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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
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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
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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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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
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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).

-Trrr | T
26 28 30 t/min

Figure 2: Total ion chromatogram of the gular gland extract of Hyper-
olius cinnamomeoventris. X: frog anaesthetic ethyl 3-aminobenzoate.

4 5

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 | (3),

phoracantolide J (4), gephyromantolide A (5).

2732



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
S-tetradecenoic acid, followed by @ — 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-

Beilstein J. Org. Chem. 2016, 12, 2731-2738.

canoic acid, on which a common A9-desaturase is acting,
leading after @ — 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, Firstner 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

10-OAc, OH
\/\/Ao 0.55 equiv H,0 S Ao LiAIH, _ PP
69% 90%
6 (R)-6 (R)-7
11
o CgFe, toluene A
/W\/\)I\OH 27% as a mixture
8 o
o 12
EDC, DMAP, CH,Cl, CaFe, toluene 0
62% >
_ 38% (74% brsm) (R)-2
(R)-9 (Z) > 95%
R’
N N
”7@'"“” Mos Ty Mes PN
—N_ _N= Cle R R
Cq Cl'R|U/ R
/N 0 o-Ru=
t-Bu (0] 0] t-Bu \( N/—O/b
O'®
t-Bu t-Bu /K
10 1 12

Scheme 1: Synthesis of (9Z,13R)-tetradec-9-en-13-olide (2).
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desired (R)-enantiomer (see Supporting Information File 1 for
optical rotation values). Diene (R)-9 was obtained by reduction
of the epoxide 6 with LiAlH, 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 (£/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 (2)-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).

Beilstein J. Org. Chem. 2016, 12, 2731-2738.
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2
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135 150 164
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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.

o) B Mg, CuBr-SMe, H
/g I AV > HO/:\/\/\/\/
THF, 91%
13 14 15
O
PNt 2
= OH CgFs, 1,4-benzoquinone,
16 toluene |
EDC, DMAP, 0

CH,Cl,, 60%

17

31%, (Z) > 95%

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.
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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.

A)

E) /\iS)_‘l

78 79 80

t/min

Figure 4: Total ion chromatogram of the enantiomer separation of
(Z2)-1 on a chiral B-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.

Beilstein J. Org. Chem. 2016, 12, 2731-2738.

With the synthetic material in hand, we analyzed the EI mass
spectra of 1 and 2. No significant differences were detectable
between the £/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 C7H¢O, (HRMS: 126.07005 found, calcd.
126.0681) or C;1H g0, (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 C,Hj,_40, 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
Cp1+4H2,+40,, 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, (£)-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 C,H2,-402 (Cp+4H27+405 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 C,Hj,-30,, 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=0 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 ®-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

Beilstein J. Org. Chem. 2016, 12, 2731-2738.

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.
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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™! and

fluorescence quantum yields of up to 0.44 were observed.

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
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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-

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

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

BOIMPY-labeled fatty acid

NN

oligoene fatty acid

(n=1,2,3)

‘ previous work I

M/\/\/\COOH

COOH this work

BTD-labeled fatty acids

Figure 1: Examples for previously prepared fluorescent fatty acids and our present work.
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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 (£)-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

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

with the respective aldehyde 1. In a facile three-step one-pot
process the emerging o,B-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. MnO,-mediated
oxidation afforded the respective aldehyde that was immedi-
ately transformed by Wittig reaction. lodine-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 a,-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 11¢
in an overall yield of 32% (Scheme 3). Notably, the ester inter-
mediate 9 showed already a strong fluorescence at ambient

Br®
PthﬁCOOH
,S‘l\\l 11 I, (traces) N/\ \
Ny N 2a X" JCOOH
MeLi/HCI 70°C,2.5h 10
THF hexane
(degased)
1 10% (over 2 steps) 3
Scheme 1: Synthesis of fatty acid 3 with one olefinic unit.
cof §
_ =) _ a) BF3-OEt; (1.3 equiv)
O BO" > 0Bt le N OBt | 1) DIBAL (4 equiv)
N o N N o
n-Buli, -78°C,1h
0°C,1h THF
THF 87%
1 5
O
® Br
PhsP\Cj/COOH
/ N 9 S‘N
N\ MnO, I, (traces) [\
N N 2b N
OH N J.cooH
rt, 45 min NaHMDS 65°C,1.5h
DCM THF hexane
(degased)
6 35% (over 3 steps) 7

Scheme 2: Synthesis of fatty acid 7 with two olefinic units.
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0 Qe
SN e N S-N OMe
N DIBAL (3 equiv)
n-Buli, —-20°Cto0°C,2h
0°Ctort,1h DCM
1 THF 9 77%
83 %
C]
® Br
Ph3PﬁCOOH
S‘N 7or15
N_\ MnO, 2c or 2d I, (traces)
XN OH
rt, 45 min NaHMDS 65°C,1.5h
DCM THF hexane
(degased)
10 32% (over 3 steps for 11c)
S-N SN
N \ N \
NN COOH NN COOH
6 14
¢ 11d
(54% over the last 3 steps)

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, A ,x 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~'em™ (7) to
11.000 M lem™! 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.

300 400 500 600 700
40 T T T T T T T T T T

3 -1
attenuation coefficient £ [10 M cm™]

T T T T T
300 400 500 600 700

wavelength [nm]

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™!) and increase in the same
manner with the size of the n-system albeit to a smaller extent.
These findings can be quite consistently rationalized when the
frontier orbitals of the chromophoric cores (cc3, cc7, ccll) 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 € refer to the longest wavelength absorp-

tion peaks respectively.

M ax [nm] AF max [nm] £[103 M~ lem™] AV [em™] @F () Brightness [103 M~1cm™"]
3 374 459 3.4 4950 0.44 15
7 395 501 7.6 5360 0.33 25
11c 412 537 9.6 5650 0.18 1.7
11d 412 537 11.0 5650 0.18 2.0

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 m-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

chromophoric core of 3 (cc3)
chromophoric core of 7 (cc7)
chromophoric core of 11¢/11d (cc11)

0—
LUMO+1
— .0,64
-1+ 1,12
e 1,48
-2 4~ LUMO
2,55
E=-2,59
2,63
s ST
A
- L
>
g 4
Q
s N
2
£
5 -5 4+
e 5,45
5,71
-6 = -6,09
- HOMO-1
_7 _p=—-6,89
7,25
™ .7,36
8L

Figure 3: Frontier orbital energies (DFT) and their pictorial representation for the chromophoric cores (cc) of 3, 7, and 11.
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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 11¢ 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 A%« = 374 nm (one double bond) to A2 .y =
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
49005700 cm ™! 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 (Et,O) were distilled from sodium/
benzophenone under an argon atmosphere. Dichloromethane
(CH,Cly) and tetrachloromethane (CCly) were distilled from
CaCl, under an argon atmosphere. All other solvents were used
as analytical grade and were stored over suitable molecular
sieves (3 A or 4 A). 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

