide in an asymmetric variant of the Nozaki–Hiyama–Kishi

coupling reaction [223,224] using ligand L2, which had previ-

ously been developed by the Kishi group [225]. Interestingly, a

Cr/Zr/Mn system was used to promote coupling, which likely

improves the overall efficiency of the Nozaki–Hiyama–Kishi

reaction [226,227] compared to the Fe/Cr or Co/Cr-mediated

variants described in Kishi’s initial report. Of note, a subse-

quent TBS ether cleavage was necessary to remove the minor

diastereomer from the allylation step. Reprotection of the diol

163 as the bis-TBS ether and ozonolysis of the homoallylic

double bond provided the starting aldehyde for four (almost
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Scheme 26: Kishi’s synthesis of the tetraenoate side chain of mycolactone F exemplified by enantiomer 165. Reagents and conditions:
a) (i) CrCl3·3THF, ligand L2, Mn, Et3N, THF, then 2,6-lutidine, allyl bromide, Cp2ZrCl2, rt, 83%, dr 14:1; (ii) TBAF, 84% after separation of the minor
diastereomer; b) (i) TBSCl, imidazole, DMF, rt, quant.; (ii) O3, CH2Cl2, −78 °C, PPh3, 83%; (iii) (EtO)2P(O)CH(Me)COOEt, n-BuLi, THF, 0 °C;
(iv) DIBAL-H, CH2Cl2, −78 °C; (v) MnO2, CH2Cl2, 72% (3 steps); (vi) (EtO)2P(O)CH(Me)COOEt, n-BuLi, THF, 0 °C; (vii) DIBAL-H, CH2Cl2, −78°C;
(viii) MnO2, CH2Cl2, 62% (3 steps); (ix)–(xi) repeat steps vi–viii, 36% (3 steps); (xii) (EtO)2P(O)CHCOOEt, n-BuLi, THF, 0 °C, 90%; c) LiOH, THF/
MeOH/H2O 4:1:1, rt, 89%.

Scheme 27: Kishi’s synthesis of the mycolactone E tetraenoate side chain. Reagents and conditions: a) (i) CH2=CHMgBr, CuI, Et2O, −30 °C to
−20 °C; then TMSCl, DIPEA, −20 °C to 0 °C; (ii) OsO4, NMO, H2O, rt; (iii) Pb(OAc)4, benzene, rt, 67% (3 steps); b) (i) ligand L2*, CrBr3, Mn, Et3N,
THF, 42 °C, then 2,6-lutidine, rt, then allyl bromide, aldehyde, Cp2ZrCl2, 0 °C; then 0.5 N HCl, rt, 55%, dr 95:5; (ii) TBSCl, imidazole, DMF, rt, 86%;
(iii) OsO4, NMO, H2O, rt; (iv) Pb(OAc)4, benzene, rt, 93% (2 steps); c) (i) (EtO)2P(O)CH(Me)COOEt, n-BuLi, LiBr, THF, 0 °C, 95%; (ii) DIBAL-H,
CH2Cl2, −78 °C, 89%; (iii) MnO2, CH2Cl2, rt, 94%; (iv)–(ix) 2× repeat steps i–iii, 40% (6 steps); (x) (EtO)2P(O)CHCOOEt, n-BuLi, THF, 0 °C to rt, 87%;
(xi) LiOH, THF/MeOH/H2O 4:1:1, rt, 96%.

identical) HWE elongation cycles, leading to ethyl tetraenoate

164. Base-mediated saponification then smoothly furnished acid

165 in 15 linear steps and 7.8% overall yield from aldehyde (S)-

17.

In contrast to the pentaenoate series, the predominant product

(>98%) of ethyl tetraenoate 164 was the all-E isomer, which

was stable under the ester hydrolysis conditions. However, 164

could be equilibrated to a 4:3:3 mixture with its Z-Δ4’,5’ and the

Z-Δ6’,7’-isomers by irradiation at 300 nm. Of note, the two

minor geometric isomers of ester 164 were also prepared sepa-

rately via a similar route using the Ando modification of the

HWE reaction [228] to construct the Z-double bonds.

III.2.2.3. Synthesis of the tetraenoate side chain of mycolac-

tone E and its minor metabolite: When Kishi and co-workers

initiated their work on mycolactone E (7), two possible gross

structures differing in the constitution of the polyunsaturated

side chain (cf. Figure 2) had been proposed, again by the groups

of Small [50] and Leadlay [56]. After re-examination of the

available analytical data the Kishi group favored Leadlay’s

structure, which only differed from the gross structure of myco-

lactone F (8) by the replacement of a methyl by an ethyl group

at the terminal position of the polyunsaturated side chain [57].

Consequently, a similar synthesis strategy was chosen as for the

mycolactone F fatty acid side chain. Although a syn-relation-

ship of the 1,3-diol moiety was assumed, the absolute configu-

ration was again unknown. Therefore, the Kishi group prepared

both enantiomers of this tetraenoate. The synthesis was

launched by a copper(I)-promoted regioselective opening of

either enantiomer of 1,2-butylene oxide (166) with vinyl-

magnesium bromide, thus defining the stereochemistry at the

C13’ position (exemplified in Scheme 27 by the synthesis of

169).
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Scheme 28: Wang and Dai’s synthesis of the mycolactone E tetraenoate side chain. Reagents and conditions: a) (i) Br2, CCl4, rt, then DBU, CCl4, rt;
(ii) LiAlH4, CH2Cl2, 0 °C; (iii) MnO2, CH2Cl2, rt; (iv) Ph3P=C(Me)COOEt, CH2Cl2, 0 °C to rt, 63% (4 steps); b) (i) DIBAL-H, CH2Cl2, 0 °C; (ii) MnO2,
CH2Cl2, rt; (iii) (MeO)2P(O)CH2COOMe, NaH, THF, −78 °C, 65% (3 steps); c) (i) TBSCl, imidazole, CH2Cl2, rt, 98%; (ii) DIBAL-H, CH2Cl2, 0 °C, 85%;
(iii) DMP, CH2Cl2, NaHCO3, rt, 86%; (iv) (MeO)P(O)CH2COOMe, NaH, THF, −78 °C, 85%, 9:1 E/Z; (v) PPTS, MeOH, 50 °C, 85%; d) PhCHO,
t-BuOK, THF, 0 °C, 65%; e) (i) H2, Pd(OH)2, MeOH, rt, 90%; (ii) t-Bu2Si(OTf)2, 2,6-lutidine, DMF, rt, 85%; (iii) DIBAL-H, CH2Cl2, −78 °C, 92%;
(iv) CBr4, PPh3, Et3N, CH2Cl2, 93%; (v) n-BuLi, −78 °C, THF, then MeI, rt, 90%; f) B2(pin)2, CuCl (10 mol %), PCy3, t-BuONa, MeOH, toluene, rt,
75%, α:β 92.5:7.5; g) (i) Pd(OAc)2 (5 mol %), ligand L3, K3PO4, THF/H2O, 35 °C, 85%; (ii) LiOH, THF/MeOH/H2O 4:1:1, rt, 90%.

Subsequent TMS protection of the resulting alcohol and oxida-

tive cleavage of the double bond afforded aldehyde 167which

was subjected to the Cr/Zr/Mn-mediated Nozaki–Hiyama–Kishi

coupling reaction, in analogy to the synthesis of the mycolac-

tone F side chain (using a slightly modified version of ligand

L2 (not shown here)). After TMS cleavage and global TBS

protection of the resulting diol, oxidative double bond cleavage

delivered aldehyde 168. The latter was then elaborated into

tetraenoate 169 by the same sequence of transformations as in

the synthesis of mycolactone F. 169 was obtained as the all-E-

isomer in 18 linear steps and 7.9% overall yield starting from

(S)-1,2-butylene oxide ((S)-166).

An alternative route to prepare the mycolactone E tetraenoate

side chain acid was recently reported by Wang and Dai [229].

They aimed to provide a more convergent strategy that would

combine a western triene fragment with an alkene bearing the

chiral 1,3-diol moiety via Suzuki–Miyaura cross-coupling

[230,231] thereby demonstrating the utility of their Aphos-

Pd(OAc)2 catalyst system [232]. The synthesis of the trienyl

bromide fragment 172 started from methyl methacrylate (170)

that was transformed into the corresponding E-vinyl bromide

via a bromination/elimination sequence (Scheme 28). LiAlH4

reduction to the alcohol, allylic oxidation with MnO2 and Wittig

olefination of the ensuing aldehyde afforded dienyl bromide

171. Another reduction/oxidation sequence followed by HWE

olefination with trimethyl phosphonoacetate furnished trienyl

bromide 172 in seven steps and 41% yield from methyl meth-

acrylate. Only a single intermediate in this sequence required

purification. The eastern fragment was accessed from methyl

(S)-3-hydroxyvalerate ((S)-173), which was homologated to 174

in a four-step sequence involving a HWE olefination. The

second hydroxy group was diastereoselectively introduced by

intramolecular conjugate addition of the hemiacetal-derived alk-

oxide formed from 174 and benzaldehyde in the presence of

potassium tert-butoxide [233]. After replacing the benzalde-

hyde acetal in 175 by a cyclic di-tert-butylsilyl ether, the selec-

tive reduction of the methyl ester to the corresponding alde-
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Scheme 29: Kishi’s synthesis of the dithiane-protected tetraenoate side chain of the minor oxo-metabolite of mycolactone E. Reagents and condi-
tions: a) (i) CH2=CHMgBr, cat. CuI, Et2O, −78 °C to −40 °C, 92%, ee >95% as determined by Mosher ester analysis [236]; (ii) KOH, distillation, 91%;
b) (i) t-BuLi, 2-TBS-1,3-dithiane, Et2O, then EtI, HMPA, −78 °C to −25 °C, 64%; (ii) OsO4, K3Fe(CN)6, DABCO, MeSO2NH2, t-BuOH/H2O, 0 °C;
(iii) Pb(OAc)4, benzene, 0 °C, 57% (two steps); c) (i) (EtO)2P(O)CH(Me)COOEt, n-BuLi, LiBr, MeCN, 0 °C to rt, 94%, E/Z 94:6; d) three HWE elonga-
tion cycles: (i) DIBAL-H, CH2Cl2, −78 °C; (ii) MnO2, CH2Cl2, rt; (iii) (EtO)2P(O)CH(Me)COOEt or (EtO)2P(O)CH2COOEt, n-BuLi, THF, 0 °C to rt,
72–95% over three steps, E/Z between 95:5 and 98:2; e) LiOH, THF/MeOH/H2O, 4:1:1 rt, quant.

hyde followed by a Corey–Fuchs alkynylation/methylation se-

quence furnished alkyne 176. The stereo- and regioselective

transformation of 176 into trisubstituted alkenyl boronate 177

was accomplished using a [Cu(I)PCy3]-catalyzed borylation

[234]. The key Suzuki–Miyaura cross-coupling reaction was

performed in 85% yield using the Aphos-Y ligand (L3) [232]

under conditions that had been carefully optimized with a

model substrate. The resulting methyl tetraenoate could be

readily hydrolyzed to acid 178. The latter was obtained in a

longest linear sequence of 13 steps in 11% overall yield from

(S)-173.

When Kishi and co-workers set out to synthesize the minor oxo-

metabolite of mycolactone E, its structure had not been unam-

biguously assigned [58] and the structural proposal [56] still

needed to be confirmed by other means. Kishi and co-workers

developed a synthesis relying on multicomponent anion relay

chemistry [235] and iterative Horner–Wadsworth–Emmons

elongation cycles. Starting from (R)-epichlorohydrin ((R)-179),

epoxide opening with vinylmagnesium bromide in the presence

of catalytic amounts of copper iodide followed by base-

promoted intramolecular nucleophilic substitution of the

ensuing chlorohydrin furnished epoxide 180 (Scheme 29). One-

pot tandem alkylation of 2-TBS-1,3-dithiane with epoxide 180

and ethyl iodide exploiting an anion-relay mechanism, fol-

lowed by oxidative cleavage of the terminal double bond gave

aldehyde 181, which was elaborated into α,β-unsaturated ester

182 by HWE chemistry.

Three subsequent reduction/oxidation/HWE-elongation cycles

yielded ethyl tetraenoate 183 which was saponified to obtain

acid 184. The latter, which corresponds to the 1,3-dithiane and

TBS-protected lower side chain of the mycolactone E minor

metabolite, was obtained in 16 linear steps and 18% overall

yield from (R)-epichlorohydrin ((R)-179).

III.2.2.4. Synthesis of the pentaenoate side chains of myco-

lactones S1 and S2: The synthesis of mycolactones S1 (4) and

S2 (5) was reported by the Kishi group in 2012 [62]. After iden-

tification of those congeners from M. ulcerans subsp. shin-

shuense extracts by using their fluorogenic TLC method (vide

supra), structural hypotheses were generated on the basis of

(HR) MS/MS profiles. While mycolactone S1 (4) was assumed

to be the C15’ keto analog of mycolactone A/B (1a,b), myco-

lactone S2 (5) was speculated to possess the C15’ keto group

along with an additional hydroxy group at the C14’ position. In

analogy to Kishi’s approach to the mycolactone E fatty acid

side chain, the synthesis of the putative mycolactone S1

pentaenoate chain departed from (S)-propylene oxide ((S)-38),

which was opened by copper(I)-mediated addition of vinyl-

magnesium bromide (Scheme 30). α,β-Unsaturated ester 185

was then obtained by PMB protection of the newly formed

hydroxy group and subsequent Lemieux–Johnson oxidation

[148] of the homoallylic double bond followed by a HWE olefi-

nation. Stereoselective introduction of the vicinal syn-diol by

Sharpless dihydroxylation followed by TBS protection gave

ester 186. A subsequent reduction/oxidation/Wittig elongation

cycle furnished the corresponding α,β-unsaturated ester. After

PMB removal, several redox manipulations finally provided

keto-aldehyde 187 in 12 steps and 28% overall yield from com-

mercially available (S)-38. Compound 187 was elaborated into

the full length side chain acid 188 using the same strategy as in

the synthesis of the mycolactone A/B side chain (see

Scheme 15). In the case of mycolactone S2, both C14’-epimers



Beilstein J. Org. Chem. 2017, 13, 1596–1660.

1632

Scheme 30: Kishi’s synthesis of the mycolactone S1 and S2 pentaenoate side chains. Reagents and conditions: a) (i) CH2=CHMgBr, CuI
(10 mol %), Et2O, −30 °C to −20 °C; (ii) PMBBr, NaH, THF, DMF, 0 °C to rt, 87% (2 steps); (iii) OsO4 (1 mol %), NaIO4, 2,6-lutidine, dioxane, H2O, rt;
(iv) Ph3P=CHCOOMe, toluene, 80 °C, 70% (2 steps); b) (i) AD mix-α, MeSO2NH2, dioxane, H2O, 0 °C, dr 8:1; (ii) TBSCl, AgNO3, pyridine, DMF, rt,
87% (2 steps); c) (i) DIBAL-H, CH2Cl2, −78 °C, 80% (major diastereomer); (ii) SO3∙pyridine, DIPEA, DMSO, CH2Cl2, rt, 95%; (iii) Ph3P=C(Me)COOEt,
toluene, 90 °C; (iv) DIBAL-H, CH2Cl2, −78 °C, 78% (2 steps); (v) DDQ, CH2Cl2, H2O, 0 °C, 94%; (vi) DMP, NaHCO3, CH2Cl2, rt, 90%;
d) (i) EtO2CCH(Br)Me, Zn, n-Bu3P, 1,4-dioxane, 100 °C, 56%, 3:1 E/Z; (ii) MMTrCl, pyridine, 0 °C, 70% (E-isomer); (iii) TBSCl, AgNO3, pyridine,
DMF, rt, quant.; e) (i) DIBAL-H, CH2Cl2, −78 °C; (ii) PvCl, pyridine, DMAP, CH2Cl2, 0 °C, 98% (2 steps); (iii) HCO2H, Et2O, rt, 88%; f) (i) SO3∙pyridine,
DIPEA, DMSO, CH2Cl2, rt, 95%; (ii) MeMgCl, Et2O, THF, 0 °C to rt, 93%; (iii) DMP, NaHCO3, CH2Cl2, rt, 84%.

were prepared since the local stereochemistry could not be

deduced from the preliminary mass spectrometric analysis. The

C14’ α-epimer, which is exemplified in Scheme 30, was

accessed from D-xylose (189), which already incorporates the

correctly configured C12’–C14’ stereotriad. Two-carbon elon-

gation by zinc-mediated coupling with ethyl bromopropionate

[237] followed by 4-methoxytrityl protection (MMTr) of the

primary hydroxy group and subsequent TBS protection of the

remaining alcohol groups furnished the α,β-unsaturated ester

190. Reduction to the primary alcohol followed by protection

with pivaloyl chloride and acid-mediated cleavage of the MMTr

ether furnished 191, bearing a free primary hydroxy group at

the C15’ position. Swern oxidation to the corresponding alde-

hyde was succeeded by the addition of methylmagnesium chlo-

ride, with concurrent cleavage of the pivaloyl ester. The result-

ing diastereomeric mixture of diols was oxidized to key keto-

aldehyde 192 again being processed according to the procedure

presented in Scheme 15 to deliver pentaenoate 193 in 11 steps

and 12% overall yield from 189. The C14’ β-epimer was pre-

pared from L-arabinose in similar yields using the same

strategy.

III.3. Total synthesis of natural mycolactones
So far, total syntheses have been successfully completed for

mycolactones A/B, C, E, (dia)-F, S1 and S2. All of the synthe-

ses feature the same general endgame, including Yamaguchi-

type esterification of the C5-hydroxy group with the respective,

protected polyunsaturated side chain acid followed by

protecting group removal. If a global TBS-protection strategy

was employed, deprotection with TBAF as the fluoride source

was performed in a single step. If the hydroxy groups at the

core extension (upper side chain) were protected as a cyclo-

pentylidene ketal (cf. structure 28), initial removal of the side

chain TBS groups with TBAF was followed by ketal cleavage

under mildly acidic conditions to complete the synthesis.

Specifically, Kishi’s 1st generation approach towards mycolac-

tone A/B (1a,b) [43] relied on TBS protection of the lower side

chain hydroxy groups, while the 1,3-diol at the core extension

was protected as a cyclopentylidene ketal (Scheme 31). The

same protecting group strategy was also part of Negishi’s

projected individual syntheses of mycolactone A (1a) and

mycolactone B (1b) [37], while in the mycolactone total synthe-
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Scheme 31: Kishi’s 1st generation and Altmann’s total synthesis of mycolactone A/B (1a,b) and Negishi’s selective synthesis of protected mycolac-
tone A and B and their isomerization upon deprotection. Reagents and conditions: Kishi 1st generation approach: a) 2,4,6-trichlorobenzoyl chloride,
DIPEA, DMAP, benzene, rt, 90%; b) TBAF, THF, rt, 81%; c) THF/HOAc/H2O, 2:2:1, rt, and the recovered starting material was recycled (once), 67%
(E/Z-Δ4’,5’ 2:3). Negishi’s synthesis starting from Z-Δ4’,5’-122: a) 2,4,6-trichlorobenzoyl chloride, DIPEA, DMAP, benzene, rt, 6 h, 67%, >98% isomeric
purity; b) TBAF, THF, rt, 71%, (E/Z-Δ4’,5’ ca. 1:4); c) THF/HOAc/H2O, 2:2:1, rt, 11 h and the recovered starting material was recycled (once),
59% (E/Z-Δ4’,5’ ca. 3:4). Negishi’s synthesis starting from E-Δ4’,5’-122: a) 2,4,6-trichlorobenzoyl chloride, DIPEA, DMAP, benzene, rt, 73%, >98%
isomeric purity; b) TBAF, THF, rt, 70% (E/Z-Δ4’,5’ ca. 2:5); c) THF/HOAc/H2O, 2:2:1, rt, and the recovered starting material was recycled (once), 64%
(E/Z-Δ4’,5’ ca. 4:5). Altmann’s approach: a) 2,4,6-trichlorobenzoyl chloride, DIPEA, DMAP, THF, rt, 89%; b) HF·pyridine, THF/pyridine 4:1, rt, 84%;
c) TBAF, THF, rt, 85% (E/Z-Δ4’,5’ ca. 1:1, 10% minor isomers).

ses from our own laboratory used a cyclic bis-tert-butylsilyl

ether was used to mask the 1,3-diol motif at the core extension.

In all cases, Yamaguchi esterification of the partially protected

extended core structure proceeded smoothly to give the fully

protected mycolactones 194 or 195. While the polyunsaturated

side chain acid in Kishi's case was a 2:3 E/Z mixture at the

C4’–C5’ double bond, Negishi employed the pure E- and

Z-Δ4’,5’ isomers, which had been obtained in separate syntheses

(vide supra). The isomeric state of the side chain was main-

tained during the esterification reaction and in all three cases

TBS deprotection with TBAF typically proceeded in good

yield. However, despite the exclusion of light, partial isomeriza-

tion of the C4’–C5’ double bond took place under these condi-

tions, leading to isomeric product mixtures, even for the isomer-

ically homogenous protected versions. Final removal of the

cyclopentylidene ketal with acetic acid generally afforded the

free mycolactones 1a,b in moderate yield and further isomeriza-

tion of the C4’–C5’ double bond was observed by Negishi. In

summary, Kishi’s 1st generation approach employed a total of

20 steps for the longest linear sequence (from known 20) and

gave mycolactone A/B (1a,b) in 0.63% yield. Negishi’s total

synthesis departed from (R)-methyl 3-hydroxybutyrate ((R)-47)

and comprises 26 steps for the longest linear sequence. The

mycolactones A/B were obtained and 2.8% overall yield, when

using the E-Δ4’,5’-isomer of the lower side chain acid in the

esterification step.

For our own total synthesis of mycolactone A/B (1a,b), the final

deprotection involved first the cleavage of the bis-tert-butylsilyl

ether in 195 with pyridine-buffered HF∙pyridine followed by

TBAF-mediated removal of the TBS protecting groups from the

lower side chain (Scheme 31) [178]. This two-step sequence

furnished mycolactone A/B as a 1:1 mixture of the E-Δ4’,5’ and

the Z-Δ4’,5’ isomer containing ca. 10% of minor isomers. The
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Scheme 32: Kishi’s 2nd generation total synthesis of mycolactone A/B (1a,b). Reagents and conditions: a) 2,4,6-trichlorobenzoyl chloride, DIPEA,
DMAP, benzene, rt, 90%; b) TBAF, THF, rt, 80% (E/Z-Δ4’,5’ 2:3).

two-step procedure was required since extended treatment of

195 with buffered HF·pyridine, as it was required for TBS

cleavage, caused partial decomposition, while TBAF alone did

not efficiently remove the cyclic silyl-ether protecting group.

More recently, however, we have found that the sequential ad-

dition of TBAF followed by an excess of ammonium fluoride

allowed for efficient, one-pot global deprotection [111].

Overall, our synthesis comprises a longest linear sequence of

19 steps and produced the target structure in 13% overall yield

according to [178]. The synthesis, thus, is significantly more

efficient than either Kishi's 1st generation approach or the

Negishi synthesis although recent unpublished optimizations

(vide supra) were not considered.

In contrast to his first generation synthesis, Kishi’s 2nd genera-

tion approach to mycolactone A/B (1a,b) incorporated a global

TBS-protection strategy that was also maintained in his 3rd

generation approach towards the mycolactone core and in all

syntheses of other mycolactone congeners (Scheme 32). Global

TBS deprotection of 198 with TBAF furnished the typical mix-

ture of mycolactones A and B.

Interestingly, and contrary to the observations by Negishi and

co-workers, the Kishi group found E/Z isomerization of the

C4’–C5’ double bond under their TBAF deprotection condi-

tions to be less pronounced. Thus, deprotection of a chromato-

graphically enriched mixture of 198 predominantly containing

the Z-Δ4’,5’-isomer (10:1) yielded a 6:1 mixture of 1a and 1b, if

light was carefully excluded. With a longest linear sequence of

21 steps and an overall yield of 8.9%, Kishi’s 2nd generation

synthesis of mycolactone A/B represented a significant advance

over his 1st generation approach.

Kishi’s syntheses of other natural mycolactones uniformly

relied on the 2nd generation strategy developed for the synthe-

sis of mycolactones A/B (1a,b) and will therefore not be dis-

cussed here in detail. Briefly, mycolactone C (2) was prepared

in two steps from the partially TBS-protected mycolactone core

37 and the TBS-protected mycolactone C side chain 154 as an

equimolar mixture of Z-Δ4’,5’ and E-Δ4’,5’-isomers in 76% yield

[53]. The same two-step procedure gave mycolactones E (6)

and dia-F (dia-8) in 62% and 56% yield, respectively [57,59].

Both, mycolactone E and mycolactone dia-F, were obtained as

100:4:4 mixtures of the all-E, the Z-Δ4’,5’ and the Z-Δ6’,7’

isomers, respectively. The minor metabolite of mycolactone E

was prepared in a similar manner using side chain acid 184;

however, dithiane deprotection mediated by N-chlorosuccin-

imide and silver nitrate had to be performed prior to global

TBAF-promoted silyl ether cleavage. The latter was relatively

inefficient (44% yield) and product 7 was finally obtained in

3 steps and 35% yield [58]. Another minor modification of the

strategy had to be made to prepare the two oxidized congeners

mycolactones S1 (4) and S2 (5) [62]. While Yamaguchi esterifi-

cation with the respective side chain acids uneventfully provi-

ded the protected mycolactones, TBAF-mediated deprotection

resulted in a complex mixture of products. Ultimately, buffering

the TBAF solution with imidazole hydrochloride cleanly

furnished the desired products, although extended reaction

times (5 d) were necessary. Mycolactones S1, S2-14’α and

S2-14’β were obtained as the typical Δ4’,5’E/Z mixtures in 58%,

74% and 94% yield, respectively (over two steps). Finally,

natural mycolactone S2 was proven to be equivalent to S2-14’α.

Our own approach towards mycolactone C (2) also relied on

Yamaguchi esterification of the mycolactone core with the
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Scheme 33: Blanchard’s synthesis of the 8-desmethylmycolactone core. Reagents and conditions: a) (i) TsCl, TEA, DMAP, CH2Cl2, 0 °C to rt;
(ii) DIBAL-H, toluene, −78 °C to rt, 87% (2 steps); (iii) TEMPO (10 mol %), PhI(OAc)2, CH2Cl2, 10 °C to rt; b) (−)- or (+)-Ipc2Ballyl, Et2O, −78 °C, then
NaBO3·4H2O, 70%, dr > 97:3 for syn-200 and 76%, dr > 97:3 for anti-200; c) (i) TBSCl, imidazole, CH2Cl2, rt, 95%; (ii) acrylic acid, Grubbs II
(3 mol %), CH2Cl2, 90 °C (µw); d) (i) H2, Pd(OH)2, EtOAc, 79% (2 steps); (ii) NaI, acetone, reflux, 90%; e) (i) vinylmagnesium bromide, FeCl3
(20 mol %), TMEDA, THF, 0 °C, 51%; f) anti-200, DCC, DMAP, CH2Cl2, 0 °C to rt, 82%; g) (i) Grubbs II (10 mol %), CH2Cl2, 90 °C (µw), 83%; (ii) NaI,
acetone, reflux, 92%; h) (i) Li, naphthalene, ZnCl2, THF, rt, then 205, benzene/DMF 15:1, rt, then 35, Pd(PPh3)4 (13 mol %), LiCl, NMP, 55 °C, 63%;
(ii) HF∙pyridine, pyridine, THF, 0 °C, 4 h (yields 206) or 15 h (yields 207), 206: 42% or 207: 81%.

mycolactone C fatty acid side chain, both being protected as

cyclic bis-tert-butylsilyl ethers. In contrast to the lower myco-

lactone A/B side chain, the mycolactone C pentaenoate chain

was tolerant to pyridine-buffered HF∙pyridine, thus enabling

smooth global deprotection. Mycolactone C (2) was obtained in

59% yield over two steps as a 66:27:7 mixture of isomers

(E-Δ4’,5’/Z-Δ6’,7’/minor).

IV. Synthesis of mycolactone analogs
IV.1. Modifications of the extended mycolactone
core
In 2011, Blanchard and co-workers reported a synthesis of the

extended C8-desmethylmycolactone core, which is strategi-

cally related to our own approach towards the analogous

“natural” fragment (Scheme 33, cf. Scheme 7 and Scheme 8).

The key steps in Blanchard's synthesis of the 8-desmethylmyco-

lactone core include the closure of the macrolactone ring by

RCM and the attachment of the C14−C20 core extension to the

C13 atom via C(sp2)–C(sp3) cross-coupling. The synthesis

started from (S)-Roche ester (S)-70, which was tosylated and

converted into aldehyde 199. The latter served as the substrate

for a subsequent asymmetric Brown allylation that was per-

formed either with (−)- or (+)-Ipc2B(allyl)borane to furnish syn-

and anti-200, respectively. The syn-diastereomer was TBS pro-

tected and subjected to cross metathesis with acrylic acid in

methylene chloride under microwave heating using Grubbs 2nd

generation catalyst. The double bond of the resulting acrylate

201 was reduced by hydrogenation in the presence of

Pearlman’s catalyst and the tosylate was converted to the corre-

sponding iodide under Finkelstein conditions. By applying

Cossy’s iron-mediated C(sp2)–C(sp3) cross-coupling methodol-

ogy [238], alkyl iodide 202 was fused with vinylmagnesium

bromide to produce alkene 203. Interestingly, no protection of

the carboxylic acid moiety was required in the presence of an

excess of vinylmagesium bromide. Acid 203 was activated with

DCC and esterified with anti-200 under Steglich conditions to

produce diene 204. This diene readily underwent RCM-medi-

ated cyclization with Grubbs 2nd generation catalyst again in

overheated methylene chloride. After cyclization, the C13 tosyl-

ate was transformed into the corresponding alkyl iodide 205

under Finkelstein conditions, which was then connected with

known vinyl iodide 35 by Negishi cross-coupling.

Treatment of the coupling product with HF∙pyridine only led to

cleavage of the C5-TBS ether (producing 206), while global

silyl ether cleavage to 207 occurred only after extended reac-
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Scheme 34: Altmann’s (partially unpublished) synthesis of the C20-hydroxylated mycolactone core. Reagents and conditions: a) (i) NaH, PMBCl, cat.
TBAI, DMF, rt, 79%; (ii) vinylmagnesium bromide, CuI, THF, −20 °C, 97%; b) (i) TBSCl, imidazole, CH2Cl2, reflux, 97%; (ii) K2OsO4∙2H2O, NMO,
acetone/H2O 9:1, rt; (iii) NaIO4, THF/H2O 4:3, rt, 98% (2 steps); c) (S)-4-benzyl-3-propionyloxazolidin-2-one, Et2BOTf, DIPEA, CH2Cl2, 0 °C; then
210, −78 °C to 0 °C, 77%, de 20:1; d) (i) HF·pyridine, THF, rt, 98%; (ii) t-Bu2Si(OTf)2, pyridine, CH2Cl2, rt, 98%; (iii) NaBH4, THF/water 4:1, rt, 91%;
e) (i) DMP, NaHCO3, CH2Cl2, rt, 92%; (ii) CBr4, PPh3, 0 °C, 96%; (iii) n-BuLi, THF, −78 °C, then MeI, −78 °C to rt, 92%; f) Cp2Zr(H)Cl, THF, 40 °C,
then I2, 0 °C, 90%; g) 91, t-BuLi, 9-MeO-9-BBN, Et2O, THF, −78 °C to rt, then 214, Pd(dppf)Cl2 (10 mol %), AsPh3, Cs2CO3, DMF, H2O, rt, 98%;
h) (i) DDQ, CH2Cl2/H2O 5:1, rt, 99%; (ii) Ac2O, DIPEA, DMAP, CH2Cl2, rt, quant.; (iii) THF/H2O/HOAc 3:1:1, rt, quant.

tion times. The extended C8-desmethylmycolactone core was

prepared in 14 steps (longest linear sequence) and 6.7% overall

yield from (S)-Roche ester ((S)-70).

A modified version of the extended mycolactone core with a

hydroxy tag at the C20 position was designed in our own group

[90,111]. The additional hydroxy group enables the attachment

of various residues for SAR and target elucidation studies. The

synthesis started from commercially available (R)-glycidol ((R)-

208), thus immediately setting the configuration of the C19

stereocenter (Scheme 34). PMB protection of the primary

hydroxy group followed by regioselective copper(I)-mediated

epoxide opening with vinylmagnesium bromide furnished

homoallylic alcohol 209 that was TBS protected and subjected

to oxidat ive double bond cleavage under  Upjohn/

Lemieux–Johnson conditions. The ensuing aldehyde 210 was

subjected to an asymmetric Evans aldol addition to simulta-

neously establish the stereochemistry at the C16 and C17 posi-

tions in 211.