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

—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. HCI 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 pL of saturated solution of I, 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 frans-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.
TH NMR (300 MHz, THF-dg) & 1.20-1.65 (m, 16H), 2.20 (t, J =
7.3, 2H, CH,COOH), 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-dg) 6 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) ¥ (ecm™1): 2919, 2850, 1696, 1532,
1466, 1428, 1302, 1263, 1237, 1209, 967, 907, 756; HRMS
(ESI) m/z: caled for C19HoN,0,SNa*, 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 BF5-OEt, (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. 'H NMR
(300 MHz, CDCl3) 6 1.95 (s, I1H, OH), 4.48 (dd, J=5.3, 1.4
Hz, 2H, CH,0H), 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) &
63.8, 120.3, 126.3, 126.8, 129.5, 130.0, 134.4, 153.1, 155.4; IR
(ATR) v (ecm™1): 3315, 3067, 2898, 2854, 1533, 1084, 1044,
996, 969, 908, 754; HRMS (EI) m/z: calcd for C9gHgN,OS,
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 MnO,
(1.5 g, 16.6 mmol, 20 equiv) at rt. Stirring was continued for
45 min. A mixture of SiO,/Al,O3 (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 pL of saturated I, 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. 'H NMR (300 MHz, THF-dg) 5 1.20-1.65 (m, 12H),
2.13-2.25 (m, 4H, CH,COOH, -C=CCH>), 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-dg) & 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) v (cm™!): 3031,
2994, 2919, 2851, 1703, 1469, 1415, 1310, 1287, 1257, 1219,
988, 897, 829, 747; HRMS (ESI) m/z: caled for
C19H24N,0,SNa*, 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
NH4CI 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. 'H NMR (300 MHz, CDCl5) & 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) & 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) v (em™1): 2993, 2956, 1711, 1619, 1528, 1462, 1330,
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1244, 1225, 1137, 990, 837, 750; HRMS (ESI) m/z: caled for
C1,H oN,0,SNa*, 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. 'H NMR
(300 MHz, CDCl3) 6 1.75 (s, 1H, OH), 4.31 (d, /= 5.5 Hz, 2H,
CH,0H), 6.14 (m, 1H), 6.54 (m, 1H), 7.03 (d, /= 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, CDCls) § 63.34, 120.1,
126.6, 128.4, 129.6, 130.6, 131.7, 133.5, 134.6, 153.1, 155.5);
IR (ATR) ¥V (cm™)): 3416, 3358, 3014, 2991, 1529, 1483, 1275,
1155, 1094, 1066, 980, 905, 837, 742; HRMS (ESI) m/z: calcd
for C11H1oN,OSNa*, 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 MnO,
(318 mg, 3.66 mmol, 20 equiv) at rt. Stirring was continued for
45 min. A mixture of SiO,/Al;03 (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/Al;O3 (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 CHCl; was helpful to remove
rests of Wittig salt. [somerization was performed in n-hexane
(200 mL, degassed) with 15 pL of saturated I,-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. '"H NMR (300 MHz, THF-dg) 6 1.20-1.65 (m,
8H), 2.06-2.26 (m, 4H, CH,COOH, -C=CCH,;), 5.83 (dd,
J=15.1, 7.1 Hz, 1H), 6.21 (m, 1H), 6.45 (m, 2H), 7.03 (d,
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J = 15.6 Hz, 1H), 7.50-7.66 (m, 2H), 7.72-7.86 (m, 2H);
13C NMR (75 MHz, THF-d3) & 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) v (cm™!):
3009, 2927, 2853, 1695, 1526, 1265, 993, 906, 750; HRMS
(ESI) m/z: caled for C19Hp4N,0,SNa™, 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
MnO; (318 mg, 3.66 mmol, 20 equiv) at rt. Stirring was
continued for 45 min. A mixture of Si0,/Al,03 (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/Al,O3 (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 pL of saturated I,-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. 'H NMR
(300 MHz, THF-dg) 6 1.20-1.65 (m, 8H), 2.06-2.26 (m, 4H,
CH,COOH, -C=CCH;), 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-ds) & 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™'): 3010, 2920,
2849, 1696, 1527, 1464, 1260, 993, 927, 802, 750, 725; HRMS
(ESI) m/z: caled for Co7H3gN,0,SNa™, 477.25462; found,
477.25542.
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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 ICs inhibitory values in the proliferation of MDA-MB231,

SKOV3, MCF7, DU 145 and HepG2 cancer cell lines.

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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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

0}

HOJW

MeOH/stO4

\o)]\/\/\/\/\/\s/\/NHZ
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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

0 ABCN
\O)]\/\/\/\/\/
1 hg ™~ NHzHCI
H o
R1
N-"N0H
H

89%

H
N
\O)]\/\/\/\/\/\S/\/
3 O
84-86%

EDC-HCI/HOBt

DMAP
R’ R2 RS
- 3a | H H H
R2 3 | H OH H
R 3¢ | OH OH H
H 3d | OCH; OH H
3e | OCH; OH OCH;

Scheme 1: Synthetic procedure for the preparation of 10-undecenoic acid methyl ester-based lipoconjugates of phenolic acids.
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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-HCI 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
a-tocopherol (a-TP) and fert-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, 3¢ was found to be the
most efficient free radical scavenger which showed a value
closest to the standard anti-oxidant, a-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 -2
3b 30.23
3c 87.05
3d 67.68
3e 66.57

ao-TP 90.23

TBHQ 92.34

@no 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
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acid containing the synthesized compounds were subjected to
DSC analysis. The results of the assay are shown in Table 2 and
a-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.

Compound? QITb (°C)
LA + 3a 116
LA +3b 130
LA + 3c 136
LA +3d 141
LA + 3e 142

LA + a-TP 130

LA +TBHQ 126

LA 116

aLA: linoleic acid, POIT: 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 3¢, 3d
and 3e even higher compared to the reference anti-oxidants
TBHQ and a-TP. The OIT for TBHQ and o-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 ICs( 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.?

Entry Compound
MDA-MB-231 SKOV3

1 3a 21.2+0.31 99.2+0.79
2 3b 14.5+0.26 31.5+0.41
3 3c 12.0+0.28 38.9+0.37
4 3d 29.0 £ 0.36 32.2+0.32
5 3e 125+0.25 38.3+0.40

doxorubicin 0.8+0.14 0.7+0.16

IC5q values (M)

MCF7 DU145 HepG2
17.20.23 25.4 +0.31 38.2+0.42
39.2 +0.45 81.6+0.77 58.310.61
10.55 + 0.27 13.0 £ 0.26 67.4 % 0.59
28.8+0.36 56.7 £ 0.62 93.9+0.85
13.9+0.22 28.8+0.39 141.4 £ 0.98
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 3¢, 3b and 3e were found to show
promising anticancer activity according to their ICs( values,
whereas 3d and 3a exhibited only moderate activity. Among all
tested derivatives, compound 3¢ was found to exhibit best anti-
cancer activity against MCF7, DU145 and MDA-MB-231 cell
lines with ICs¢ values of 10.55, 13.0 and 12.0 puM, 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 ICsq values in the range
of 0.7 to 0.8 uM 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-HCI),
cysteamine hydrochloride, cinnamic acid, sinapic acid, ferulic
acid, p-coumaric acid, caffeic acid, a-tocopherol (a-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