Replacement of the TBS protecting group by a cyclic di-tert-

butylsilyl ether blocking the 1,3-diol followed by reductive

removal of the Evans auxiliary with NaBH4 then gave primary

alcohol 212 that was transformed into the corresponding alde-

hyde with Dess–Martin periodinane. Application of the two-

step Corey–Fuchs protocol and trapping of the alkynyllithium

intermediate with methyl iodide provided alkyne 213. Hydrozir-

conation followed by a zirconium–iodine exchange then

furnished key vinyl iodide 214 (Gersbach, Gehringer, Bucher &

Altmann, unpublished). C(sp2)–C(sp3) Suzuki coupling with the

mycolactone core (91) proceeded smoothly in almost quantita-

tive yield under optimized conditions (Gehringer & Altmann,

unpublished). A replacement of the C20 PMB protecting group

was necessary to enable an orthogonal deprotection of the C20

hydroxy group in the presence of the mycolactone lower side

chain at a later stage [111]. Therefore, the PMB ether was

cleaved with DDQ followed by DMAP-promoted acetylation of

the liberated hydroxy group with acetic anhydride. Finally,

cleavage of the C5-TES ether furnished the adequately pro-
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Scheme 35: Altmann’s and Blanchard’s approaches towards the 11-isopropyl-8-desmethylmycolactone core. Reagents and conditions: 220:
a) AllylSnBu3, Ti(OiPr)4, (S)-(−)-1,1’-bi-2-naphthol, CH2Cl2, 4 Å molecular sieves, −78 °C to −18 °C, 47%, single isomer; b) 88, EDCI, DMAP, CH2Cl2,
rt, 71%; c) Grubbs II, Grubbs I or Hoveyda–Grubbs II catalyst; CH2Cl2 or toluene; d) (i) NaBH4, DMSO, 100 °C, 76%; (ii) HOAc/THF/H2O 2:2:1, rt,
98%. 221: e) (i) Li, naphthalene, ZnCl2 THF, rt, then 205, benzene/DMF 15:1, rt, then aq NH4Cl, 60%; (ii) HF∙pyridine, pyridine, 40 °C, 89%.

tected modified mycolactone core 216 in 17 steps and 35%

overall yield from (R)-glycidol ((R)-208).

In order to assess the importance of the upper side chain for bio-

logical activity, we have also prepared simplified mycolactones

lacking the C14–C20 part of the core extension [178]. In an

initial attempt, we investigated the synthesis of the truncated ex-

tended core structure 220 by RCM of diene 219 (Scheme 35).

However, the latter proved to be resistant to ring closure under

the conditions that had proven effective for the cyclization of 89

and any other of the conditions screened, including the use of

different metathesis catalysts (Grubbs 1st generation [239],

Grubbs 2nd generation [171], or Hoveyda–Grubbs 2nd genera-

tion [189]) and solvents (CH2Cl2 or toluene).

This observation is in line with results from the Burkart

[173,240] and the Blanchard [182] groups, showing that the

successful closure of the 12-membered ring is sensitive to

subtle changes of the substituent at the C13 position. As an al-

ternative to the RCM-based cyclization of 219, lactone 220

could eventually be obtained in good yields by reduction of

tosylate 90 with an excess of NaBH4 in DMSO at 100 °C fol-

lowed by the removal of the TES protecting group under

slightly acidic conditions. The synthesis of the 8-desmethyl

analog of 220, i.e., 221 has been reported by Blanchard and

co-workers starting from iodide 205 [92]. An iodine–zinc

exchange with Rieke zinc [241] followed by aqueous quenching

smoothly reduced the C13 position and subsequent cleavage of

the C5-TBS ether by pyridine-buffered HF∙pyridine unevent-

fully yielded the free alcohol 221.

Blanchard also prepared a saturated analog of 221 via tosylate

222 [242]. Hydrogenation of this intermediate over Pearlman’s

catalyst, followed by Finkelstein iodination, metalation/proton-

ation, and TBS-ether cleavage with buffered HF∙pyridine finally

gave 223 in 27% overall yield from 222 (Scheme 36).

Scheme 36: Blanchard’s synthesis of the saturated variant of the
C11-isopropyl-8-desmethylmycolactone core. Reagents and condi-
tions: a) (i) H2 (1 atm), Pd(OH)2, EtOAc, rt, 77%; (ii) NaI, acetone,
reflux, 80%; (iii) Zn, LiCl, TMSCl, BrCH2CH2Br, THF, rt, then alkyl
iodide, rt, then aq NH4Cl, 75%; (iv) HF∙pyridine, pyridine, THF, 0 °C to
40 °C, 59%.

IV.2 Modifications of the lower mycolactone side
chain
In a recent publication, the Kishi group reported the synthesis of

non-natural mycolactones that they have termed photo-myco-
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Scheme 37: Structure elucidation of photo-mycolactones generated from tetraenoate 224.

lactones [243]. This work was triggered by the fact that myco-

lactone A/B completely loses its activity against keratinocytes

after 30 min of exposure to light [244]. Earlier findings of the

Kishi group had already shown that synthetic mycolactone A/B

upon light exposure was cleanly transformed into four closely

related compounds that were denominated as photo-mycolac-

tones A1, A2, B1 and B2 [244]. These compounds were

isomeric to mycolactone A/B, but they could not be properly

separated. Thus, the Kishi group started to study the photo-

chemical behavior of the isolated, protected mycolactone A/B

pentaenoate side chain and its tetraenoate analog. The photo-

products in the tetraenoate series (225) were separable into two

groups (A and B) containing two compounds each (Scheme 37).

Upon TBS deprotection, the two constituents of each group

could be finally separated by HPLC on a chiral stationary

phase. Oxidative diol cleavage of those products gave two

matching pairs of levorotatory and dextrorotatory aldehydes

((+)-/(−)-226 and (+)-/(−)-227, Scheme 37).

Strikingly, the synthesis of the tri-p-bromobenzoate variants of

compound 225 furnished a crystalline product that was analyzed

by X-ray crystallography. The crystallographic data showed the

photoproducts to be bicyclo[3.1.0]cyclohexene derivatives,

which was in line with the structural proposal that had already

been derived by NMR spectroscopy. Based on further experi-

ments and literature data, the Kishi group proposed a concerted

[4πs + 2πa] cycloaddition as the mechanism for the cyclization.

In a seven-step sequence, they then converted the four photo-

products prepared from the tetraenoate series into their

pentaenoate-derived analogs that were subsequently attached to

the mycolactone core, to yield the complete photo-mycolac-

tones. The synthetic photo-mycolactones were found to be iden-

tical with the compounds obtained by direct photocyclization of

mycolactone A/B. Since all mycolactone side chains presented

in the following section were attached to the mycolactone core

and deprotected according to the same general methodologies as

presented in the total synthesis section (i.e., Yamaguchi esterifi-

cation with the C5-hydroxy group and subsequent silyl ether

cleavage by different fluoride sources), these steps will not be

discussed. The interested reader is referred to the cited litera-

ture.

Following the structure elucidation of photo-mycolactones, the

Kishi laboratory embarked on the total synthesis of these com-

pounds [243]. The envisaged key step was an intramolecular

LiTMP-promoted Hodgson cyclopropanation [245,246], that

would transform a chiral 1,2-epoxy-5-ene into the desired bi-

cyclo[3.1.0]cyclohexene skeleton in a stereocontrolled fashion.

Starting from (R)-glycidol ((R)-208, exemplified in Scheme 38)

or (S)-glycidol, TBDPS protection followed by base-promoted

epoxide opening with diethyl methylmalonate and intramolecu-

lar transesterification furnished γ-lactone 228 as an inseparable

mixture of diastereomers. After selective hydrolysis of the

exocyclic ester group, an acid activation/reduction sequence

furnished a 3:2 mixture of the diastereomeric primary alcohols

229 and dia-229 that was separable by column chromatography.

Similarly, (S)-208 furnished the corresponding enantiomers ent-

229 and ent-dia-229 and every single stereoisomer was

processed separately. As an example, 229 was then elaborated

into epoxyaldehyde 230 in an eight-step sequence that involved

reductive opening of the lactone, selective tosylation of the pri-

mary hydroxy group and subsequent base-promoted epoxide

formation as the key transformations. The aldehyde was con-

verted into diene 233 by a one-pot Julia olefination [247,248]

with 232; the latter was easily prepared from known precursor

231 in a Mitsunobu reaction/S-oxidation sequence. Following

the same route, all four stereoisomers varying in the configura-

tion of C4’ and the C6’ were prepared.

Epoxide 233 was then subjected to LiTMP-mediated Hodgson

cyclopropanation, to deliver hydroxylated bicyclo[3.1.0]cyclo-

hexane 234 with excellent stereoselectivity, but in relatively
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Scheme 38: Kishi’s synthesis of the linear precursor of the photo-mycolactone B1 lower side chain. Reagents and conditions: a) (i) TBDPSCl, imida-
zole, CH2Cl2, rt; (ii) MeCH(CO2Et)2, LiHMDS, AlEt3, THF, −78 °C, then p-TsOH, 88%; b) (i) KOH, EtOH, H2O, 0 °C, 99%; (ii) ClCO2Et, TEA, THF,
0 °C, then NaBH4, iPrOH, rt, 38% (229) and 31% (dia-229); c) (i) PMB-trichloroacetimidate, La(OTf)3, toluene, 0 °C to rt, 87%; (ii) LiBH4, MeOH, THF,
0 °C, 98%; (iii) TIPSCl, imidazole, DMF, rt, 93%; (iv) NaOH, MeOH, H2O, 60 °C, 69%; (v) TsCl, TEA, n-Bu2SnO, CH2Cl2, rt; (vi) K2CO3, MeOH, rt,
88% (2 steps); (vii) TBAF, THF, rt; (viii) TEMPO, NaClO2, KBr, NaHCO3, CH2Cl2, H2O, −10 °C, 86% (2 steps); d) (i) benzothiazole-2-thiol, PPh3,
DIAD, THF, 0 °C to rt, 98%; (ii) H2O2, (NH4)6Mo7O24∙4H2O, EtOH, 0 °C to rt, 86%; e) LiHMDS, THF, −78 °C, 86%.

Scheme 39: Kishi’s synthesis of the photo-mycolactone B1 lower side chain. Reagents and conditions: a) LiTMP, MTBE, −10 °C, 34%, single dia-
stereomer; b) (i) TPAP, NMO, CH2Cl2, H2O, rt, 72%; (ii) LDA, 5-Cl-2-PyNTf2, THF, −78 °C; (iii) LiCuMe2, THF, −15 °C, 81% (2 steps); (iv) DDQ,
CH2Cl2, t-BuOH, phosphate buffer pH 7.0, rt, 51%; c) (i) DMP, CH2Cl2, rt, 84%; (ii) Ph3P=CHCOOMe, toluene, 90 °C, 87%; (iii) NaOH, THF/MeOH/
H2O 4:1:1, rt, 90%.

low yields; although most of the starting material could be

recovered (Scheme 39). Of note, yields could be significantly

increased (65% vs 34%) by replacing the PMB protecting group

with a 2-methoxyethoxymethyl (MEM) group and changing the

solvent to diethyl ether. The oxidation of 234 to the correspond-

ing ketone under Ley–Griffith conditions [249] followed by

enol triflate formation and subsequent coupling with lithium

dimethylcopper (“Gilman reagent”) [250] introduced the C6’-

methyl group. The cleavage of the PMB ether with DDQ then

furnished primary alcohol 235 in 19 steps and 1.2% overall

yield from (R)-glycidol ((R)-208). Alcohol 235 was processed

to α,β-unsaturated acid 236 in a three-step oxidation/Wittig
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Scheme 40: Kishi’s synthesis of a stabilized lower mycolactone side chain. Reagents and conditions: a) (i) TBDPSCl, imidazole, CH2Cl2, rt, 96%;
(ii) MeCH2COO-t-Bu, LiHMDS, AlEt3, THF, −78 °C, 95%; b) (i) PTSA, CHCl3, reflux, 96%; (ii) LDA, THF, −78 °C, then 2,6-di-tert-butylphenol, −78 °C,
dr 8–10:1, then recrystallization, 65%, dr 50–100:1; c) (i) LiBH4, THF, MeOH, 0 °C, 97%; (ii) PvCl, pyridine, CH2Cl2, 0 °C to rt, 90%; (iii) TBAF, THF,
rt, 96%; d) (i) NaIO4, THF, H2O, 0 °C, 93%; (ii) NaBH4, MeOH, 0 °C, 96%; (iii) TBSCl, imidazole, CH2Cl2, rt, 94%; e) (i) DIBAL-H, CH2Cl2, −78 °C,
92%; (ii) SO3∙pyridine, DIPEA, DMSO, CH2Cl2, 0 °C to rt, 90%; (iii) Ph3P=C(Me)COOEt, CH2Cl2, rt, 90%; (iv) DIBAL-H, CH2Cl2, −78 °C, 94%;
(v) MnO2, CH2Cl2, rt, 92%; (vi) (EtO)2P(O)CH2COOEt, n-BuLi, THF, 0 °C to rt, 93%; f) (i) PPTS, EtOH, rt, 90%; (ii) 1-phenyl-1H-tetrazole-5-thiol,
DIAD, PPh3, THF, 0 °C, 94%; (iii) H2O2, (NH4)6Mo7O24∙4H2O, EtOH, 0 °C to rt, 90%; g) (i) KHMDS, THF, −78 °C, 90%; (ii) LiOH, THF/MeOH/H2O
4:1:1, rt, 92%. Using the same reaction sequence the C6’-(S) epimer of 242 was prepared from (R)-glycidol ((R)-208).

olefination/saponification sequence, according to Kishi’s first

report on photo-mycolactones [244] (66% yield). The other

three photo-mycolactone side chain acids were prepared in the

same manner from dia-229, ent-229 and ent-dia-229.

In their latest contribution to mycolactone chemistry, Kishi and

co-workers reported mycolactone analogs with a partially satu-

rated lower side chain [251]. Motivated by their studies on the

photochemical behavior of mycolactones [243,244], they sought

to stabilize the lower side chain by saturating the central double

bond of the pentaene system. Since the saturation generates a

stereocenter at C6’, a novel stereoselective synthesis strategy

was required. This route is exemplified in Scheme 40 for the

(R)-C6’ epimer 243. Starting from (S)-glycidol ((S)-208),

TBDPS protection and regioselective epoxide opening by the

anion of tert-butyl propionate in the presence of AlEt3 furnished

secondary alcohol 237 as an epimeric mixture at the C6’ posi-

tion. Acid treatment then induced the formation of the corre-

sponding five-membered lactone, which was deprotonated with

LDA and re-protonated under kinetic control with 2,6-di-tert-

butylphenol to provide lactone 238 in high diastereomeric

purity after recrystallization.

Reductive lactone opening and selective protection of the

ensuing primary hydroxy group as the pivalate followed by

TBDPS cleavage afforded vicinal diol 239, which was subject-

ed to periodate-mediated diol cleavage. Reduction of the result-

ing aldehyde and protection with TBS chloride yielded orthogo-

nally protected diol 240, with the C6’-stereocenter in place. The

pivaloyl group was removed reductively and two subsequent

Wittig-elongation cycles gave the C1’–C8’ fragment 241.

Conversion into the corresponding 1-phenyl-1H-tetrazol-5-yl

sulfone 242 was achieved in a three-step deprotection/

Mitsunobu/oxidation sequence and 242 was then reacted with

aldehyde 120 under Julia–Kocienski conditions. The ensuing

full length C1’–C16’ fragment was saponified with lithium

hydroxide to finally yield acid 243 in 21 linear steps and 15%

overall yield. The C6’-(S)-epimer was prepared via the same

route.

The influence of the hydroxylation pattern at the lower side

chain on the biological activity of C8-desmethylmycolactones

has been thoroughly investigated by the Blanchard group. For

those studies, they devised flexible strategies towards the lower

mycolactone A/B and C side chains (cf. Scheme 23 and

Scheme 25), which enabled the synthesis of several analogs

differing in the number and configuration of the hydroxy-substi-

tuted carbons [92,242]. As illustrated by the general reaction

scheme in Scheme 41A, all syntheses proceeded via the respec-

tive ethyl (E)-2-methyloct-2-enoate, which was transformed

into the corresponding dienyl stannane in analogy to the synthe-

ses shown in Scheme 22 and Scheme 25. CuTC-mediated Stille-
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Scheme 41: Blanchard’s variation of the C12’,C13’,C15’ stereocluster. Reagents and conditions: a) (i) DIBAL-H, CH2Cl2, 0 °C; (ii) MnO2, CH2Cl2,
reflux; (iii) CrCl2, CHI3, THF, rt; (iv) n-BuLi, Bu3SnCl, Et2O, −78 °C; b) (i) CuTC, Ph2P(O)ONBu4, NMP, rt; (ii) LiOH, THF, MeOH, H2O, rt;
c) (i) Ph3P=C(Me)COOEt, CH2Cl2, rt, 99%; (ii) AD-mix α, K2OsO4·2H2O (0.6 mol %), MeSO2NH2, t-BuOH, H2O, 0 °C, 70%; d) (i) triphosgene, pyri-
dine, CH2Cl2, rt, 63%; (ii) Pd2(dba)3·CHCl3 (0.5 mol %), HCO2H, Et3N, THF, rt, 80%; (iii) TBSCl, imidazole, DMAP, DMF, rt, 83%; (iv) AD-mix α,
K2OsO4·2H2O (2 mol %), MeSO2NH2, t-BuOH, H2O, 0 °C, 73%; (v) TBSCl, imidazole, DMAP, DMF, rt, 82%; e) (o-Tol)2P(O)CH2COOEt, NaI, NaH,
THF, −78 °C, 75%; f) AD-mix α, K2OsO4·2H2O (0.6 mol %), MeSO2NH2, t-BuOH, H2O, 0 °C, 62%, dr 9:1; g) (i) TBSCl, imidazole, DMAP, DMF, rt,
63%; (ii) DIBAL-H, CH2Cl2, 0 °C, 73%; (iii) TEMPO, PhI(OAc)2, CH2Cl2, rt; (iv) Ph3P=C(Me)COOEt, ClCH2CH2Cl, 70 °C, 65% (2 steps);
h) (i) Ph3P=C(Me)COOEt, CH2Cl2, rt, 98%; (ii) AD-mix α, K2OsO4·2H2O (0.6 mol %), MeSO2NH2, t-BuOH, H2O, 0 °C, 95%, ee >99%; i) TBSCl,
imidazole, DMAP, DMF, rt, 97%; j) (i) triphosgene, pyridine, CH2Cl2, rt, 76%; (ii) Pd2(dba)3·CHCl3 (0.5 mol %), HCO2H, Et3N, THF, rt, 76%;
(iii) TBSCl, imidazole, DMAP, DMF, rt, 98%; k) (S,S)-L4 (0.05 mol %), AcOH (20 mol %), H2O, THF, 46%, er > 99:1; l) (i) TBSCl, imidazole, DMAP,
DMF, rt, 98%; (ii) TBAF, THF, rt, 49%; (iii) TEMPO, PhI(OAc)2, CH2Cl2, rt; (iv) Ph3P=C(Me)COOEt, CH2Cl2, reflux, 79% (2 steps); m) H2 (1 atm),
Pd(OH)2, rt, 83%; n) (i) DIBAL-H, CH2Cl2, 0 °C; (ii) TEMPO, PhI(OAc)2, CH2Cl2, rt; (iii) Ph3P=C(Me)COOEt, CH2Cl2, rt, 63% (3 steps).
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Scheme 42: Blanchard’s synthesis of aromatic mycolactone polyenoate side chain analogs. Reagents and conditions: a) Pd(PPh3)4 (4 mol %),
toluene, 110 °C, 86% (262: n = 1, R = –COOMe) or 92% (263: n = 1, R = –CH=CHCOOEt), or 81% (264: n = 2, R = –COOMe).

type coupling then furnished the full length C1’–C16’ frag-

ments. Different strategies were pursued to provide the hydrox-

ylated ethyl (E)-2-methyloct-2-enoates (Scheme 41B–F).