'H and '3C NMR spectra were recorded on a Bruker Avance
operating at 700/500 MHz and 175/125 MHz. The NMR spec-
tra were referenced to 8 7.26 ppm and & 77.0 ppm in CDClj; sol-
vent for 'H and !3C, respectively. Coupling constants (J)
patterns in the '"H 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 2695 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 x 0.25 mm x 0.25 um). 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 NaHCOj5 solution (3 x 30 mL), and dried over an-
hydrous Na;SOy4. 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 'H 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 X 40 mL) and the combined organic phases were
washed with saturated K,CO3, brine and finally with water and
dried over anhydrous Na;SOy. 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 'H 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-HCI (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 Na;SO4 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).
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The product was characterized by 'H and '3C NMR, IR, ESIMS
and HRMS spectral studies. Mp 55-56 °C; 'H NMR (500 MHz,
CDCl3) 6 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, CHj); 13C NMR
(75 MHz, CDCl3) & 174.37 (-C(0)-OCH3s), 165.50
(-NH-C(0)-), 141.25 (-NH-C(O)-CH=CH-),134.81-127.83,
120.52 (-NH-C(0)-CH=CH-), 51.47 (-C(0)-OCHj3-), 38.49
(-CH;,-NH-), 29.44 (-S-CHj-), 29.36 (-CH;-S-), 29.22 (-CH;-
CH,-S-), 29.19-24.96 (-CH,-CH,-); IR (cm™!, KBr): 2853,
2853, 1720, 1654, 1599, 1527, 1441, 1365; ESIMS (m/z): 406
[M + H]", 428 [M + NaJ*; HRMS (m/z): [M + H]" calcd for
C,3H3603NS, 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 'H and 13C NMR, IR, ESIMS and
HRMS spectral studies. Mp 64—65 °C; '"H NMR (500 MHz,
CDCly) 6 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, CH,); 13C NMR (75 MHz, CDCl3) & 174.71 (-C(O)-
OCHj3), 166. 84 (-NH-C(0)-), 158.33, 141.51 (-NH-C(O)-
CH=CH-),129.64, 128.99, 117.32 (-NH-C(0O)-CH=CH-),
115.98, 51.58 (-C(0)-OCH3-), 38.63 (-CH,-NH-), 34.16 (-S-
CHj-), 31.89 (-CH,-S-), 31.84 (-CH,-CH>-S-), 29.69-24.96
(-CH,-CH,-); IR (cm™!, 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 CogH3604NS,
422.23596; found, 422.23491.

Synthesis of methyl 11-((2-((E)-3-(3,4-dihydroxyphenyl)-
acrylamido)ethyl)sulfanyl)undecanoate (3c¢): Similarly,
methyl 11-((2-((£)-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 'H and
13C NMR, IR, ESIMS and HRMS spectral studies. '"H NMR
(500 MHz, CDCl3) 6 7.55 (d, J=15.6 Hz, 1H), 7.12 (d, /= 8.6
Hz, 1H), 6.95 (s, 1H) 6.87 (d, /= 8.6 Hz, 1H), 6.24 (d, /= 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, CH;); 13C NMR (75 MHz,
CDCl3) 6 174.74 (-C(0)-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(0)-CH=CH-), 115.46, 114.71, 51.60 (-C(O)-OCHj3-),
39.05 (-CH,-NH-), 38.88 (-S-CH»-), 38.76 (-CH,-S-), 34.16
(-CH,-CH,-S-), 29.59-24.96 (-CH,-CH,-); IR (cm™!, 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 Cp3H3605NS, 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-((£)-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 'H and
13C NMR, IR, ESIMS and HRMS spectral studies. '"H NMR
(500 MHz, CDCl3) 6 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, CH»); '3C NMR (75 MHz, CDCl3) 8 174.36 (-C(O)-
OCH3), 166. 21 (-NH-C(O)-), 147.48, 146.76, 141.26 (-NH-
C(0)-CH=CH-), 127.33, 122.22, 118.06 (-NH-C(O)-CH=CH-),
114.76, 109.64, 55.95 (-OCH3-), 51.45 (-C(0)-OCH3s-), 38.42
(-CH,-NH-), 34.11 (-S-CH;-), 31.97 (-CH,-S), 31.74 (-CH;-
CH,-S-), 29.47-24.95 (-CH,-CH,-); IR (cm™!, 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 C4H3305NS, 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 'H and
13C NMR, IR, ESIMS and HRMS spectral studies.
Mp 69-70 °C; '"H NMR (500 MHz, CDCl3) § 7.53 (d, J = 15.5
Hz, 1H), 6.76 (s, J = 8.2, 1.5 Hz, 2H), 6.28 (d, /= 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, CH,); 13C NMR
(75 MHz, CDCl3) & 174.37 (-C(0O)-OCH3y), 166.07
(-NH-C(0)-), 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(0)-OCH3-), 38.39 (-CH,-NH-), 34.11 (-S-CH3-),
31.96 (-CH;-S-), 31.69 (-CH,-CH;-S-), 29.65-24.95 (-CH;-
CH,-); IR (cm™!, KBr): 3371, 2926, 2852, 1730, 1658, 1612,
1514, 1455 1285; ESIMS (m/z): 482 [M + H]*, 504 [M + NaJ";
HRMS (m/z): [M + H]" calcd for Co5H49O4NS, 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 pL of a methanolic solution of the syn-
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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 a-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 = [(4c — 4s)/Ac] x 100 where A4c 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 pL of the anti-oxidant solution.
A blank run of linoleic acid, spiked with 10 pL 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 pg/mL streptomycin at 37 °C in a 5% CO; 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 uM 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
100 nL DMSO was added to
each well. Finally the absorbance of the plates was

formazan crystals,
measured using a Synergy H1 multi-mode plate reader

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

parison.
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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.

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
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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-

Beilstein J. Org. Chem. 2017, 13, 338-346.

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

Tremerogen A-10

Tremerogen a-13

@ Mating

Conjugation tube

B)
PARSAe
HO S
GIu-His-Asp-Pro-Ser-AIa-Pro-GIy-Asn-GIy-Tyr—H COCHs
Tremerogen A-10
WM
S
Glu-Gly-Gly-Gly-Asn-Arg-Gly-Asp-Pro-Ser-Gly-Val—NH COH
Tremerogen a-13
C)

Precursor Amino acid sequence Modification
Tremerogen a-13 EGGGNRGDPSGVCVIA Farnesylation
G-protein y6 (bovine) ASENPFREKKFFCAIL Geranylgeranylation
K-Ras 4A (human) EEKTPGCVKIKKCIIM Farnesylation

Consensus sequence e+ s+ s+ s+ +CaaX

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.
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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 ComXj,,¢t, pheromone from B. subtilis subsp.
natto contributes to the phenotypic characteristics involved in
biofilm formation by B. subtilis subsp. natto, which is closely
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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-y-glutamic acid (y-PGA) polymer
(Figure 2B), and the ComX,,¢;, pheromone activates y-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 ComXg(.g.» 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.g-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

B)
0
0« _OH
HN_ H o
X v
HO NH o/,
1-PGA
COH

surfactin A

Figure 2: Chemical structures of (A) surfactin A and (B) poly-y-glutamic acid.
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Amino acid sequence
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Chemical structure of W

168 ADPITRQWGD
Z
RO-C-2 TREWDG
Natto KWPPIE
RO-E-2 GIFWEQ
RO-H-1 MLDWKY
RS-B-1 MMDWHY
RO-B-2 YTNGNWVPS

B)

Producer strain

Acyl homoserine lactone

Vibrio harveyi

Vibrio fischeri

Agrobacteriumtumefaciens

Pseudomonas aeruginosa

OH O
O
(0]
(0] (0]
AN A0
N
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H
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/\/\/\/\)I\/U\ 0O
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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 srf4 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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[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

Beilstein J. Org. Chem. 2017, 13, 338-346.