C12’,C13’,C15’-trihydroxylated variants with a syn,syn- or a

syn,anti-configuration at the triol motif were prepared via the

same dihydroxylation/partial defunctionalization approach as in

Blanchard’s synthesis of the mycolactone A/B lower side chain

(exemplified in Scheme 41B). By using different combinations

of AD-mix α or AD-mix β in the first and the second dihydrox-

ylation step, respectively, all four possible isomers of 245 with

syn,syn or syn,anti stereochemistry were prepared. The corre-

sponding anti,anti- or anti,syn-C12’,C13’,C15’-stereocluster

was prepared from known aldehydes (R)- or (S)-17 by

Ando–HWE reaction, furnishing, e.g., α,β-unsaturated ester 246

with a Z-configuration (Scheme 41C). The latter was

dihydroxylated with AD-mix α, subsequent protection and two-

carbon elongation by Wittig chemistry then furnished 248 with

an anti,syn-arrangement of the three hydroxy groups. Further-

more, both enantiomers of the syn-diastereomer of the C15’-

dehydroxy mycolactone A/B polyenoate chain were prepared

(Scheme 41D). Starting from (E)-hex-2-enal (249) ethyl

(2E,4E)-2-methylocta-2,4-dienoate was prepared by Wittig

olefination and the γ,δ-double bond was selectively dihydroxyl-

ated, either with AD-mix α or AD-mix β, to obtain 250 or its

enantiomer.

TBS protection then furnished syn-C12’,C13’-dihydroxylated

intermediate 251, while palladium-mediated allylic reduction of

the corresponding carbonate and subsequent TBS protection

gave the C13’-monohydroxylated analog 252 (only the (S)-en-

antiomer was prepared in this case). The (R)-C12’-monohy-

droxylated derivative was prepared from racemic 1-hexene

oxide (253) by selective hydrolysis of the (S)-enantiomer using

Jacobsen’s catalytic kinetic resolution protocol for terminal

epoxides (Scheme 41E) [252]. TBS protection of both ensuing

hydroxy groups followed by selective cleavage of the primary

TBS ether gave the free primary alcohol, which was oxidized to

the aldehyde stage and converted into key intermediate 255 by

Wittig olefination. Finally, the (S)-C15’-hydroxylated deriva-

tive 258 was again prepared from aldehyde (S)-17 by Wittig

two-carbon elongation using the Kishi procedure [43] and

subsequent hydrogenolytic reduction of the α,β-unsaturated

ester intermediate followed by another Wittig elongation cycle

(Scheme 41F).

The Blanchard group has also reported the synthesis of myco-

lactone analogs with partially rigidized lower side chains, by in-

corporating phenyl moieties at different positions in the

polyenoate chain (262–264). To this end, dienyl or trienyl stan-

nanes 151 or 261, possessing the hydroxylation pattern of

natural mycolactone A/B, were coupled to meta-brominated

benzoic acid (259) or cinnamic acid esters (260) under classical,

palladium-based Stille conditions (Scheme 42). Yields were

typically high and the ensuing esters were cleaved under the

usual conditions.

IV.3. Fluorescent and biotinylated mycolactone
analogs
Mycolactone analogs featuring a fluorescent BODIPY or a

biotin label at the lower side chain have been prepared through

semisynthesis by Small [91] and Demangel [93], respectively.

Starting from natural mycolactone A/B (1a,b), both groups

exploited a periodate-mediated cleavage of the 1,2-diol moiety

in the polyunsaturated side chain to afford the extensively

conjugated aldehyde 265 (Scheme 43). Condensation with

BODIPY or biotin hydrazide furnished the labeled mycolac-

tone analogs 266 and 267 (no yield given) that were purified by

RP-HPLC.
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Scheme 43: Small’s partial synthesis of a BODIPY-labeled mycolactone derivative and Demangel’s partial synthesis of a biotinylated mycolactone
analog. Reagents and conditions: a) Small: HCl (0.1 M), HIO4 (0.01 M), EtOH, 37 °C; Demangel: NaIO4 (0.01 M), THF/H2O 1:1, rt; b) BODIPY
hydrazide, CHCl3/MeOH 2:1, rt, then HPLC purification; c) biotin hydrazide, CHCl3/MeOH 2:1, DMSO, rt, HPLC purification.

C8-desmethylmycolactone analogs tagged with two different

BODIPY fluorophores replacing part of the C12–C20 core

extension have been disclosed by the Blanchard group

(Scheme 44) [92,242]. In order to introduce the fluorescent dye,

the tosylate 205 was converted into an azide as a handle for the

introduction of various residues by copper-catalyzed

Huisgen–Meldal–Sharpless azide–alkyne cycloaddition [253-

255]. Subsequently, the lower side chain was introduced by

Yamaguchi esterification and deprotected with TBAF, yielding

triol 269. Functionalized BODIPY dyes bearing terminal alkyne

groups were prepared according to literature procedures [256]

and were clicked on the azide-functionalized mycolactone core

equipped with the fully deprotected lower side chain (269). This

strategy furnished the green and red-fluorescent derivatives 13a

and 13b, respectively. Non-fluorescent triazoles such as 270

and 271 were also prepared for SAR studies.

Very recently, our own group reported two biotinylated myco-

lactone-derived probes, which were used to gain insight into

mycolactones' molecular mechanism of action within the mTor

pathway (cf. Figure 6) [111]. Probe 15 possessing a biotin-

substituted triethylene glycol-derived linker as a replacement of

the lower side chain was prepared starting from secondary

alcohol 94, which was reacted with CDI to give the respective

imidazolyl carbamate (Scheme 45).

After quenching unreacted CDI with water, the addition of a

large excess of 1,2-bis(2-aminoethoxy)ethane gave carbamate

272. Cleavage of the cyclic silyl ether with pyridine-buffered

HF∙pyridine followed by PyBOP-promoted acylation of the ter-

minal amino group with biotin finally yielded 15. Probe 16,

which has the biotin linked to C20 of the core extension via the

same linker was prepared from secondary alcohol 216 bearing

an acetoxy group at C20. Yamaguchi esterification of the

C5-hydroxy group with the TBS-protected mycolactone A/B

pentaenoate side chain acid and subsequent saponification of

the C20-acetoxy group led to primary alcohol 273. The linker

was again introduced via the formation of an imidazolyl carba-

mate, which was reacted with 1,2-bis(2-aminoethoxy)ethane to

give carbamate 274. Global silyl ether deprotection was

achieved by one-pot sequential treatment with TBAF and am-

monium fluoride and the ensuing pentol was acylated with

biotin at the terminal amino function of the linker using PyBOP

as the coupling agent.

V. Structure–activity relationship (SAR)
studies
Although there have been numerous reports on the biological

activity of mycolactones, systematic structure–activity relation-

ship (SAR) studies are sparse. The only systematic assessment

of analogs with a natural core was conducted by the groups of

Altmann and Pluschke [90], while the Blanchard and the

Demangel groups have investigated a diverse set of

C8-desmethylmycolactones for cytopathogenic activity [92],

(N)-WASP inhibition [242] and anti-inflammatory properties

[257]. The mutual comparability of these studies is limited,
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Scheme 44: Blanchard’s synthesis of the BODIPY-labeled 8-desmethylmycolactones. Reagents and conditions: a) (i) NaN3, DMF, 75 °C, 79%;
(ii) TBAF, THF, 74%; b) (i) 122a,b, 2,4,6-trichlorobenzoyl chloride, DIPEA, DMAP, benzene, 85%; (ii) TBAF, THF, 93%; c) alkyne, Cu(OAc)2∙H2O,
sodium ascorbate, t-BuOH/H2O 5:3, 60 °C (µw), 50% (270), 22% (271), 35% (11a) or 35% (11b), E-Δ4’,5’/Z-Δ4’,5 ca. 1:1.

however, since different cell lines (e.g., murine L929 fibro-

blasts, Jurkat T cells or human cancer cell lines) and readouts

(e.g., cell rounding, cytokine production or flow cytometric pa-

rameters) were used. In some cases, no complete description of

the experimental details is provided, thereby further compli-

cating quantitative comparisons between the studies. Moreover,

many studies rely on the determination of activity at a single

concentration or give activity thresholds instead of providing

IC50 or LC50 data. Due to the delayed kinetics of mycolactone

action (see chapter I), the time point of data collection is of

major importance and not consistent between studies. Most

studies employed purified natural mycolactones as the standard

and the results should thus be treated with care due to potential

variations in the degree of purity of the material used. However,

results obtained with synthetic mycolactones may also be

biased, since mycolactones tend to be very sensitive to light

exposure and might even decompose partially when stored at

−20 °C for extended time periods [251,258]. Consequently,

caution needs to be exercised when comparing results from dif-

ferent reports has to be handled with care.

V.1. Natural mycolactones
The cytopathogenic effect (CPE) of mycolactones was first de-

scribed by Krieg and colleagues who fractionated cell cultures

and tested the individual fractions on L929 mouse fibroblasts

[29]. The first quantification of the CPE of natural mycolactone

A/B (1a,b) was provided by Small and co-workers in their

seminal work from 1999 [32]. According to their data, mycolac-

tone A/B caused cell rounding in murine L929 fibroblasts after

24 h at concentrations as low as 25 pg/mL (34 pM); in addition,

detachment of cells from the culture plate accompanied by a

growth arrest was observed after 48 h [32]. Cell death via apo-

ptosis was only observed at concentrations of 4 nM or above

after 72 h (L929 and J774 cells) [82] and no pronounced effect

of inhibitors like genistein (TK inhibitor [259]), PD150606

(calpain inhibitor [260]), mastoparan or and suramin T (G-pro-

tein inhibitors [261,262]) or wortmannin (PI3K inhibitor [263])

on cytopathogenicity could be detected [91]. Interestingly, con-

comitant treatment of cells with a caspase inhibitor prevented

apoptosis, but not the cytopathogenic phenotype, indicating that

apoptosis might be a secondary effect [82]. In a more recent

detailed analysis of the biological activity of synthetic mycolac-

tone A/B on L929 fibroblasts, Pluschke and co-workers ob-

served a similar time-dependent phenotype as had been re-

ported in this earlier work. Based on DNA staining with 4’,6’,-

diamidino-2-phenylindole (DAPI) [264] and by using a fluores-

cent derivative of the selective F-actin-binding peptide phal-

loidin [265] they could also show that the morphological

changes were accompanied by DNA fragmentation and depoly-

merization of the actin cytoskeleton [90,178]. Mycolactone con-
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Scheme 45: Altmann’s synthesis of biotinylated mycolactones. Reagents and conditions: a) (i) CDI, THF, rt, 2 d, then H2O, rt, 45 min, then 1,2-bis(2-
aminoethoxy)ethane, rt, 1 d, 81%; b) (i) HF·pyridine, THF/pyridine 4:1, rt, 2 h, 96%; (ii) (+)-biotin, PyBOP, DIPEA, DMF, rt, 30 min, 54%; c) (i) 122a,b,
2,4,6-trichlorobenzoyl chloride, DIPEA, DMAP, rt, 16 h, 88%; E-Δ4’,5’/Z-Δ4’,5’ 4.3:1; (ii) K2CO3, MeOH, rt, 3 h, 90%; E-Δ4’,5’/Z-Δ4’,5’ 4:1; d) (i) CDI,
THF, rt, 5 h, then H2O, rt, 30 min, then 1,2-bis(2-aminoethoxy)ethane, rt, 90 min, 87%, E-Δ4’,5’/Z-Δ4’,5’ 3:1; e) (i) TBAF, THF, rt, 4 h, then NH4F, rt,
17 h, quant., E-Δ4’,5’/Z-Δ4’,5’ 3:1; (ii) (+)-biotin, DIPEA, PyBOP, DMF, rt, 30 min, 63% E-Δ4’,5’/Z-Δ4’,5’/other isomers 63:29:8.
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centrations ≥10 nM were found to be cytotoxic after 48 h and

72 h, respectively, while no effect was observed at 5 nM, inde-

pendent of the duration of treatment. After exposure to myco-

lactone concentrations of 20 nM for 48 h, more than 90% of the

cells displayed either apoptotic (A+/PI−) or necrotic (A+/PI+)

properties as determined via flow cytometry after annexin-V-

FITC (A) [266] and propidium iodide (PI) staining (see also

Table 2) [267]. Furthermore, cellular metabolic activity was

strongly inhibited by mycolactone A/B (IC50 = 5 nM) as deter-

mined by AlamarBlue® (resazurin) staining/flow cytometry and

a complete shutdown of proliferation was observed in L929

cells at concentrations of 81 nM [90]. Using a panel of 39

human tumor cell lines, the Kishi group found selective cyto-

toxicity of mycolactone A/B (LC50 = 89 nM) against human

LOX-IMVI melanoma cells, while no other cell line was signif-

icantly affected below 10 µM (no experimental details were

provided) [268]. The groups of Leadlay and Demangel further

demonstrated that mycolactone A/B suppresses cytokine pro-

duction in Jurkat T cells [63,93] and several other immune cell

lines [257], with IC50 values in the low nanomolar range. In

contrast, no antimicrobial activity of mycolactone A/B against

Streptococcus pneumoniae (Gram positive), Escherichia coli

(Gram negative), Saccharomyces cerevisiae, or Dictyostelium

discoideum was detected [90].

Already in 2003, Small and co-workers recognized the impor-

tance of the hydroxy groups at the lower side chain of mycolac-

tone A/B for activity and they concluded that the cytopatho-

genicity of mycolactones declines with decreasing polarity [47].

In the same study it was shown that mycolactone C (2), which

was later shown to lack the C12’-hydroxy group [53], caused

the typical cytopathogenic mycolactone A/B phenotype in

murine L929 fibroblasts, albeit at much higher concentrations

(8 × 105-fold) [47]. Of note, this conclusion is based on a CPA

of 0.01 ng/mL (0.014 nM) of mycolactone A/B. In subsequent

studies from the same group the CPA of mycolactone A/B was

reported as 1 ng/mL. Contrary to these earlier findings,

Pluschke and co-workers showed by flow cytometry that syn-

thetic mycolactone C (LC50 = 186 nM, IC50 = 122 nM, see

Table 2) was only 16 times less cytopathogenic than synthetic

mycolactone A/B [90], while Leadlay and co-workers found a

significantly decreased suppression of phorbol 12-myristate-13-

acetate (PMA)/ionomycin (IO)-stimulated IL-2 production in

Jurkat T cells compared with mycolactone A/B [63]. Similarly

to mycolactone C (2), natural mycolactone E (6) caused an

identical cytopathogenic phenotype as mycolactone A/B at

approximately 100-fold higher concentrations, when tested in

the same L929 cell assay system (135 nM vs. 1.4 nM) [50].

Moreover, 6 showed a stronger suppression of PMA/IO-stimu-

lated IL-2 production (EC50 ca. 130–270 nM) than mycolac-

tone C (2), F (8), and G (10) [63]. For synthetic mycolactone E

(6), a GI50 of approximately 15 nM was reported by Kishi and

co-workers on L929 fibroblasts, but no details on the assay

conditions were provided in the corresponding publication [58].

Under the same (unspecified) conditions, the synthetic minor

C13’-oxo metabolite of mycolactone E (7) was shown to be

equipotent (GI50 = 15 nM) with the parent compound [58].

Natural mycolactone F (8) also caused the typical cytopatho-

genic phenotype in L929 cells at 14 nM [55]; LC50 and IC50

values of 29 nM and 9 nM, respectively, have been reported for

the synthetic compound (see Table 2) [90]. This potent activity

is remarkable, considering that mycolactone F (8) has a short-

ened tetraenoate side chain with an inverted stereochemistry at

the C11’–C13’ diol moiety. Similar to mycolactone A/B [35],

natural mycolactone F (8), was found to cause necrosis in L929

fibroblasts at 20 µM after a 4 h treatment, while substantial apo-

ptosis was detected after 24 h at 100-fold lower concentrations

[55]. The suppression of stimulated IL-2 production caused by

mycolactone F was slightly lower than for mycolactone E (7)

[63]. Synthetic mycolactone dia-F (9) has been reported to pos-

sess a similar biological profile as mycolactone F (8), albeit

with 1000-fold reduced potency; details on the effects of myco-

lactone dia-F (9) remain to be published [61]. Of note, neither

mycolactone A/B nor mycolactones C, E, F or G caused

detectable apoptosis in Jurkat T cells at 1.4 µM after 24 h [63].

Within this set of compounds, mycolactone G (10) was the

weakest suppressor of IL-2 production with an EC50 above

700 nM [63]. Currently, no data on the biological activity of

mycolactones D (3), S1 (4) and S2 (5) are available.

V.2. Synthetic and semisynthetic mycolactones with
an unmodified core
Early SAR data on chemically modified natural mycolactone

A/B (1a,b) were reported by the Small group, including

peracetylated and fully saturated analogs (obtained by exhaus-

tive hydrogenation of double bonds). These modifications

caused complete ablation of cytopathogenic activity [32]. In a

later study, Small and Snyder, hypothesizing that the trihy-

droxy motif was simply an “inactive hydrophilic portion of the

toxin”, reported the oxidative cleavage of the C12’,C13’ diol

motif and used the resulting aldehyde to introduce a fluorescent

BODIPY dye by means of hydrazone formation (vide supra).

Interestingly, both the aldehyde 265 and the fluorescent deriva-

tive 266 (Scheme 43) maintained substantial cytopathogenic ac-

tivity, which was only reduced by a factor 6–10 compared to the

natural product [91]. The extended core lactone, obtained by

base hydrolysis of natural mycolactone A/B, also induced a

nearly identical cytopathogenic phenotype, but only at 106-fold

higher concentrations [47] (again, this conlusion was based on

CPA for mycolactone A/B of 0.01 ng/mL). A C12’-biotiny-

lated derivative from Demangel and co-workers, which was

also obtained from aldehyde 265, displayed only slightly de-
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Figure 9: Kishi’s elongated n-butyl carbamoyl mycolactone A/B analog.

Table 1: Antiproliferative activities of photo-mycolactone A1 and C6’–C7’ dihydromycolactones (IC50 or GI50 values [nM]).

Mycolactone L929 HEK-293 LOX-IMVIa A-549 SK-MEL-5b SK-MEL-28b

1a/b 13a,b 3.2a/3.3b 6.9 0.77a/4.7b 12 4.5
276 2020b 2510b – 3820b 3600 470
α-277 63a 83a 129 400a – –
β-277 53a 3.0a 29 77a – –-

aCytotoxicity (IC50) according to [251]. bGrowth inhibition (GI50) according to [244].

creased cytotoxicity on HeLa cells and suppressed induced IL-2

production in Jurkart T cells with comparable potency as

natural mycolactone A/B [93]. In 2011, Kishi reported an isolat-

ed example of a synthetic mycolactone derivative with an elon-

gated lower side chain (C1’–C18’) bearing a terminal n-butyl

carbamoyl group (275, Figure 9) [268].

The compound was cytotoxic at 30 nM against L929 mouse fi-

broblasts, corresponding to a three-fold decrease relative to

mycolactone A/B. This indicates that an extension of the lower

side chain is well tolerated. Unfortunately, no details on assay

conditions were provided in Kishi's paper.

The Kishi group has also reported that photo-mycolactones pos-

sess significantly reduced toxicity, but details were only re-

ported for photo-mycolactone A1 (276); the latter was tested

against five human and murine cell lines (Table 1). Due to the

100–1000-fold drop in activity, compared to mycolactone A/B,

the detoxification of mycolactones by light was suggested, and

the idea of stabilizing mycolactones by partial saturation of the

conjugated double bond system evolved. Two such compounds,

α-277 and β-277, which differ from mycolactone A/B by the

saturation of the C6’–C7’ double bond were reported by Kishi

and co-workers in a very recent paper [251]. Indeed, both

epimers exhibit significantly increased stability against light,

heat, acid, and base, while preserving some cytotoxicity. The

antiproliferative activity of these compounds was assessed

against three human cancer lines and L929 mouse fibroblasts

(Table 1).

Most notably, the β-epimer exhibited almost the same activity

against human embryonic kidney (HEK) 293 cells as mycolac-
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Table 2: Biological activities of mycolactones A/B, C, F, and of mycolactone analogs.

Mycolactone LC50 [nM]a IC50 [nM]b LC50/IC50

1a/b 12 5 2.4
2 186 122 1.5
8 29 9 3.2

278 3426 171 20
279 >>5000 >>5000 n.a.
280 4550 1439 3.2
281 15 5 3.0
282 45 20 2.3
283 50 16 3.1
220 inactive n.d. n.a.
284 inactive n.d. n.a.

aCytotoxicity (LC50) determined after 48 h by flow cytometry employing annexin-V-FITC (A) and propidium iodide (PI) staining. bReduction of meta-
bolic activity (IC50) analyzed by AlamarBlue® staining. All experiments were carried out with L929 mouse fibroblasts.

tone A/B, but was significantly less potent against the other

three cell lines. Generally, the cytotoxicity of the α-epimer was

approximately 3–30-fold decreased compared to the β-epimer,

with the exception of the mouse L929 fibroblasts cell line,

where both epimers were almost equipotent.

In two studies on synthetic mycolactone analogs, Altmann,

Pluschke, and co-workers reported on the effects of modifica-

tions at the lower side chain and the core extension while

leaving the core structure unchanged (Table 2) [90,178]. Bio-

logical activity on L929 fibroblasts was evaluated by flow

cytometry (A/PI and AlamarBlue® staining) and fluorescence

microscopy (DAPI and phalloidin staining as described above).

For all compounds, except the C5–O sorbate ester 278, concen-

trations required to induce cytotoxicity, reduction of metabolic

activity, rearrangements in the actin cytoskeleton and the

nuclear morphology were in the same range. Generally, a sig-

nificant reduction in biological activity was observed if the

lower side chain was truncated. For example, both, the C5–O

acetyl-capped mycolactone core 279 and analog 280, which in-

corporates a C1’–C16’ pentaenoate side chain lacking all three

hydroxy groups showed little effects up to concentrations in the
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low micromolar range. Interestingly, analog 278 was only

moderately cytotoxic (LC50 = 3426 nM), while being a potent

inhibitor of metabolism (IC50 = 171 nM). The antiproliferative

activity of 278 was significantly lower than for mycolactone

A/B, but higher than for 279, which did not show any measur-

able antiproliferative activity up to the highest concentration

tested (5 μM).

Derivatives modified at the C20 position of the core extension

were generally equipotent (281) or only slightly less active

(282, 283) than mycolactone A/B (1a,b). Since even an n-butyl

carbamoyl substituent at C20 atom (283) was well tolerated, it

can be assumed that this position is well suited for the introduc-

tion of tags enabling the deconvolution of mycolactones’ cellu-

lar fate and its targets. Simultaneous truncation of the core

extension and the lower side chain was deleterious to activity;

thus, both 220 (see also Scheme 35) and 284 were devoid of

measurable cytopathogenic or apoptosis-inducing effects [178].

V.3. Synthetic mycolactones with a
C8-desmethylmycolactone core
Extensive work on the SAR of C8-desmethylmycolactones was

performed in a joint effort by the groups of Blanchard and

Demangel. In an initial study, the Blanchard group prepared a

series of seven C8-desmethylmycolactone derivatives for

studying the effects of different substitution patterns at the

C12’,C13’,C15’-stereocluster, as well as the removal of the

C14–C20 part of the core extension and/or the lower side chain

[92]. Cytopathogenicity was analyzed at 10 µM and 50 µM and

the minimum concentration required to induce 90% cell

rounding was determined for natural mycolactone A/B (1a,b,

40 nM) and the synthetic C8-desmethyl analog 285 (5000 nM).

Although the computationally predicted 3D conformations of

the C8-desmethyl and the unmodified mycolactone core were

virtually identical [182], a 125-fold drop in cytopathogenic ac-

tivity was observed when removing the C8-methyl group.

Therefore, the comparison of activities between mycolactones

possessing an unmodified and a C8-desmethyl core, respective-

ly, is hardly conclusive and it cannot be ruled out that

C8-desmethyl analogs engage a different set of targets in vivo.

Consequently, those SAR are treated separately in this review.

For Blanchard’s first set of C8-desmethylmycolactones, signifi-

cant changes in cytopathogenicity were observed when the

C12’,C13’,C15’-stereocluster was modified (Table 3) [92].

Inverting the stereochemistry at the C15’-hydroxy group (286)

maintained full cytopathogenicity (100%) at both tested concen-

trations, while inversion of the configuration of the entire

C12’,C13’,C15’-stereocluster (287) decreased cytopathogenic

activity to 10% at 10 µM; at 50 µM full cytopathogenic activity

was retained. Removal of the C12’-hydroxy group (288) also

decreased cytopathogenicity, albeit to a lower extent (49% at

10 µM). Interestingly, the removal of the C15’-hydroxy group

(289) had a higher impact on the cytopathogenic activity, which

was reduced to 40% at 10 µM [182,242]. The truncation of the

core extension (290) had a similar effect as the removal of the

C12’-hydroxy group, leading to 53% cytopathogenicity at

10 µM, while maintaining full cytopathogenic activity at

50 µM. A slightly more pronounced drop in cytopathogenic ac-

tivity was seen if the lower side chain was removed, while

keeping the core extension (291, 27% at 10 µM and 100% at

50 µM). Removing both the core extension and the polyenoate

side chain (221, see also Scheme 35) was detrimental to activi-

ty. Similarly, the isopropyl ester of the lower side chain acid

292 was virtually inactive. Interestingly, the click chemistry-

derived fluorescent analog 13a (see Scheme 44 and Figure 5)

had a cytopathogenic activity of 90% at 10 µM, thus main-

taining most of the cytopathogenicity of the parent compound

285.

In a subsequent study, the Blanchard and Demangel groups in-

vestigated the binding of a series of 27 C8-desmethylmycolac-

tone analogs to (N)-WASP [242]. Due to the amount of work

presented in [242], not every single analog will be discussed

here. Based on the experiments described in this paper, natural

mycolactone A/B (1a,b) binds to N-WASP with an approxi-

mate Kd value of 170 nM, as estimated indirectly by measuring

the dependence of the increase in the maximal rate of actin

assembly on mycolactone concentration. The binding affinity

(Kd) of natural mycolactone A/B to the CR1 domain of WASP

and the CR7 domain of N-WASP was reported to be 20 nM and

66 nM, respectively [93,182]. Binding of C8-desmethylmyco-

lactone analogs was assessed by displacement of the C12’-

biotinylated mycolactone A/B derivative 267 (see Scheme 43)

from immobilized isolated (N)-WASP mycolactone binding

domains (MBDs), as they had been defined previously [93].

Data are reported in [93] only for binding to the WASP-MBD,

but comparable results were also obtained with the correspond-

ing N-WASP domain (that is not shown in the paper). The IC50

value of mycolactone A/B in this displacement assay was

32 µM (Table 4) [242]. Compared to the 125-fold reduced

cytopathogenicity of C8-desmethylmycolactone analog 285

[92], only a three-fold reduction in affinity was observed for the

WASP-MBD (IC50 = 98 µM). Similarly, C8-desmethylmyco-

lactone derivatives 286, 287, and 289, with modifications in the

C12’,C13’,C15’ stereocluster (for structures cf. Table 3) had

IC50 values in the range between 30 µM and 70 µM. Thus, the

influence of the stereochemistry and substitution pattern at the

C12’, C13’, and C15’-positions on WASP affinity seems to be

less pronounced than on cytopathogenicity. Similar observa-

tions were made with compounds from the series devoid of the
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Table 3: Cytopathogenic activities of C8-desmethylmycolactone analogs.

Mycolactone % Cell rounding at 10 µMa % Cell rounding at 50 µMa

1a/bb 100 100
285c 100 100
286 100 100
287 10 100
288 49 100
289d 40 n.d.
290 53 100
291 27 100
221 10 20
292 5 15
13ae 90 n.d.

aCytopathogenicity determined after 48 h as the number of rounded cells compared to the total number of cells. bMinimum concentration required for
90% cell rounding after 24 h: 40 nM. c Minimum concentration required for 90% cell rounding: 5 µM. dData from [242] and [182]. eNo cell rounding
was detectable at 0.5 µM, the concentration at which cellular uptake was assessed.

larger part of the core extension. Interestingly, derivative 290,

which lacks the C14–C20 segment of the core extension,

showed an IC50 of 22 µM and, thus, was more potent than

mycolactone A/B. This observation is in conflict with the orig-

inal cytopathogenicity data that have been reported for this

compound [92], which showed a profound drop in activity upon

removal of the core extension. Both, the truncated and the ex-

tended C8-desmethylmycolactone core (291 and 221, respec-

tively) with a free C5-hydroxy group showed no displacement

of the reporter under the conditions tested (IC50 > 1000 µM). In

contrast, full cytopathogenic activity was observed for 291 at

50 µM (cf. Table 3) [92]. Among all analogs with a truncated

core extension that have been investigated so far, the most po-

tent representative was found to be 295, which features an

inverted configuration at the C13’ atom and which showed an

IC50 of 10 µM in the displacement assay. The affinity of com-

pound 293 (IC50 = 34 µM), which comprises the all-epi myco-

lactone A/B side chain differed only slightly from the natural

stereoisomer 290 (IC50 = 22 µM) and a similar affinity was ob-

served for the C15’-epimer 294 (IC50 = 44 µM). While the

removal of the C15’-hydroxy group in analog 296, with the

natural stereochemistry for the two other hydroxy-bearing

stereocenters remaining unchanged, was detrimental to binding

(IC50 = 250 µM), the inversion of both the C12’ and the C13’-

stereocenters (297, IC50 = 27 µM) completely rescued affinity.

In contrast, analog 298, possessing a C13’,C15’-dihydroxy sub-

stitution pattern with the natural configuration was highly active
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Table 4: Biological activities of C8-desmethylmycolactone analogs on WASP.

Mycolactone IC50 [µM]a Mycolactone IC50 [µM]a

1 a/b 32 297 27
285 98 298 28
286 41 299 350
287 33 300 23
289 70 301 75
290 22 302 60
291 >1000 303 35
221 >1000 304 70
293 34 305 135
294 44 306 65
295 10 270 35
296 250 271 170

aIC50 values were determined as the capacity to displace biotinylated mycolactone 267 (1 µM) from immobilized GST-fused WASP mycolactone
binding domains (amino acids 200–313). Testing compounds were used in concentrations between 0 µM and 10 µM (intervals were not defined).

(IC50 = 28 µM) in spite of the missing C12’-hydroxy group.

Intriguingly, compound 300 which bears a single hydroxy

group at the C13’ position (IC50 = 23 µM) was even more po-

tent than natural mycolactone A/B. The removal of both, the

C13’ and the C15’-hydroxy groups (299), led to a strong

erosion of affinity (IC50 = 350 µM), while removal of the C12’

and C13’ hydroxy groups in derivative 301 had a much lower

impact (IC50 = 75 µM). With IC50 values between 35 µM and
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70 µM, derivatives 302–304, which incorporate a meta-substi-

tuted phenyl ring as a rigid diene bioisostere retained similar ac-

tivity as natural mycolactone A/B. Quite remarkably, the cyclo-

hexyl ester of the mycolactone A/B lower side chain (305)

preserved significant activity. With an IC50 of 135 µM, an

approximately four-fold reduction in affinity was observed

compared to the parent compound 1a,b. This observation stands

in sharp contrast to the almost complete loss in cytopathogenic

activity of the corresponding isopropyl ester 292 (cf. Table 3).