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 ComQRgr(.g-» 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

A)
}y é '\1? ‘?7 é ComX pheromone
Secretion /\ Comp

Cell wall
Isoprenylation 5 Autophosphorylation

Processing §7 Donation

"
ComX

l Signal activation

Bacillus subtilis srfA

Genetic competence
Surfactin A synthesis

——> y-PGA synthesis (natto)

B) Enzyme Amino acid sequence of aspartate rich motifs
ComQ_168 SSDIMDDLEDEDN GIIAQISGDYYVLL
ComQ_ROC2 SSDIMDDLEDEDN GIVAQISGDYHVLF
ComQ_Natto SADIFDDIEDKDN GIVEQIANDHYGLY
ComQ_ROE2 AFDIFDDLEDEDN GIIKQLENDYYGLV
ComQ_ROH1 SFDIYDDLQDKDN GIMSQIDNDYKGLF
ComQ_RSB1 SFDIYDDLEDKDN GIMSQIDNDYKGLF
ComQ_ROB2 SFDIYDDLEDKDN GITAQIENDYQGLY
EcGGPPS ATLLHDDVVDESD GTAFQLIDDLLDYS

FARM SARM

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.
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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 ComXgo.g.2
([47-58]ComXR0.g-2, LSKKCKGIFWEQ) showed significant
activity for geranyl modification by ComQgq.g.2, although the
activity was approximately 10-fold weaker than that of full
length ComXgro.g.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.g-» for geranylation by ComQgro.g.», 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]ComXR0o.g-2
from the 47th to the 57th residues of the ComXgrp.g-2,
LSKKCKGIFWE, is the minimum substrate unit for geranyla-
tion by ComQRro.g-2- These results are consistent with the fact
that the ComX pheromone variants among six Bacillus strains

Strain Amino acid sequence of ComX

Beilstein J. Org. Chem. 2017, 13, 338-346.

possess a modified tryptophan residue at the 3rd or 4th position
from the C-terminal end, except for the ComX,,t, pheromone
from subsp. natto. Unlike the six ComX pheromone variants,
the ComX 541, 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 ComX,,,¢1,; namely, at the 20th position
from the C-terminal end. In addition, the C-terminal amino acid
residues of ComX,,,¢¢, as well as the N-terminal amino acid
residues are processed to form the ComX,,,¢, pheromone, corre-
sponding to the 53rd to 58th residues of the ComXj,,¢0 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

(Underlined: ComX pheromone, W: isoprenylated)
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RO-C-2
Natto
RO-E-2
RO-H-1
RS-B-1
RO-B-2

MODLINYFLNYPEALKKLKNKEACLIGFDVQETETITIKAYNDYYLADPITRQWGD
MODLINYFLSYPEVLKKLKNREACLIGFSSNETETIIKAYNDYHLSSPTTREWDG
MKHIDKIISHLVNNPEAFDQFKNGNLTLLNINEKEKKAILYAFEQGEVPRTSKWPPIEAISNFFEDDKRKSLI
MKQODMIDYLMKNPQVLTKLENGEASLIGIPDKLIPSIVDIFNKKMTLSKKCKGIFWEQ
MQEMVGYLIKYPNVLREVMEGNACLLGVDKDQSECIINGFKGLEIYSMLDWKY
MQEMVGYLIKYPNVLREVMEGNACLLGVDKDQSECIINGFKGLEIYSMMDWHY
MQEIVGYLVKNPEVLDEVMKGRASLLNIDKDQLKSIVDAFGGLQIYTNGNWVPS

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.
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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.

O
HN O
H2NOC
HO :
NH CONHZ
kawaguchipeptin A

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

Beilstein J. Org. Chem. 2017, 13, 338-346.

pheromonal function. In addition, the discovery of the
ComXj,1to 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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Butyrolactol A is an antifungal polyketide of Streptomyces bearing an uncommon fert-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 !3C- 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.

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
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butyrolactol A (1)

Figure 1: The structure of butyrolactol A (1).

Z-olefin with a terminal fert-butyl group, whereas the hydro-
philic polyol system bearing a y-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 ferz-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
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Figure 2: Cyanobacterial polyketides bearing a tert-butyl group.

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 fert-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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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 fert-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

Beilstein J. Org. Chem. 2017, 13, 441-450.

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, [1,2-13C,]acetate was fed to the
culture to ensure the alignment of malonate units. In the
13C NMR spectrum, split signals arising from '3C-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 'Joc 50 Hz, cross peaks derived
from the intact 13C, 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

ossamycin

OH

H
© OH

1B-96212

OH OH OH OH OH

0~ O

OH
HO NN

OH

OH

antifungalmycin

Figure 3: Actinomycete metabolites possessing a contiguous 1,2-diol system.
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Table 1: Incorporation of '3C-labeled precursors into 1.

Positon  d¢ [1,2-13C;]acetate

e 2D-INADEQUATE  TJcc
(Hz) (Hz)
1 175.3 56
2 74.7 56
3 72.9 39
4 80.0 39
5 66.9 44
6 68.9 44
7 68.9 45
8 69.7 45
9 73.1
10 36.2
11 36.6 41 12 40
12 1319 41 11 40
13 1319 55 14 57
14 1313 55 13 57
15 1313 43 16 43
16 32.6 43 15 43
17 27.5 42 18 43
18 1292 42 17 43
19 1296 55 20 55
20 1257 55 19 55
21 1359 43 22 43
22 28.1 43 21 43
23 437
24 30.6
25 29.7
26 297
27 207
28 16.2

[U-"3Cg]glucose

2D-INADEQUATE

Beilstein J. Org. Chem. 2017, 13, 441-450.

[1-13C]propionate  L-[methyi-13C]methionine

relative enrichments?

2 0.9 0.9
1 1.0 1.0
4 0.9 1.0
3 1.0 1.1
6 1.0 1.0
5 0.9 0.9
8 1.0 1.1
7 1.0 1.1

4.8 1.2

1.1 1.1
12 1.2 1.2
1" 1.3 1.2
14 1.3 1.2
13 1.2 1.0
16 1.2 1.0
15 1.2 1.3
18 1.4 1.3
17 1.2 1.0
20 1.4 1.1
19 1.3 1.1
22 1.3 1.0
21 1.2 1.1

1.6 1.2

1.2 1.0

0.9 71

0.9 71

0.9 71

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-13C4]glucose which could label carbons derived from
malonyl-CoA and hydroxymalonyl-ACP. In the '3C 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-13Cg4]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-
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Figure 4: Feeding experiments of '3C-labeled precursors into 1 detected by 2D-INADEQUATE NMR experiments. (a) [1,2-13C;]acetate;

(b) [U-"3Cg]glucose.

10 kb
orf8 1 12 13 14 15 16 17 18 19 2122232425 2627 28 29 3233
PKS KIS PKS PKS [ PKS PRSPPI KK

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-!3C]propionate (Table 1). The
remaining carbons not labeled by malonate-type precursors
were the terminal ferz-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 terz-butyl portion of 1 was most likely supplied
through the C-methylation of valine. To examine this possibili-
ty, feeding experiments of L-[methyl-'3C]methionine and
L-valine-dg 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-dg-labeled

1 (Figure 7a). The mass spectrum of the L-valine-dg-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], a-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-

10P

110
12b
13
14

15
16

17
18
19
20
21
22
23
24
25

26

27b

28b
29b
30
31

32b

33

Accession no.