Saturation of the C8–C9 double bond in the truncated

8-desmethylmycolactone core was well tolerated and the activi-

ty of compound 306 (IC50 = 65 µM) was only three-fold lower

than for its C8–C9 unsaturated counterpart 290. The effect of a

4-substituted 1,2,3-triazole moiety attached to the C13 position

was strongly dependent on the nature of the substituent. While

an unsubstituted pentyl chain was well tolerated (270, for struc-

tures see also Scheme 44, IC50 = 35 µM), an (S)-2-hydroxy-

ethyl substituent caused a substantial drop in activity (271, see

also Scheme 44, IC50 = 170 µM). Compound 290, the closest

structural analog of the natural toxin from the series lacking the

C14–C20 part of the core extension, was analyzed for its capa-

bility to disrupt the (N)-WASP-VCA interaction. It was shown

that 290 displaces the VCA domain from an immobilized GST-

fused version of the WASP mycolactone binding domain in a

dose dependent manner. IC50 values for both, mycolactone A/B

and 290 were in the low micromolar range as determined by

electrophoresis of the pulled down products. Similar observa-

tions were made for N-WASP (no data provided in [242]). The

adhesion capacity of HeLa cells was also reduced by 290 albeit

at much higher concentrations as with the natural toxin (16 µM

vs 26 nM). Of note, the unsubstituted extended mycolactone

core 291, which is devoid of WASP binding affinity, did not

alter cell adhesion at the same concentrations (no data shown in

[242]).

Collectively, it can be concluded from these SAR studies that

neither the core extension nor the C8-methyl group of mycolac-

tone A/B are required for (N)-WASP binding, while the lower

side chain is crucial. The impact of the stereochemistry at the

C12’, the C13’, and the C15’-positions on (N)-WASP affinity is

much less pronounced than would have been expected on the

basis of earlier cytopathogenicity studies. In fact, the effects on

WASP affinity are sometimes opposite to the changes in

cytopathogenicity observed for the same modifications

[59,90,92]. Even the removal of one or two hydroxy groups, in-

cluding the C12’-hydroxy group, which had been found to be of

crucial importance in other studies [47,50,63,92], was tolerated

in certain cases. Likewise, the inclusion of a meta-substituted

phenyl ring in the lower side chain and the replacement of the

core extension by a 4-alkyl-substituted 1,2,3-triazole is toler-

ated. Overall, the SAR for WASP binding were relatively flat

and significantly more pronounced effects of modifications

causing relatively minor changes in WASP binding had been

observed in previous studies using cellular readouts

[47,63,90,92]. Since cytopathogenic activity and (N)-WASP

binding hardly correlate and the concentrations of 290 used in

confirmatory cellular experiments were very high, it can be

debated to which extent the interaction with (N)-WASP contrib-

utes to the cellular mycolactone phenotypes. In this context, it is

worth noting that the involvement of mycolactone-promoted

WASP activation in the blockage of proinflammatory cytokine

production has recently been questioned [89,111].

In their most recent contribution to the SAR of mycolactones,

the groups of Blanchard and Demangel have dissected the

immunosuppressive and cytotoxic properties of selected repre-

sentatives from the set of C8-desmethylmycolactone analogs

discussed above [257]. Notably, all of the molecules included in

this recent study were devoid of the C14–C20 segment of the

core extension. As shown in Table 5, immunosuppressive activ-

ity of mycolactone analogs was determined as the ability to

block PMA/IO-induced IL-2 production in Jurkat T cells

(expressed as IC50), while cytotoxicity was determined as the

capacity to provoke detachment-induced cell death in HeLa

cells (in %) after 48 h at a fixed concentration (16 µM). As ex-

pected, all variants were less active than natural mycolactone

A/B, which killed >80% of the cells at 16 µM and suppressed

IL-2 production with an IC50 of 40 nM (Table 5). Unsurpris-

ingly, the free extended core structure with a truncated upper

side chain (221) and the cyclohexyl ester of lower mycolactone

A/B side chain acid (305) exhibited no IL-2 suppressive activi-

ty up to 4 µM, the maximum concentration tested.

The SAR of the remaining compounds cannot be easily ratio-

nalized and there was no obvious correlation between IL-2

suppressive activity and WASP affinity. For example,

C8-desmethylmycolactone A/B 285, the structurally closest

analog of the natural compound within this set, was inactive at

4 µM. In contrast, its close analog 290, which lacks the

C14–C20 segment of the core extension, was the most potent

derivative with an IC50 of 1.5 µM. The effects of configuration-

al changes at the C12’, the C13’, and the C15’ stereocenters

were rather ambiguous and IC50 values (in the narrow range)

between 1.5 µM and >4 µM were determined for different

trihydroxylated derivatives. All derivatives bearing only a

single hydroxy substituent at the lower side chain (299–301)

were inactive at 4 µM, while all dihydroxylated derivatives

(296–298) had IC50 values between 2.5 µM and 4 µM. Like-

wise, derivatives incorporating a phenyl residue as part of the

lower side chain were found to display a range of potencies;

while compound 303 was among the most immunosuppressive

derivatives tested (IC50 ≈ 1.7 µM), 302 was only moderately
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Table 5: Cytotoxicity and immunosuppressive properties of C8-desmethylmycolactones.

Mycolactone % Cytotoxicity at 16 µMa,b IC50 [µM] (IL-2 production)b,c

1a,bd 85 0.040e

285 80 >4
290 50 1.5
221 10 >4
296 60 2.7
297 80 2.8
298 40 3.7
299 30 >4
300 43 >4
301 40 >4
302 57 3.2
303 70 1.7
304 65 >4
305 45 >4
306 80 1.7
270 80 1.7

aCell viability in HeLa cells after 48 h at a mycolactone concentration of 16 µM. bAll numbers represent approximate values that have been manually
extracted from a plot since no numerical data was given. cSuppression of PMA/IO-induced IL-2 production in Jurkat T cells.dNatural mycolactone A/B
was used in this study. eData from [87].

active (IC50 ≈ 3.2 µM) and 304 belonged to the group of inac-

tive analogs (IC50 > 4 µM). Most notably, derivative 306,

which features a saturated C8-desmethyl C1–C13 mycolactone

core and 4-pentyltriazolyl-substituted derivative 270 were

among the most potent suppressors of IL-2 production, both

with IC50’s around 1.7 µM. At the same time, the latter com-

pounds belong to the most cytotoxic analogs within this series

(80% reduction in cell viability at 16 µM). In this context, it is

worth mentioning that the IL-2 suppressive properties of all

compounds investigated are significantly less pronounced than

immunosuppressive effects of mycolactone E (6) or F (8) that

have been determined under similar assay conditions by

Leadlay and co-workers [63]. The comparability of the cytotox-

icity data within the compound set is hampered by the fact that

only a single concentration was tested. Despite these

constraints, it is interesting to note that only a limited correla-

tion could be observed between the immunosuppressive activi-

ty and cytotoxicity. For example, 8-desmethylmycolactone A/B

(285) was relatively cytotoxic (≈80% reduction in cell viability

at 16 µM), while being weakly immunosuppressive (IC50 >

4 µM). In contrast, truncated 8-desmethylmycolactone A/B 290

was less cytotoxic (≈50% reduction in cell viability at 16 µM),

but a more potent immunosuppressant (IC50 = 1.5 µM). Simi-

larly, no clear correlation between structure and activity was

found. The only clear trend was that low cytotoxicity (<50% at

16 µM) was associated with the presence of a single hydroxy

group at the lower side chain (299–301); this was also observed

for ester 305 or the isolated (partially extended) C1–C13 core

(221).

Despite the relatively flat SAR, derivative 290 was selected for

further investigations, since it provided the best ratio between

the suppression of IL-2 production and cytotoxicity. Com-

pound 290 was tested for its capability to suppress stimulated

TNFα, IL-2 or INF-γ production in polymorphonuclear

neutrophils (PMN), monocyte-derived macrophages (MDM)

and in CD4+ T cells. Cytotoxicity against MDM cells and pri-

mary human dermal fibroblasts (HDF) as well as AT2R binding

in AT2R-transfected HEK cells were also assessed (Table 6).

IC50 values for 290 were generally in the low micromolar range

in all assays, while values in the low nanomolar range were typ-

ically observed for mycolactone A/B.

A notable exception was AT2R binding, where mycolactone

A/B and 290 showed similar potency (16 µM vs 9 µM, respec-

tively) for displacing the peptidic agonist radioligand [125I]-

CGP42,112A. Furthermore, while 290 was between 160- and

320-fold less potent than mycolactone A/B (1a,b) as an inhibi-

tor of cytokine production, a roughly 500- and 2000-fold de-

creased toxicity against MDM and HDF cells, respectively, was

observed, suggesting a slightly increased selectivity window for

290. However, both mycolactone A/B and 290 were non-toxic

to PMN and CD4+ cells at immunosuppressive concentrations.

In a mouse model for PMA-induced chronic skin inflammation,
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Table 6: Diverse biological activities of mycolactone A/B (1a,b) and 290 (IC50 [nM]).

Mycolactone TNFαa TNFαb Cell viabilityc IL-2d INF-γe AT2R bindingf

1a,b 13 12 18/6 12 7 9200
290 2000 3500 9000/12000 3900 1800 16000

IC50 ratio 162 285 514/1910 320 268 2
aSuppression of PMA-induced TNFα production in PMN cells. bSuppression of LPS-induced TNFα production in MDM cells. cCell viability assessed
by an MTT reduction assay after 72 h of incubation (MDM/HDF cells). dSuppression of PMA/IO-induced IL-2 production in CD4+cells. eSuppression of
PMA/IO-induced IFN-γ production CD4+ cells. fCompetitive binding to human AT2R against 0.01 nM of the agonist radioligand [125I]-CGP42,112A
(Kd = 0.01 nM) in transfected HEK cells.

injection of mycolactone A/B showed a marked reduction in in-

flammatory response at 0.5 mg/kg, while a less pronounced

effect was observed for 5 mg/kg of 290. In contrast, 5 mg/kg of

290 were similarly effective as 0.5 mg/kg of mycolactone A/B

in relieving inflammatory pain. Both compounds had little

effect on acute pain in a mouse model relying on formalin injec-

tion. A mouse model for rheumatoid arthritis also demonstrated

a moderate anti-rheumatic effect of natural mycolactone A/B,

while 290 was not tested in this model. The observation that the

cytotoxicity of mycolactones can at least be partially dissociat-

ed from their immunosuppressive and pain-relieving properties

is interesting. However, its significantly reduced potency and

the still narrow range between desired and undesired activities

in combination with the complexity of 290 will likely prevent

its (preclinical) development.

Conclusion
The complex structure of mycolactones has inspired many

chemistry groups to develop elegant approaches towards the

conserved extended mycolactone core structure and the vari-

able lower side chain. Until now, all known natural mycolac-

tones except mycolactone D were prepared by means of total

synthesis and their structures have been validated. Moreover,

the fascinating biology of mycolactones, which possess cyto-

toxic, immunosuppressive and analgesic properties, has stimu-

lated the synthesis of modified analogs, that have been used to

study structure–activity relationships and to decipher the molec-

ular targets of these polyketides. Numerous natural mycolac-

tones and synthetic derivatives have been tested for their bio-

logical activities in a variety of assay systems and fluorescent

probes have unveiled the cellular localization of mycolactones.

It has been shown that the effect of mycolactone exposure

varies substantially between different cell lines and is highly de-

pendent on the particular read-out employed. These observa-

tions may point to the involvement of several molecular targets

in mycolactone bioactivity, in addition, those targets may have

different expression levels and/or functions in different cell

types. Four of these targets, namely (N)-WASP, the AT2R re-

ceptor, the Sec61 translocon and the mTOR signaling pathway

have been identified to date. However, so far, only the effects

on (N)-WASP have been addressed by systematic SAR studies.

Generally, the activity of mycolactones is highly sensitive to

even minor structural changes at certain hotspots. This is

impressively highlighted by the 125-fold drop in cytopatho-

genic activity upon removal of a single methyl group in the C8

position of the mycolactone core. Likewise, subtle changes in

the hydroxylation pattern and the stereochemistry of the C5–O-

linked lower side chain can have a major (lowering) impact on

biological activity. In contrast to the lower side chain, the core

extension seems to be more amenable to biologically tolerated

modifications. For example, extensions at the C20 position can

be introduced without appreciable effects on cytotoxicity and

even the almost complete removal of the core extension is toler-

ated with regard to AT2R receptor binding. The complex struc-

ture of mycolactones still leaves room for a plethora of struc-

tural modifications that will hopefully allow a further dissocia-

tion of the desired anti-inflammatory and pain-relieving proper-

ties from the pro-apoptotic effects considered responsible for

Buruli ulcer pathology. To achieve this goal, further specific

SAR studies on all known (and potential, unknown) molecular

mycolactone targets would be highly desirable. The quest for a

mycolactone-based therapy, however, is complicated by the

enormous complexity even of simplified mycolactone analogs.

Furthermore, the metabolically labile ester bond connecting the

macrolactone core to the pharmacologically highly relevant

lower side chain might hamper systemic application of such

compounds and might necessitate bioisosteric replacement.

However, even if endeavors towards mycolactone-derived ther-

apeutics remain futile, the detailed knowledge on the molecular

mycolactone targets, the underlying pathways and how these

are linked to biological effects might stimulate the search for

novel, drug-like molecules modulating those networks, thereby

fueling the drug pipeline.
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Abstract
The product obtained in vitro from a diterpene synthase encoded in the genome of the bacterium Chitinophaga pinensis, an enzyme

previously reported to have germacrene A synthase activity during heterologous expression in Escherichia coli, was identified by

extensive NMR-spectroscopic methods as 18-hydroxydolabella-3,7-diene. The absolute configuration of this diterpene alcohol and

the stereochemical course of the terpene synthase reaction were addressed by isotopic labelling experiments. Heterologous expres-

sion of the diterpene synthase in Nicotiana benthamiana resulted in the production of 18-hydroxydolabella-3,7-diene also in planta,

while the results from the heterologous expression in E. coli were shown to be reproducible, revealing that the expression of one

and the same terpene synthase in different heterologous hosts may yield different terpene products.

1770

Introduction
Terpene synthases convert a handful of simple linear and

achiral oligoprenyl diphosphates in just one enzymatic step into

a remarkable diversity of usually polycyclic structurally com-

plex lipophilic terpenes with multiple stereogenic centres. In

their active sites type I terpene synthases contain the highly

conserved aspartate-rich motif DDXX(X)(D,E) and the NSE

triad NDXXSXX(R,K)(E,D), modified to a DTE triad in plants,

for binding of the Mg2+ cofactor that forms a trinuclear (Mg2+)3

cluster to which the diphosphate portion of the substrate binds.

Upon substrate binding the active site closes, resulting in hydro-

gen bonds between the substrate’s diphosphate and the

pyrophosphate sensor, a highly conserved arginine located

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
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43 amino acids upstream of the NSE triad, and the RY dimer, a

highly conserved motif at the C-terminus. The substrate is

ionised by extrusion of diphosphate, yielding a highly reactive

allyl cation that can react in a cyclisation cascade by attack of

olefinic double bonds to the cationic centre, hydride shifts and

Wagner–Meerwein rearrangements. The process is usually

terminated by deprotonation or attack of water to yield a

lipophilic terpene hydrocarbon or alcohol. Among the first in-

vestigated terpene synthases were the (+)- and (−)-bornyl

diphosphate synthases from the plants Salvia officinalis and

Tanacetum vulgare forming a more polar product by the

unusual termination via reattack of diphosphate [1], the tricho-

diene synthase from the fungus Trichothecium roseum [2], and

pentalenene synthase from Streptomyces exfoliatus [3].

Recently, the first terpene synthases were reported from a

eukaryotic soil microorganism, the social amoeba Dictyostelium

discoideum [4,5]. With respect to bacterial enzymes, many

terpene synthases have been identified and their products have

been structurally characterised (reviewed in [6], following

reports: [7-14]). One possible method to investigate the prod-

ucts of terpene synthases is the expression of terpene synthase

genes in a heterologous host, as was recently performed for a

large number of bacterial enzymes in an engineered Strepto-

myces avermitilis strain from which the biosynthesis genes for

all other natural products were deleted, allowing a relatively

easy purification of the terpene synthase products from culture

extracts [15,16]. The heterologous expression of terpene

synthase genes in Escherichia coli is also frequently successful,

resulting in the production of volatile terpenes by this bacterium

that can be detected in headspace extracts [17,18]. In one of

these previous reports [17] we have described a terpene

synthase from Chitinophaga pinensis DSM 2588 (accession

number WP_012789469) as a sesquiterpene synthase for

germacrene A (1), which was based on the identification of this

compound and its Cope rearrangement product β-elemene (2)

formed by the thermal impact during GC–MS analysis [19] in

E. coli headspace extracts under heterologous expression of the

terpene synthase gene (Scheme 1). Here we present the diter-

pene synthase activity of this enzyme in in vitro experiments

and the first heterologous expression of a bacterial terpene

synthase gene in a plant, Nicotiana benthamiana.

Scheme 1: Germacrene A (1) and its Cope rearrangement to
β-elemene (2).

Results and Discussion
Characterisation of a diterpene synthase
from Chitinophaga pinensis in vitro
The terpene synthase from C. pinensis was heterologously

expressed in E. coli as a recombinant protein with a C-terminal

polyhistidine tag using a previously reported pET28c-based

expression construct [17] and purified by Ni-NTA affinity chro-

matography (Figure S1, Supporting Information File 1). The

purified enzyme was tested in in vitro experiments for mono-,

sesqui- and diterpene activity by incubation with geranyl (GPP),

farnesyl (FPP) and geranylgeranyl diphosphate (GGPP) as sub-

strates, which yielded a single product 3 only from GGPP, but

no products from FPP and GPP as demonstrated by GC–MS

analysis (Figure 1). The mass spectrum of 3 showed a molecu-

lar ion at m/z = 290 pointing to a diterpene alcohol and a base

peak ion at m/z = 59 indicative of a 2-hydroxyisopropyl group

that frequently occurs in terpene alcohols. Both findings, i.e., no

production of sesquiterpenes from FPP in in vitro experiments

with recombinant purified enzyme as well as the emission of

sesquiterpenes by E. coli during heterologous expression, were

fully reproducible (Figure S2, Supporting Information File 1).

The compound 3 obtained from the in vitro incubation of GGPP

was purified and its structure was elucidated by extensive one-

and two-dimensional NMR spectroscopic methods (Table 1,

Figures S3–S9, Supporting Information File 1). The 13C NMR

spectrum showed five signals for methyl groups, seven aliphat-

ic CH2 groups, two aliphatic and two olefinic CH groups, and

four signals for quarternary carbons including one connected to

oxygen and two olefinic carbons, suggesting the structure of a

bicyclic diterpene alcohol. The 1H,1H-COSY spectrum revealed

three contiguous spin systems for C2–C3, C5–C6–C7, and

C9–C10–C11–C12–C13–C14 (Scheme 2). Key HMBC correla-

tions from H19 and H20 to C12 and C18 placed the 2-hydroxy-

isopropyl group at C12, while HMBC correlations from H17 to

C6, C7, C8 and C9 located the C8–C17 fragment between C7

and C9. HMBC crosspeaks between H16 and C3, C4 and C5 in-

dicated the C3–C4–C5 connection, and HMBC correlations be-

tween H15 and C1, C2 and C14, and between H11, C1 and C2

established the bonds between the quarternary carbon C1 and its

four neighbours. Diagnostic NOESY correlations between H11

and H2β, H3 and H7, between H12 and H2β, and between

H10α and H15 established the relative configuration of 3, re-

sulting in the structure of (1R*,3E,7E,11S*,12S*)-18-hydroxy-

dolabella-3,7-diene and identifying the terpene synthase

from C. pinensis as 18-hydroxydolabella-3,7-diene synthase

(HdS).

The proposed cyclisation mechanism from GGPP to 3 is likely a

concerted one-step process with 1,11- and 10,14-cyclisation and

concomittant attack of water at C15 (Scheme 2). We have
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Figure 1: In vitro terpene synthase activity of the investigated recombinant enzyme from C. pinensis, showing no formation of monoterpenes from
GPP (A) and no formation of sesquiterpenes from FPP (B), but formation of a single diterpene alcohol 3 from GGPP (C) with the mass spectrum
depicted in (D). Asterisks indicate non-terpenoid contaminants such as plasticisers.

recently shown that the absolute configurations of terpenes can

be determined by enzymatic conversion of stereoselectively

deuterated terpene precursors, because the problem of deter-

mining the absolute configuration of the terpene under investi-

gation is simplified to a problem of delineating the relative ori-

entation of its stereocentres to the known absolute configura-

tion at the deuterated carbon [12,13]. This approach was used to

determine the absolute configuration of 3 using both enantio-

mers of (R)- and (S)-(1-13C,1-2H)GGPP [14], (R)- and (S)-(1-
13C,1-2H)FPP, and (R)- and (S)-(1-13C,1-2H)GPP [12] in which
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Table 1: NMR data of 3 recorded in C6D6.

Ca 13C (δ)b 1H (δ, m, J, int)c

1 47.5 (Cq) –
2 42.6 (CH2) 2.19 (m, 1H, Hβ)

1.71 (dd, J = 6.2, J = 13.8, 1H, Hα)
3 126.5 (CH) 5.16 (dd, J = 9.7, J = 5.8, 1H)
4 134.0 (Cq) –
5 40.2 (CH2) 2.12 (m, 1H)

2.06 (m, 1H)
6 25.0 (CH2) 2.22 (m, 1H, Hβ)

2.05 (m, 1H, Hα)
7 128.2 (CH) 4.87 (dd, J = 10.0, J = 4.3, 1H)
8 134.0 (Cq) –
9 39.2 (CH2) 2.27 (m, 1H, Hα)

2.14 (m, 1H, Hβ)
10 23.7 (CH2) 2.13 (m, 1H, Hβ)

1.23 (m, 1H, Hα)
11 42.1 (CH) 1.84 (m, 1H)
12 53.7 (CH) 1.84 (ddd, J = 10.4, J = 7.4, J = 7.4, 1H)
13 26.0 (CH2) 1.53 (m, 1H)

1.53 (m, 1H)
14 41.3 (CH2) 1.47 (m, 1H, Hα)

1.39 (m, 1H, Hβ)
15 24.9 (CH3) 1.08 (s, 3H)
16 16.6 (CH3) 1.59 (s, 3H)
17 16.0 (CH3) 1.47 (s, 3H)
18 72.1 (Cq) –
19 30.8 (CH3) 1.11 (s, 3H)
20 30.7 (CH3) 1.18 (s, 3H)

aCarbon numbering as shown in Scheme 2. bChemical shifts δ in ppm and assignment of carbons by 13C-DEPT135 spectroscopy.
cChemical shifts δ in ppm, multiplicity m (s = singlet, d = doublet, t = triplet, m = multiplet), coupling constants J are given in Hertz.

Scheme 2: Product obtained from the diterpene synthase from C. pinensis. (A) Structure of (1R,3E,7E,11S,12S)-18-hydroxydolabella-3,7-diene (3),
contiguous 1H,1H-COSY spin systems (bold), and diagnostic HMBC and NOESY correlations (single and double headed arrows). (B) Cyclisation
mechanism for the conversion of GGPP into 3 by HdS. (C) Structure of the known stereoisomer 1,11-di-epi-3.
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Figure 2: Determination of the absolute configuration of 3. (A) Partial HSQC spectrum of unlabelled 3 showing the region for C2, (B) cyclisation of
GGPP to the two possible enantiomers of 3, (C) partial HSQC spectrum of the product obtained from (R)-(1-13C,1-2H)GGPP, and
(D) partial HSQC spectrum of the product obtained from (S)-(1-13C,1-2H)GGPP. Purple dots indicate 13C-labelled carbons.

the additional 13C labels were introduced to increase sensitivity

in the HSQC analysis of the obtained terpene products. Incuba-

tion of (R)-(1-13C,1-2H)GGPP with HdS resulted in the specif-

ic incorporation of the deuterium labelling into the 2α position

as indicated by a deminished crosspeak in the HSQC spectrum,

while the crosspeak for H2β was strongly enhanced because of

the 13C labelling of C2 (Figure 2). Consistently, the substrate

(S)-(1-13C,1-2H)GGPP gave a product with specific incorpora-

tion of the deuterium label into the 2β position. Assuming

inversion of configuration at C1 for the cyclisation of GGPP to
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Figure 3: Determination of the absolute configuration of 3. (A) Partial HSQC spectrum of unlabelled 3 showing the region for C10, (B) elongation of
GPP with IPP to GGPP and cyclisation to the two possible enantiomers of 3, (C) partial HSQC spectrum of the product obtained from
(R)-(1-13C,1-2H)GPP, and (D) partial HSQC spectrum of the product obtained from (S)-(1-13C,1-2H)GPP. Purple dots indicate 13C-labelled carbons.

3 as reported for several other terpene synthases [13,20-22],

these findings point to the absolute configuration of

(1R,3E,7E,11S,12S)-18-hydroxydolabella-3,7-diene.

For the incubation experiments with (R)- and (S)-(1-13C,1-
2H)GPP, the terpene monomer IPP, HdS and the GGPP

synthase (GGPPS) from S. cyaneofuscatus [12] were added to

the reaction mixtures for an enzymatic elongation of the GPP

isotopomers to the corresponding GGPPs. It is well established

that the elongations of oligoprenyl diphosphates with IPP by

type I oligoprenyl diphosphate synthases proceeds with inver-

sion of configuration at C1 [23,24]. The conversion of the ob-

tained labelled GGPPs by HdS gave a stereospecific incorpora-

tion of the deuterium labelling into H10α from (R)-(1-13C,1-
2H)GPP and into H10β from (S)-(1-13C,1-2H)GPP (Figure 3),

which pointed to the same absolute configuration for 3 as
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Figure 4: Assignment of H6α and H6β of 3. (A) Partial HSQC spectrum of unlabelled 3 showing the region for C6, (B) elongation of FPP with IPP to
GGPP and cyclisation to 3, (C) partial HSQC spectrum of the product obtained from (R)-(1-13C,1-2H)FPP, and (D) partial HSQC spectrum of the prod-
uct obtained from (S)-(1-13C,1-2H)FPP. Purple dots indicate 13C-labelled carbons.

deduced from the experiments with the two enantiomers of

(1-13C,1-2H)GGPP.

Similar incubation experiments were performed with (R)- and

(S)-(1-13C,1-2H)FPP, IPP, GGPPS and HdS, resulting in the

stereospecific incorporation of deuterium labelling into the

hydrogens at C6 of 3 (Figure 4). These experiments could not

be used to confirm the absolute configuration of the diterpene,

because the signals for H6α and H6β could not be unambigu-

ously assigned from the NMR spectra of the unlabelled com-
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Figure 5: Partial 13C NMR spectra of A) unlabeled 3, B) (13C1)-3 arising from incubation of HdS and GGPPS with (12-13C)FPP + IPP, and
C) (13C1)-3 arising from incubation of HdS and GGPPS with (13-13C)FPP + IPP. Labelled carbons are indicated by purple dots.

pound. Instead, the results from these incubation experiments

were used for this assignment.

HdS exhibited a defined stereochemical course with respect to

the methyl groups in the hydroxyisopropyl group of 3, as was

indicated by conversion of (12-13C)FPP and (13-13C)FPP [25]

with IPP by GGPPS and HdS that resulted in the specific incor-

poration of labelling into the carbon atoms absorbing at

30.8 ppm and 30.7 ppm, respectively (Figure 5).

Functional characterisation of bacterial
diterpene synthase in planta
To test the catalytic activity of HdS in planta, its corresponding

gene was transiently expressed in N. benthamiana. Since we

have shown before that the mitochondria are a suitable subcel-

lular compartment for the heterologous production of terpenes

[26], and it is known that one of the multiple GGPP synthases

in plants are targeted to the mitochondria [27], we decided to

attempt the expression of HdS with mitochondrial targeting

(HdS-mit). A construct without targeting signal (HdS; resulting

in cytoplasmic localisation) and an empty vector were used as

controls. A p19 construct [28] was co-infiltrated in all treat-

ments to suppress endogenous silencing of N. benthamiana

upon agroinfiltration. No difference was found by GC–MS in

EtOAc extracts of N. benthamiana leaves expressing an empty

vector or HdS, while the chromatogram of an extract obtained

from HdS-mit expressing leaves revealed an additional major

compound (Figure 6). This compound (retention time of

21.08 min) was identified as 18-hydroxydolabella-3,7-diene by

GC–MS, using the diterpene alcohol obtained by the in vitro

incubations of GGPP with HdS as an authentic standard. A

preparative scale isolation of 3 from plant leaves expressing

HdS-mit yielded 26.2 mg of the pure diterpene alcohol from

100 g of fresh leaves (0.03% of fresh leaf weight). The ob-

tained material was identical to 3 obtained by in vitro incuba-

tion of GGPP with recombinant HdS by 1H and 13C NMR spec-

troscopy.

A compound with the same structure as determined from our

experiments for (1R,3E,7E,11S,12S)-18-hydroxydolabella-3,7-

diene (3), but with different NMR data, was recently

reported from the brown alga Dilophus spiralis [29]. In this

study, a revision for the previously reported structure of

(1S,3E,7E,11R,12S)-18-hydroxydolabella-3,7-diene (1,11-di-

epi-3) for a compound isolated from the brown alga Dictyota

dichotoma [30] was suggested (Scheme 2C). The same natural
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Figure 6: Transient expression of 18-hydroxydolabella-3,7-diene synthase (HdS) in Nicotiana benthamiana. Total ion chromatograms of GC–MS
analyses of N. benthamiana leaf extracts. A) HdS-mit (HdS expressed with mitochondrial targeting signal) showing the production of 3 in planta,
B) HdS (expression without targeting signal) and C) empty vector.

product is known from the higher plant Aglaia odorata [31], but

in this case the reason for the assignment of the reported

absolute configuration is unclear, because no optical rotation

has been included in this study. It is difficult to judge what the

correct structure for the compounds isolated from the brown

algae and from A. odorata is, but the NMR data and isotopic

labelling experiments presented here clearly point to the struc-

ture of 3 for the material obtained by us from the diterpene

synthase from C. pinensis.

Conclusion
In this study we have reinvestigated a terpene synthase from

Chitinophaga pinensis that was previously characterised as

germacrene A synthase by heterologous expression in E. coli.

While this result could be reproduced during the course of the

present study, the recombinant purified enzyme surprisingly

only showed diterpene synthase activity (it did not produce any

product from GPP nor FPP) and the obtained product was iden-

tified as (1R,3E,7E,11S,12S)-18-hydroxydolabella-3,7-diene.

Notably, heterologous expression in the plant Nicotiana

benthamiana and targeting to the mitochondria resulted in the

production of the same diterpene alcohol. Although the mito-

chondria of N. benthamiana also produce FPP [32], again no

germacrene D was detected. Taken together, these experiments

demonstrate that the expression of one and the same terpene

synthase in different organisms may lead to the formation of

different products and even an altered substrate specificity.

Indeed, it has been shown before that small alterations in the

conditions such as a change of the metal cofactor can result in a

switch from FPP to GPP synthase activity for an oligoprenyl

diphosphate synthase from the beetle Phaedon cochleariae [33].

Similar small changes of the conditions, e.g., of the pH or the

presence of different metal cofactors, may also change the prod-

uct profile of a terpene synthase in different heterologous hosts.
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Changes in the product profile of terpene synthases depending

on the host that was used to express the gene have been re-

ported by Ginglinger et al., who have shown that Arabidopsis

TPS10 produced mainly linalool when expressed in yeast and

N. benthamiana, while the E. coli expressed protein catalysed

the formation of mainly β-myrcene and β-ocimene [34]. The

authors suggested different cofactor availabilities and biochem-

ical conditions in the different hosts as the reason for their find-

ings. Also Fischer et al. pointed out the effect that the host can

have on the product specificity of terpene synthases [35]. In this

context substrate availability is another issue to be considered:

While no GGPP synthase is known in E. coli, this diterpene pre-

cursor is produced in the mitochondria of N. benthamiana. The

yield of 18-hydroxydolabella-3,7-diene in planta of 26.2 mg per

100 g of fresh leaves is useful for the preparative scale produc-

tion of the diterpene alcohol that can easily be isolated by ex-

traction and column chromatography, which underpins the

potential of plants, besides the recently reviewed microbial

hosts for the sustainable production of diterpenes [36], as

expression systems for secondary metabolite genes. The func-

tion of the investigated terpene synthase from C. pinensis

in its natural context remains elusive, since neither

(1R,3E,7E,11S,12S)-18-hydroxydolabella-3,7-diene nor germa-

crene A or its Cope rearrangement product β-elemene could be

detected in laboratory cultures [37].

Supporting Information
Supporting Information File 1
Experimental details for gene expression and enzyme

incubation experiments, NMR spectra of

(1R,3E,7E,11S,12S)-18-hydroxydolabella-3,7-diene, and

heterologous expression in Nicotiana benthamiana.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-13-171-S1.pdf]
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Abstract
Clethramycin from Streptomyces malaysiensis DSM4137, and mediomycins (produced together with clethramycin from Strepto-

myces mediocidicus), are near-identical giant linear polyenes apparently constructed from, respectively, a 4-guanidinobutanoate or

4-aminobutanoate starter unit and 27 polyketide extender units, and bearing a specific O-sulfonate modification at the C-29 hydroxy

group. We show here that mediomycins are actually biosynthesised not by use of a different starter unit but by direct late-stage

deamidination of (desulfo)clethramycin. A gene (slf) encoding a candidate sulfotransferase has been located in both gene clusters.

Deletion of this gene in DSM4137 led to accumulation of desulfoclethramycin only, instead of a mixture of desulfoclethramycin

and clethramycin. The mediomycin gene cluster does not encode an amidinohydrolase, but when three candidate amidinohydrolase

genes from elsewhere in the S. mediocidicus genome were individually expressed in Escherichia coli and assayed, only one of them

(medi4948), located 670 kbp away from the mediomycin gene cluster on the chromosome, catalysed the removal of the amidino

group from desulfoclethramycin. Subsequent cloning of medi4948 into DSM4137 caused mediomycins A and B to accumulate at

the expense of clethramycin and desulfoclethramycin, respectively, a rare case where an essential biosynthetic gene is not co-locat-

ed with other pathway genes. Clearly, both desulfoclethramycin and clethramycin are substrates for this amidinohydrolase. Also,

purified recombinant sulfotransferase from DSM4137, in the presence of 3'-phosphoadenosine-5'-phosphosulfate as donor, effi-

ciently converted mediomycin B to mediomycin A in vitro. Thus, in the final steps of mediomycin A biosynthesis deamidination

and sulfotransfer can take place in either order.