WP_055469543

WP_030405160

WP_055469545

WP_055469546

WP_055469547

WP_055469666

WP_055469548
WP_055469549

WP_055469550
WP_055469551
WP_055469552
WP_030403675
WP_055469553
WP_055469554
WP_030403672
WP_055469555
WP_055469556
WP_055469557
not registered in
GenBank

WP_055469558
WP_055469559
WP_055469560
WP_059296555

WP_055469561

WP_030403663

Size
(aa)
127
71
6,065
473
676
2,075

3,365
3,462

3,135
1,169
301
88
381
356
261
448
408
253
373
868
290
209
65
407

168

Proposed function

HxIR family
transcriptional regulator

acetyl-CoA carboxylase
biotin carboxyl carrier
protein subunit

PKS

propionyl-CoA
carboxylase subunit
beta

helix-turn-helix
transcriptional regulator

PKS

PKS
PKS

PKS
PKS

3-hydroxyacyl-CoA
dehydratase
ACP

acyl-CoA dehydratase

glyceroyl-ACP
biosynthesis protein
thioesterase

MFS transporter
hypothetical protein

multidrug ABC
transporter permease

ABC transporter
ATP-binding protein

hypothetical protein
ketopantoate reductase

TetR family
transcriptional regulator

chitinase

FAD-dependent
oxidoreductase

MarR family
transcriptional regulator

a|dentity/similarity; Pencoded 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

BLAST search
Protein homolog, Origin, Accession number

HxIR family transcriptional regulator, Streptomyces
sp. NRRL F-7442, KOX41174

acetyl-CoA carboxylase, Streptomyces sp. NRRL
F-7442, KOX41173

FscE, Streptomyces cattleya, AEW99638

propionyl-CoA carboxylase subunit beta,
Streptomyces sp. NRRL F-7442, KOX41172

regulator, Streptomyces sp. NRRL F-7442,
KOX41171

polyketide synthase type |, Streptomyces cattleya,
AEW99622

FscC, Streptomyces cattleya, AEW99623

polyketide synthase (fragment), Streptomyces
cattleya, KOX46585

polyketide synthase, Streptomyces sp. NRRL
F-7442, KOX46586

short-chain dehydrogenase, Streptomyces sp.
NRRL-7442, KOX46587

3-hydroxybutyryl-CoA dehydrogenase,
Streptomyces sp. NRRL F-7442, KOX46623
Acyl carrier protein, Streptomyces sp. NRRL
F-7442, KOX46588

acyl-CoA dehydrogenase, Streptomyces sp. NRRL
F-7442, KOX46589

FkbH, Streptomyces sp. NRRL F-7442,
KOX46590

thioesterase, Streptomyces sp. NRRL F-7442,
KOX46591

major facilitator superfamily permease,
Streptomyces cattleya, AEW99632
uncharacterized protein, Streptomyces sp. NRRL
F-7442, KOX46624

multidrug ABC transporter permease,
Streptomyces sp. NRRL F-7442, KOX46592
ABC transporter related protein, Streptomyces
cattleya, AEW99635

beta-ketoacyl synthase, Streptomyces sp. NRRL
F-7442, KOX46593

ketopantoate reductase, Streptomyces sp. NRRL
F-7442, KOX46594

TetR family transcriptional regulator, Streptomyces
sp. NRRL F-7442, KOX46595

secreted chitinase, Streptomyces coelicolor,
NP_733504

FAD-dependent oxidoreductase, Streptomyces sp.
NRRL F-7442, KOX46596

MarR family transcriptional regulator,
Streptomyces sp. NRRL F-7442, KOX46597.1

%a

99/100

100/100

76/82

99/99

99/99

71/80

71/79
99/99

99/99

99/99

98/99

100/100

99/99

99/99

100/100

78/84

99/100

99/99

82/89

99/99

98/99

99/99

83/87

98/99

100/100

butyrolactol PKS genes. Further enzymatic studies are neces-

sary to establish the order of the starter loading/C-methylation

events.
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447



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 fert-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 fert-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
[1,2-13C,]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 [1,2-13C,]acetate and L-valine-dg were purchased from
Cambridge Isotope Laboratories, Inc. [U-13C4]Glucose, sodium
[1-13C]propionate, and L-[methyl-'3C]methionine were pur-
chased from Sigma-Aldrich Co. LLC. 'H and '3C NMR spec-
tra were obtained on a Bruker AVANCE 500 spectrometer in

Beilstein J. Org. Chem. 2017, 13, 441-450.

DMSO-dg using the signal of the residual solvent signals
(3y1 2.50, 8¢ 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
(Bn(p) 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
0f 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%, KoHPO4 0.1%, MgSO4-7H,0
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-

HO
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COOH COOH OH OH
C& e W Y LV/ HO OH
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Figure 8: Incorporation of '3C- and 2H-labeled precursors into 1.
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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 x 250 mm, 4 mL/min) using a
gradient of MeCN/0.1% HCO,H (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 experiments were performed for sodium
[1,2-13C,]acetate, [U-13C6]glucose, sodium [1—13C]propionate,
L-[methyl-13C]methionine, and L-valine-dg. 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 [1,2-13C,]acetate: After feeding of sodium
[1,2-13C,]acetate (total 800 mg; 20 mg x 10 flasks x
4 days), 3.6 mg of 13C-labeled 1 was obtained from 1 L
of culture.

2. [U-13C¢]Glucose: After feeding of [U-13Cg]glucose
(total 800 mg; 20 mg x 10 flasks x 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 x 10 flasks x
4 days), 2.1 mg of 13C-labeled 1 was obtained from 1 L
of culture.

4. L-[Methyl-'3C]methionine: After feeding of L-[methyl-
13Clmethionine (total 80 mg; 2.0 mg x 10 flasks x
4 days), 3.2 mg of !3C-labeled 1 was obtained from 1 L
of culture.

5. L-Valine-dg: After feeding of L-valine-dg (total 80 mg;
2.0 mg x 10 flasks x 4 days), 2.1 mg of deuterated 1 was
obtained from 1 L of culture.

Beilstein J. Org. Chem. 2017, 13, 441-450.
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NMR spectra of 13C- and 2H-labeled 1.
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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.

Introduction
Marine gastropods, of which approximately 150.000 are known, clades, which were united under the name Opisthobranchia in
mostly are protected by a shell. However, shell reduction or  former times [1]. To compensate this lack of physical protec-

even loss is common within several marine Heterobranchia tion, alternative defensive strategies, such as the production of
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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 acoli-
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. 'H 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.
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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-ox0-9-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 — H,0) 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 (fg: 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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17

16

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

Beilstein J. Org. Chem. 2017, 13, 502-519.

gile)

12

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].

504



Beilstein J. Org. Chem. 2017, 13, 502-519.

OH

22

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
[a]p2® —21.0. The molecular formula C3yHs,05 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™!) and
a keto function (sharp band at 1697 cm™1).

The planar structure of 1 was established by extensive NMR ex-
periments ('H, 13C NMR, COSY, DEPT, HSQC and HMBC
(see Supporting Information File 1, Table S1). The 3C 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 '3C NMR resonance at
Sc 59.1 (C-11). Further oxygenated carbons, i.e., C-3, C-5 and
C-6 gave rise to 13C NMR resonances at 8¢ 68.0, 80.7 and 75.7,

respectively. Proton carbon assignments were done according to

correlations obtained in a HSQC experiment. The absence of
13C NMR resonances for sp? 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 '"H NMR resonances at
Oy 0.54 and 8y —0.05 (both dd, H,-30) as well as a multiplet at
Sy 0.32 (H-22) for a cyclopropyl group, as typically found in
gorgosterols [19,20].