2408

Introduction
Bacterial modular polyketide synthases (PKSs) follow an

assembly-line paradigm for enzyme catalysis, in which each

round of chain extension requires a different set, or module, of

enzymatic activities [1-4]. Among the more remarkable natural

products derived by this pathway is the giant linear polyene

clethramycin (1a, Scheme 1), originally isolated as an anti-

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:pfl10@cam.ac.uk
https://doi.org/10.3762%2Fbjoc.13.238


Beilstein J. Org. Chem. 2017, 13, 2408–2415.

2409

Scheme 1: The structures of clethramycin, mediomycins and related linear polyenes.

fungal and as an inhibitor of pollen tube outgrowth from a

plant-associated Streptomyces hygroscopicus strain [5].

Clethramycin (together with desulfoclethramycin (1b)) is also a

product of the prolific strain Streptomyces malaysiensis

DSM4137 (formerly Streptomyces violaceusniger DSM4137)

[6] and it co-occurs with the closely-related antifungal

mediomycins A (1c) and B (1d, Scheme 1) in Streptomyces

mediocidicus ATCC 23936 [7]. Mediomycins are also pro-

duced by Streptomyces blastmyceticus [8]. The genes for the

assembly-line PKS for mediomycin from S. blastmyceticus have

been recently reported, encoding a separate extension module

for all 27 cycles of chain extension [8]. These systems are

attractive targets for knowledge-based engineering to produce

novel antifungal compounds. A member of this class of polyke-

tides, tetrafibricin from Streptomyces neyagawaensis

(Scheme 1), is a potent inhibitor of the fibrinogen receptor,

which suggests an even wider potential utility for such com-

pounds [8,9].

We have previously shown that in the biosynthesis of giant

macrocyclic antifungal polyketides (so-called marginolactones)

compounds bearing a terminal amino moiety are formed by spe-

cific final-stage deamidination of a precursor bearing a guani-

dino substituent at this position [10]. The aim of the present

study was to test whether the same "protective group" strategy

is operating in the biosynthesis of the giant linear mediomycins.

If true, then mediomycin A formation involves quite distinctive

late-stage processing: both an O-sulfonation step and a deamidi-

nation step. O-Sulfonation in particular is a rare and interesting

modification seen in diverse microbial natural products

(Scheme S1, Supporting Information File 1) including the non-

glycosylated teicoplanin-related antibacterial A47934 [11], the

engineered trisubstituted sulfoteicoplanin aglycone G [12], the

echinocandin-like FR901379 [13]; and the sulfated carbapenem

MM4550 [14]. A specific amidinohydrolase has been found

encoded in the respective biosynthetic gene clusters for the

marginolactone antibiotics primycin and desertomycin [10] but

not in the reported cluster for mediomycin in S. blastmyceticus

[8], so the enzyme hypothesised to be responsible for this step

in mediomycin biosynthesis has not been identified until now.

We present here the characterisation of the med biosynthetic

gene cluster, the successful identification of a specific
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Scheme 2: The biosynthetic gene clusters for mediomycin (med) from Streptomyces mediocidicus and clethramycin (cle) from S. malaysiensis
DSM4137. The numbers refer to the position of each orf in the genome sequence.

mediomycin amidinohydrolase encoded at a location on the

genome remote from the med cluster, and genetic and biochem-

ical evidence for the respective roles played by these sulfotrans-

ferase and amidinohydrolase enzymes in the production of

mediomycins.

Results and Discussion
We have previously [10] sequenced the biosynthetic gene

cluster for clethramycin from S. malaysiensis DSM4137 (cle);

and we have now also sequenced the cluster for mediomycins A

and B from S. mediocidicus (med), by whole-genome

sequencing of the strain. Clethramycin and desulfo-

clethramycin were not previously known to be produced by

S. malaysiensis DSM4137, but the identity of these metabolites

in cell extracts was readily confirmed by high-resolution mass

analysis (Figure S1, Supporting Information File 1). The prop-

erties of the genes and proteins in the med cluster and cle cluster

are summarised in Table S4 (Supporting Information File 1).

Both gene clusters encode a giant modular PKS housing 27

extension modules, distributed across nine PKS subunits

(Scheme 2). This is exactly the number of extension modules

predicted on the basis of the known structures of 1a–d. Detailed

comparison of our amino acid sequences for the Cle PKS [10]

and the Med PKS with the sequence recently reported for the

Med PKS of S. blastmyceticus [8] showed in each case a high

degree of amino acid sequence identity across the entire PKS

(≈96% identity) and essentially perfect conservation of se-

quence in each of the characteristic active site sequence motifs

for the ketosynthase (KS), acyltransferase (AT), ketoreductase

(KR), dehydratase (DH), and enoylreductase (ER) domains of

each of the 27 extension modules, including the newly-recog-

nised YGP motif of active DH domains [8] between the three

PKS multienzymes. The stereochemistry of 1a–d shown in

Scheme 1 is that predicted from the biosynthetic analysis; and is

in full agreement with the experimentally-determined relative

configuration of stereocentres in mediomycin [7,8]. The

flanking genes are also for the most part near-identical, includ-

ing a sulfotransferase (slf) gene that appears to mark one bound-

ary of the cluster. However, in the cle cluster there are addition-

al putative regulatory and export genes, as well as, remarkably,

a set of six genes interpolated into the cluster that are predicted

to govern lantibiotic biosynthesis (Scheme 2).

The key difference expected between the cle and the med clus-

ters was the presence of an essential amidinohydrolase gene,

encoding an enzyme that would act at a late stage in the path-

way to unmask the primary amino group of the mediomycins,

as we have previously described for the biosynthesis of amino-

marginolactone antibiotics [10]. However, careful scrutiny of

the open reading frames flanking the PKS in the med biosyn-

thetic gene cluster failed to reveal any whose product could be

plausibly construed to be an amidinohydrolase. The reported



Beilstein J. Org. Chem. 2017, 13, 2408–2415.

2411

Figure 1: HPLC–UV–MS analysis of polyenes. A) LC–UV (360 nm) trace of mycelium methanol extract from DSM4137 wild type, showing the produc-
tion of clethramycin (1a) and desulfoclethramycin (1b) at m/z 1240.8 ([M + Na]+) and 1138.8 ([M + H]+) , respectively. B) LC–UV (360 nm) trace of
mycelium methanol extract from DSM4137 complemented with amidinohydrolase gene medi4948 from S. mediocidicus, showing clethramycin (1a)
and desulfoclethramycin (1b) are fully converted to the corresponding amino forms, mediomycin A (1c) and mediomycin B (1d) at m/z 1198.8
([M + Na]+) and 1096.8 ([M + H]+), respectively. C) LC–UV (360 nm) trace of mycelium methanol extract from S. mediocidicus, showing the
production of mediomycin A (1c) and mediomycin B (1d).

S. blastmyceticus med cluster also lacks the expected amidino-

hydrolase [8]. We therefore sought to locate the "missing"

amidinohydrolase by BLAST analysis [15] of our near-com-

plete genome sequence of S. mediocidicus using as a probe the

protein sequence of a putative amidinohydrolase (Orf32) from

the biosynthetic gene cluster of the linear polyene ECO-02301

(Scheme 1) [16]. The analysis returned two strong matches,

Medi4948 (80% identity, 93% similarity) and Medi2865 (82%

identity, 92% similarity), both provisionally annotated as

agmatinases (the numbers quoted refer to the position of the

respective orf in the genome sequence). The next best match

was a further agmatinase Medi0234 (41% identity, 57% simi-

larity). Each of these three genes was cloned and expressed in

Escherichia coli as an N-terminally histidine-tagged protein as

described in the Experimental section, and purified by chroma-

tography on a Ni-NTA column. The putative amidinohydro-

lases Medi2865 and Medi0234 were wholly inactive when incu-

bated with desulfoclethramycin (1b) purified from DSM4137

extracts, although Medi2865 did show metal-dependent amidi-

nohydrolase activity against 4-guanidinobutyrate to yield

4-aminobutanoate. In contrast, recombinant Medi4948 upon

brief incubation gave essentially complete conversion of puri-

fied 1b into mediomycin B (1d, see later). The gene encoding

this enzyme is located 670 kbp distant from the med gene

cluster on the S. mediocidicus chromosome (Scheme 2), a rare

but not unprecedented [17] example of an apparently essential

gene being located far from the relevant gene cluster. Because

the S. mediocidicus strain proved highly resistant to introduc-

tion of cloned DNA, we were unable to obtain formal proof that

this gene is essential for mediomycin biosynthesis by mutating

medi4948 and seeing accumulation of 1a and/or 1b. Instead, we

introduced the medi4948 gene, cloned in expression vector

pIB139 [18] into DSM4137. As shown in Figure 1B, in extracts

of the culture pellet of this recombinant the normal products of

this strain 1a and 1b were absent, and replaced by mediomycins

1c and 1d, fully consistent with the proposed function of the
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Figure 2: HPLC–UV–MS analysis of polyenes from DSM4137 wild type and mutants. A) LC–UV (360 nm) trace of mycelium methanol extract from
DSM4137 wild type, showing the production of clethramycin (1a) and desulfoclethramycin (1b). B) LC–UV (360 nm) trace of mycelium methanol
extract from the Δsmala2697 deletion mutant. In the mutant, production of 1a was completely abolished. C) LC–UV (360 nm) trace of mycelium meth-
anol extract from the Δsmala2697 deletion mutant complemented with smala2697 from DSM4137. D) LC–UV (360 nm) trace of mycelium methanol
extract from the Δsmala2697 deletion mutant complemented with the polyene cluster-associated slf gene (medi5536) from S. mediocidicus. Both
complementations restored the production of sulfonated polyene 1a.

amidinohydrolase encoded by gene medi4948. In contrast, when

an authentic amidinohydrolase from the Streptomyces olivaceus

Tü4018 strain producing the macrocyclic polyene deserto-

mycin [10] was similarly cloned and expressed in

S. malaysiensis DSM4137, it had no effect on the production of

1a and 1b (Figure S6, Supporting Information File 1), implying

that these amidinotransferases operating on linear and macro-

cyclic polyenes do not have overlapping substrate specificities.

Sequence alignment of amidinohydrolase Medi4948 with

authentic ureohydrolases in the Protein Data Bank (PDB)

(Figure S2, Supporting Information File 1) revealed that it

contains the sequence motifs xGGDH, DAHxD, and

SxDxDxxDPxxxP (where x = any amino acid), which are

conserved in this enzyme superfamily and are implicated in

cation binding and catalysis [19-22].

Our finding that amidinohydrolase encoded by the medi4948

gene acts on both desulfoclethramycin (1b) and clethramycin

(1a) in vivo raised the question of whether there is a preferred

or even obligatory order of events in the late-stage tailoring of

the mediomycins in S. mediocidicus. In order to resolve this

question we sought to characterise the putative sulfotransferase

encoded by the polyene-cluster associated slf gene in both

S. malaysiensis DSM4137 and S. mediocidicus (Table S4, Sup-

porting Information File 1). The polyene cluster-associated slf

gene in S. malaysiensis DSM4137 (smala2697) was specifi-

cally deleted in-frame as described in the Experimental section.

The resulting mutant strain, under conditions where the wild

type produces both 1a and 1b, only produced 1b (Figure 2B)

showing that the slf gene is uniquely responsible for the conver-

sion of desulfoclethramycin into clethramycin. Complementa-

tion of the mutant was carried out with either a wild type copy

of slf from DSM4137 (smala2697, or its counterpart from

S. mediocidicus (medi5536). In each case, co-production of 1a

was fully restored (Figure 2C and 2D).

These in vivo results together establish that Medi4948 is

capable of deprotection of both 1a and 1b and that the sulfo-

transferase SMALA_2697 (or Medi5536) is responsible for

converting 1b into 1a, as indicated in Scheme 3.

What remained unclear was whether the sulfotransferase is

capable of acting on both 1b and 1d, which would mean that

there are two independent routes to forming mediomycin A. We
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Scheme 3: The parallel pathways for the biosynthesis of mediomycin A.

Figure 3: HPLC–UV–MS analysis of in vitro assays with amidinohydrolase Medi4948 and sulfotransferase Slf from S. malaysiensis DSM4137
(SMALA_2697). A) LC–UV (360 nm) trace of control assay, where purified 1b at m/z 1138.8 ([M + H]+) was incubated without enzyme. B) LC–UV
(360 nm) trace of 1b incubated with amidinohydrolase Medi4948, showing complete convertion of desulfoclethramycin (1b) to its amino form
mediomycin B (1d) at m/z 1096.8 ([M + H]+). C) LC–UV (360 nm) trace of 1b incubated with sulfotransferase SMALA_2697 and PAPS, showing com-
plete convertion of desulfoclethramycin (1b) to its sulfonated form clethramycin (1a) at m/z 1240.8 ([M + Na]+). D) LC–UV (360 nm) trace of 1b incu-
bated with amidinohydrolase Medi4948 to generate mediomycin B (1d) in situ, followed by addition of sulfotransferase SMALA_2697 and PAPS to
convert mediomycin B (1d) to mediomycin A (1c) at m/z 1198.8 ([M + Na]+).

first confirmed that when purified recombinant Slf from

DSM4137 (SMALA_2697) was incubated with 1b, in the pres-

ence of the cofactor 3′-phosphoadenosine-5′-phosphosulfate

(PAPS), 1a was formed (Figure 3C). Then, 1b was pre-incubat-

ed with amidinohydrolase Medi4948, to convert it fully into

mediomycin B 1d, as monitored by HPLC–MS (Figure 3B).
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Then, Slf from DSM4137 (SMALA_2697) was added to the

reaction mixture together with PAPS. As shown in Figure 3D,

1d was efficiently converted into 1c under these conditions.

Therefore parallel pathways do exist (Scheme 3) for the forma-

tion of mediomycin A (1c) from desulfoclethramycin (1b),

which is the full-length initial product of the assembly-line PKS

in both clethramycin and mediomycin biosynthesis. The sulfo-

transferases from the cle and med clusters appear essentially

identical in their catalytic activity.

The co-location of the slf gene with the gigantic 27-extension

module PKS of clethramycin or mediomycin suggested that the

Slf protein sequence might be a useful probe to uncover further

examples of strains producing these or closely-related com-

pounds. BLAST analysis of public databases using the protein

sequence of the Slf of DSM4137 as a probe sequence uncov-

ered multiple candidate Slf sequences (see sequence alignment

in Figure S3, Supporting Information File 1) all of which bear

the conserved sequence motifs for binding of the sulfo-donor

PAPS. Some, but by no means all, of the genes for these Slf se-

quences are indeed co-located with giant PKS genes (these are

coloured green) in the phylogenetic tree of Slf sequences

presented in Figure S3 (Supporting Information File 1). This

analysis shows that slf genes associated with remarkable

biosynthetic gene clusters harbouring 27-module PKS genes are

distributed quite widely among Streptomyces strains. Because

the mediomycin amidinohydrolase gene is not located anywhere

near the med biosynthetic gene cluster, it is presently not

possible to distinguish with confidence, on sequence compari-

sons alone, between clethramycin and mediomycin clusters.

Conclusion
The accelerating speed and ever-decreasing cost of sequencing

of microbial genomes has spurred our interest in a genome-led

approach to the uncovering of novel enzymology in the biosyn-

thetic pathways to antibiotic natural products [23-26]. Here, we

have used in-house whole-genome sequencing to characterise

the closely-related gene clusters to the sulfated antifungal linear

polyenes clethramycin and mediomycin A. Further, it has

enabled a successful search for the key amidinohydrolase en-

zyme required for late-stage deprotection of clethramycins to

mediomycins, the gene for which is found 670 kbp distant from

the med gene cluster. We have also shown that the amidinohy-

drolase can act either before or after the specific sulfonation

step. The sequence of the sulfotransferase is a useful probe to

uncover related gene clusters in public sequence databases.

Sulfonation remains a rare and relatively poorly understood

modification in natural product biosynthesis [27-30]. As our

understanding of their specificity improves, sulfotransferases

have been deployed to increase the structural diversity of

several classes of natural products [31-33]. The slf genes of

polyene biosynthesis reported here represent an additional

starting point for such natural product diversification. Sulfona-

tion has been suggested as a novel approach to block the devel-

opment of antibiotic resistance [33,34] while the discovery of

the sulfated metabolite FR901379 was a critical breakthrough in

the successful clinical development of micafungin to combat

systemic fungal infections [12].

Supporting Information
Supporting Information File 1
Experimental part and additional Figures and Schemes.
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