A 'H,'H COSY experiment led to partial structures which could
be combined using HMBC correlations. Spin system A included
Hj-1 to Hy-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 Hy-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 3¢ 59.1
(C-11) is characteristic for marine-derived secosterols [21]. The
'H-H spin system C only including H»-11 and H-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 'H,'H

=== COSY correlations

Figure 3: Significant 'H,’"H COSY correlations as found in
compound 1.
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spin system D with B using HMBC correlations from H3-28 to
C-23 and from Hj3-29 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 (3¢ 80.7 and 8¢ 75.7, respectively) differ from shifts
for the equivalent carbons in epoxy-secogorgosterol reported by
Naz et al. (8¢ 61.0 and ¢ 60.4, respectively; [22]) and from
those of the epoxy-secosterol reported by Anta et al. (3¢ 65.5
and d¢ 58.1, respectively; [24]). The downfield shift, observed
for these carbons in 1, results from the cleavage of the epoxide
ring, and '3C values around 8¢ 7080 as observed for 1 are
characteristic for hydroxylated carbons.

The relative stereochemistry of the secogorgosterol 1 was estab-
lished by analysis of 'H,'H 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 'H,'H coupling con-
stants to the vicinal axial H-2p and H-4f of 12 Hz and to the
equatorial H-2a and H-40 of 6 Hz. NOE correlations of H-3 to
H-1a, H-2a and H-40. indicate thus an a-orientation of axial H-3
and a B-orientation of the equatorial hydroxy group at C-3. The
identical 13C NMR shift of C-3 (8¢ 68.0) with the reported
value [24] supports this orientation.

IH NMR measurements in pyridine-ds led to a further down-
field shift of the deshielded H-3 resonance to 6y 4.81 (com-
pared with 8y 4.00 in MeOH-d,). This shift is explained by a
1,3 axial-axial interaction with the So hydroxy group [25,26],
demonstrating the a-orientation of the substituent at the bridge
head carbon C-5. NOEs between the resonances for H-2f as
well as H-1P to H3-19 showed the latter to be B-orientated, and
thus the trans configuration of the decaline system. The
TH NMR signal at 3y 3.66 for H-6 exhibited NOE correlation

HO

epoxy-secogorgosterol [22]

Beilstein J. Org. Chem. 2017, 13, 502-519.

with H-40 (3 1.70, m) indicating B-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 B-oriented H3-19 confirming the B-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 B-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
a-oriented H-14 and H-17 demonstrating pB-orientation of the
gorgosterol side chain. 13C NMR shifts for the carbons of the
side chain (C-20 to C-30: ¢ 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: 8¢ 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 38,50,6p3-
trihydroxy-9-0x0-9,11-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 (¢ 0.09), and
yielded [0]p20 +3.5. The molecular formula of compound 5 was
deduced by HRMS-ESI (M + Na 355.2244 Da) to be
C,1H3,03. 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™! and 1679 cm™!, indicat-
ing the presence of ketone and/or ester functions.

Extensive NMR measurements (IH, 13C NMR, COSY, DEPT,
HSQC and HMBC, see Supporting Information File 1, Table
S2) revealed the presence of a methoxy group (6y 3.71 3H,

epoxy-secosterol [24]

Figure 4: Secosterols [22,24] related to 33,5a,6B-trihydroxy-9-oxo-9,11-secogorgostan-11-ol (1) from P. longicirrum.
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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).

8¢ 52.1), an ester carbonyl (8¢ 170.0 , C-18) and a keto group
(8¢ 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 8¢ 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 Hp-14 to H,-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 'H,'H 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 CHj;-3 exhibited HMBC correlations
with resonances of the keto at C-2, sp? quaternary carbon C-4

Figure 6: Structure of cembranoid 5. 'H,"H 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 'H-coupling constant (signals
of both protons appear as doublets, J = 17.7 Hz at &y 3.49 and
3.64) of the "H NMR resonance of the H,-3, the position of the
methylene group between keto carbonyl C-2 and the quaternary
sp? carbon C-4 was very likely. The methyl ester moiety could
be localized at C-4 due to long range correlation of the -OCHj
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 A7-® and A!1:12 were
easily deduced from the 13C NMR upfield shifts of the methyl
group resonances CH3-19 (6¢ 16.0) and CH3-20 (5¢ 15.2). The
deshielded resonance of H-5 (8y 7.08) indicated E-geometry of
the olefinic double bond A% [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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6,13-bisdesoxomethyl sarcoate (5)

methyl sarcoate

pavidolide A

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 ([o]p2® +124, ¢ 0.25, CHCl5) 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 'H and '3C 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, 3¢, cosy,
HSQC and HMBC). Specific optical rotation measurements in
chloroform (¢ 0.1 each substance) yielded [a]p2? values of
+92.0 for 8 and —38.0 for 9. Due to the close similarity of the
'H and '3C 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 ([a]p2® +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 (25)-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 [0]p2® —44.6 (¢ 3.3 in chloro-
form). The planar structure was deduced by the interpretation of
the experimental data. The obtained 'H 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
dc 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],
([0]p20 —46.7, ¢ 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 (2S5)-furanocembranoids. Kobayashi et al. re-
ported a 28 configuration for sarcophytonin B (6) which exhib-
ited a negative Cotton effect at 247 nm and a specific optical
rotation of [o]p2® +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 2.5 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 ([a]p2° —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 'H NMR resonance of H-11 (8 2.88, dd,
J=13.3,9.9 Hz in MeOH-d}) in the bisepoxide 12 is very simi-
lar with the resonance of H-11 measured for 2R-isosarcophy-
toxide (11) (6 i 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 ([a]p2® —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 [0]p2? —5.0 (¢ 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 ('H NMR, !3C 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 '3C NMR resonance of C-30 was
shifted downfield to d¢ 82.1 compared with the reported value

Beilstein J. Org. Chem. 2017, 13, 502-519.

Figure 8: Proposed configuration and selected NOE correlations of
bisepoxide 12 (key NOE correlations are indicated with blue arrows).

of §¢ 69.2 for the same carbon in bisglaucumlide B (24). The
13C NMR shift of the methyl group CH3-38 was more shielded
(8¢ 16.6) than the reported resonance (3¢ 20.0) for 24. The
13C NMR shifts of C-2 and C-21 in 14 (8¢ 52.4 and 43.9) also
differed from 24 (5 46.8 and 40.3, respectively). Moreover, the
specific optical rotation of [a]p2? —5.0 measured for compound
14 differed significantly from the value published by Iwagawa
et al. ([a]p +126, ¢ 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 a-face of the molecule, and the proton H-30 is
axial. The methyl group CH3-40 is oriented to the B-face of the
molecule since no ROE correlation could be observed between
the latter and the a-oriented H-30. H3-40 has a ROESY interac-
tion with H-29b, since the latter has a !H-coupling to H-30 of
13.9 Hz it must be axial and J and this way proves the f§ and
axial orientation of CH3-40. A ROE correlation between the
resonance of H-32 and the H3-40 indicated the B-orientation of
H-32, and due to the 'H-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 B-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 [a]p2? —14.0
(¢ 0.2 in MeOH). The NMR data (\H NMR, !3C 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 §¢ 24.9 (compared with
d¢ 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 [o]p20 —14.0 with the
reported value for bisglaucumlide C ([a]p2° +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. (25)-isosarco-

510



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
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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

)

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.
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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-
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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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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.

e

Beilstein J. Org. Chem. 2017, 13, 502-519.

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-

various Lobophyton species
Lobophyton + S. crassocaule

S.glaucum (3)

S. glaucum (1)

S.sp.(1)

S.glaucum (4) +!S. cherbonnieri (1)

S. glaucum (7)

!S. trocheliophorum (4) + S. buitendijki
S. cf. regulare

!S. elegans (4)

S. tortuosum

S.glaucum (3) + S. cinereum (3) + S. crassum (1)
S.sp.

S. glaucum
s. regulum

S. nanwanensis
S. boettgeri

S.digitatum

mixed clade of Sarcophyton species (3)

+ Lobophyton species (6)

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.
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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
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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 (2S5)-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., (25)-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 14 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-d,
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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 dy;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 Cig column (150 mm x 4.6 mm, 2.6 um, 100 A).

A Grace Reveleris X2 system equipped with 12 g Reveleris
C)g 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 1525u
dual pump, a 2996 PDA detector, Breeze software and a Rheo-
dyne 77251 injection system. A Waters Atlantis T3 C;g column
(250 mm x 4.6 mm; 5 pm), Macherey-Nagel Nucleoshell
Cig column (250 mm x 4.6 mm; 5 um), Knauer Eurospher
Cyg column (250 mm X 8 mm; 5 um) and Phenomenex
Luna 5 pm Cyg(2) 100A column (250 mm X 10 mm; Spm) were
used.

Sample

The sample of P. longicirrum was collected 2008 during a field
trip to Lizard Island (Great Barrier Reef, Australia) by
H. Wigele. 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 x 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 H,O and 3 x 100 mL
ethyl acetate (EtOAc), EtOAc solubles (2.2 g) were fraction-
ated by vacuum liquid chromatography (VLC) over Polygoprep
60-50 C,g stationary phase (Macherey-Nagel) using gradient
elution from 20:80 (MeOH/H,0) 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 (60A, 70-230 mesh, 63-200 pum) 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/H,0 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/H,0O 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/H,0 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 A, particle size < 63 pm,
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/H,0O 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:H,O 60:40,
30 mL/min; Reveleris Cig 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 Cyg column; 70:30 MeOH/H,O mobile
phase, 0.8 mL/min). Separation of fraction S5 (60 mg) using
RP-HPLC (MeOH/H,0O 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).

(3B,50,6B)-Trihydroxy-9-0x0-9,11-secogorgostan-11-ol (1):
amorphous solid; [a]pZ® —21.0 (¢ 0.1, CHCl3); UV (MeOH)
Amax (8): 245 (190) nm; IR (ATR) vpax: 3360, 2958, 2925,
2871, 1697, 1468, 1370, 1165, 1029, 974, 669 cm™'; 'H and
I3C NMR (Supporting Information File 1, Table S1);
HRMS-ESI (m/z): [M + Na]* calcd for C3gH5,05Na, 515.3712;
found, 515.3694.
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6,13-Bisdesoxomethyl sarcoate (5): colorless oil; [a]p20 +3.5
(¢ 0.09, CHCl3); UV (MeOH) Apax (g): 204 (510) nm;
IR (ATR) vpax: 3360, 2853, 1700, 1679, 1459, 1377, 1205,
1137, 633 cm™!; 'H and '3C NMR (Supporting Information
File 1, Table S2); HRMS-ESI (m/z): [M + Na]" calcd for
C,1H3,03Na, 355.2249; found, 355.2244.

(2R,11R,12R)-Isosarcophine (9): colorless oil, [a]p2® —38.0
(¢ 0.1 in CHCl3); UV (MeOH) Apqx (€): 204 (11587), 260 (sh)
(1587) nm; IR (ATR) vmayx: 3445, 2924, 1748, 1677, 1440,
1385, 1093, 997 cm™!; 'H and 13C NMR (Supporting Informa-
tion File 1, Table S3); ESIMS (m/z): [M + H]* 317.1.

(28,3R,4R,11R,12R)-Isosarcophytobisepoxide (12): colorless
oil, [0]p2° —44.6 (¢ 3.3 in CHCl3); UV (MeOH) Apax (€): 206
(5716) nm; IR (ATR) vpax: 3431, 2925, 2854, 1711, 1457,
1378, 1267, 1247, 1205, 1142, 995 cm™!; 'H and 13C NMR
(Supporting Information File 1, Table S4); HRMS-ESI (m/z):
[M + H]" caled for CygH3,03, 319.2268; found, 319.2222.

Isobisglaucumlide B (14): amorphous solid, [a]p2? —5.0
(¢ 0.3 in MeOH); UV (MeOH) Apax (€): 230 (1148) nm; IR
(ATR) vinay: 3420, 2927, 2361, 1706, 1669, 1436, 1373, 1205,
1087, 761 cm™!; 'H and '3C NMR (Supporting Information
File 1, Table S5); HRMS—ESI (m/z): [M + Na]* calcd for
C43H62010Na, 761.4235; found, 761.4194.

Isobisglaucumlide C (15): amorphous solid, [a]pZ® —14.0
(¢ 0.2 in MeOH); UV (MeOH) Apax (€): 231 (1407) nm; IR
(ATR) vinax: 3424, 2928, 2359, 1707, 1614, 1435, 1372, 1204,
1085, 1027, 773 cm™!; 'H and 13C NMR (Supporting Informa-
tion File 1, Table S6); HRMS-ESI (m/z): [M + Na]" calcd for
C43Hg2019Na, 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 (2x at 0.5%, 1%
and 2% of dry mass), 11 (2x 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%, 2x 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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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.

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-
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cient mechanisms to convert cholesterol into metabolites, which
can easily diffuse into the brain. These metabolites are primarily
the oxysterols (245)-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
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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

C17 side chain:

(24R)-hydroxycholesterol

(24 S)-hydroxycholesterol

OH 27-hydroxycholesterol

C

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).
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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-d3;-2-oleoyl-sn-glycero-3-phosphocholine
(POPC-d3)) 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
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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-d3;-D-sphingomyelin
(PSM-d3,)/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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Figure 2: 2H NMR chain order parameter of the sn-1 chain of (A) POPC-d34 in the absence and in the presence of the respective sterol (molar ratio
0.8:0.2) and (B) PSM-d34 in PSM-d31/DOPC/sterol membranes (molar ratio 1:1:1), (24R)-hydroxycholesterol (red), (24 S)-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-d34 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-d34 and in the

presence of cholesterol are taken from the literature [19].

Sample

pure lipids 11.7+£0.1
+ (24R)-hydroxycholesterol 11.5+0.1
+ (24 S)-hydroxycholesterol 11.6+£0.1
+ 27-hydroxycholesterol 11.3+0.1
+ cholesterol 13.2+0.1

Chain extent [A] for POPC-d34

Chain extent [A] for PSM-d3/DOPC (1:1)

12.3+0.1
121 +£0.2
126 £ 0.1
12.1£0.1
15.0+0.2
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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.
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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 (Id) and

Beilstein J. Org. Chem. 2017, 13, 720-727.

ordered (lo) domains. The domain structure was visualized by
labeling the membrane with the 1d 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 1d
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 (Id) domains and z-stacks of the vesicles
were recorded as described in the Experimental. Bar corresponds to
10 pym. The ring-like structures of the vesicles are caused by the
assembly of the z-stacks having a step-size of 1 ym.

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
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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 1d
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 1d 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-d3, PSM-d3; 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,
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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 7/2 pulses with a typical length
of around 3.2 ps were separated by a 50 us 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 pm
polycarbonate filters at 40 °C (extruder from Lipex Biomem-
branes Inc., Vancouver, Canada; filters from Costar, Nucleo-
pore, Tiibingen, 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 (1d) 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 NaNj, 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 uM LUVs was recorded in a cuvette at
540 nm (A¢x = 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 60x oil objective and an Andor iXon 888 EMCCD camera
(1024 x 1024 pixels, Andor, Belfast, Northern Ireland) were
used. N-Rh-DOPE was excited by a 561 nm diode laser.

Fife pnL. GUVs were mixed with 15 pL 250 mM glucose buffer
(5.8 mM NaH;POy4, 5.8 mM Na,HPO4, osmolarity of
300 mOsm/kg, pH 7.2) in tissue culture treated microscopy suit-
able plastic dishes (ibiTreat p-Slides Angiogenesis, ibidi,
Martinsried, Germany). Vesicles were allowed to settle down
some minutes before acquisition of z-stacks with 1 pm 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.

Introduction
Isoprenoid natural products are one of the most structurally  source of bioactive natural products. Prominent representatives
diverse groups of primary and secondary metabolites in all  of these compounds are taxol [1] (paclitaxel, anticancer drug),

kinds of organisms. Moreover, they represent an invaluable artemisinin [2] (antimalarial agent) and a-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
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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
respective precursors for sesquiterpenes (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 a-helical structures that are
designated as a-, B- and y-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 Il and 6 introns
for Class III cyclases. Class IlI-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, Mg?"- or Mn?'-
ions are bound by two conserved amino acid sequences, termed
the DDXX(XX)D/E (“aspartate rich”) and NSE/DTE
[(N,D)D(L,L,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-
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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 deprotonation 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,115,125)-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 Il 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 MvCPS]1,
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 a-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-
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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 a-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-a-hydroxytaxadiene [91], show a product loss of
over 40% in comparison to previously reported titers for the

undecorated taxadiene macrocycle [28]. Engineering one host
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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).

Beilstein J. Org. Chem. 2017, 13, 845-854.

Acknowledgements

KK, MH, MF and TB gratefully acknowledge the support of
SysBioTerp project funded by the Federal Ministry of Educa-
tion and Research in the Systems Biology funding framework
(BMBF; Grant number: 031A305A). MR and TB thankfully
acknowledge the support of the OMCBP project by the Federal
Ministry of Education and Research granted within the BMBF

international call framework (Grant number: 031A276A).

References

1. Wani, M. C.; Taylor, H. L.; Wall, M. E.; Coggon, P.; McPhail, A. T.
J. Am. Chem. Soc. 1971, 93, 2325-2327. doi:10.1021/ja00738a045

2. Klayman, D. L. Science 1985, 228, 1049—-1055.
doi:10.1126/science.3887571

3. Lis-Balcnin, M.; Ochocka, R. J.; Deans, S. G.; Asztemborska, M.;
Hart, S. J. Essent. Oil Res. 1999, 11, 393-397.
doi:10.1080/10412905.1999.9701162

4. Cragg, G. M.; Kingston, D. G. I.; Newman, D. J. Anticancer agents from
natural products, 2nd ed.; CRC press: Boca Raton, 2012.
doi:10.1201/b11185

5. Beller, H. R;; Lee, T. S.; Katz, L. Nat. Prod. Rep. 2015, 32, 1508-1526.
doi:10.1039/C5NP00068H

6. Schwab, W.; Fuchs, C.; Huang, F.-C. Eur. J. Lipid Sci. Technol. 2013,
115, 3-8. doi:10.1002/€jlt.201200157
7. Yagi, S.; Babiker, R.; Tzanova, T.; Schohn, H. Asian Pac. J. Trop. Med.

2016, 9, 763-770. doi:10.1016/j.apjtm.2016.06.009

8. Teixeira, B.; Marques, A.; Ramos, C.; Neng, N. R.; Nogueira, J. M. F.;
Saraiva, J. A.; Nunes, M. L. Ind. Crops Prod. 2013, 43, 587-595.
doi:10.1016/j.indcrop.2012.07.069

9. Alves, E. G,; Jardine, K.; Tota, J.; Jardine, A.; Yanez-Serrano, A. M.;
Karl, T.; Tavares, J.; Nelson, B.; Gu, D.; Stavrakou, T.; Martin, S.;
Artaxo, P.; Manzi, A.; Guenther, A. Atmos. Chem. Phys. 2016, 16,
3903-3925. doi:10.5194/acp-16-3903-2016

10. Loivamaki, M.; Louis, S.; Cinege, G.; Zimmer, |.; Fischbach, R. J.;

Schnitzler, J.-P. Plant Physiol. 2007, 143, 540-551.

doi:10.1104/pp.106.092759

.Gibson, D. M.; Ketchum, R. E. B.; Vance, N. C.; Christen, A. A.

Plant Cell Rep. 1993, 12, 479-482. doi:10.1007/BF00236091

12.8hen, R.; Jiang, X.; Ye, W.; Song, X,; Liu, L.; Lao, X.; Wu, C.
Tetrahedron 2011, 67, 5610-5614. doi:10.1016/j.tet.2011.05.104

13.Zhu, L.; Luo, J.; Hong, R. Org. Lett. 2014, 16, 2162-2165.
doi:10.1021/01500623w

14.Schmidt, J.; Khalil, Z.; Capon, R. J.; Stark, C. B. W.
Beilstein J. Org. Chem. 2014, 10, 1228-1232. doi:10.3762/bjoc.10.121

15.Frija, L. M. T.; Frade, R. F. M.; Afonso, C. A. M. Chem. Rev. 2011, 111,
4418-4452. doi:10.1021/cr100258k

16.Vasas, A.; Hohmann, J. Chem. Rev. 2014, 114, 8579-8612.
doi:10.1021/cr400541j

17.McKerrall, S. J.; Jargensen, L.; Kuttruff, C. A.; Ungeheuer, F.;
Baran, P. S. J. Am. Chem. Soc. 2014, 136, 5799-5810.
doi:10.1021/ja501881p

18.McKerrall, S. J.; Jergensen, L.; Kuttruff, C. A.; Ungeheuer, F.;
Baran, P. S. J. Am. Chem. Soc. 2015, 137, 14545.
doi:10.1021/jacs.5b11112

19. Justicia, J.; Rosales, A.; Bufiuel, E.; Oller-Lépez, J. L.; Valdivia, M.;
Haidour, A.; Oltra, J. E.; Barrero, A. F.; Cardenas, D. J.; Cuerva, J. M.
Chem. — Eur. J. 2004, 10, 1778-1788. doi:10.1002/chem.200305647

1

-

852


https://doi.org/10.1021%2Fja00738a045
https://doi.org/10.1126%2Fscience.3887571
https://doi.org/10.1080%2F10412905.1999.9701162
https://doi.org/10.1201%2Fb11185
https://doi.org/10.1039%2FC5NP00068H
https://doi.org/10.1002%2Fejlt.201200157
https://doi.org/10.1016%2Fj.apjtm.2016.06.009
https://doi.org/10.1016%2Fj.indcrop.2012.07.069
https://doi.org/10.5194%2Facp-16-3903-2016
https://doi.org/10.1104%2Fpp.106.092759
https://doi.org/10.1007%2FBF00236091
https://doi.org/10.1016%2Fj.tet.2011.05.104
https://doi.org/10.1021%2Fol500623w
https://doi.org/10.3762%2Fbjoc.10.121
https://doi.org/10.1021%2Fcr100258k
https://doi.org/10.1021%2Fcr400541j
https://doi.org/10.1021%2Fja501881p
https://doi.org/10.1021%2Fjacs.5b11112
https://doi.org/10.1002%2Fchem.200305647

20.Kusama, H.; Hara, R.; Kawahara, S.; Nishimori, T.; Kashima, H.;
Nakamura, N.; Morihira, K.; Kuwajima, I. J. Am. Chem. Soc. 2000, 122,
3811-3820. doi:10.1021/ja9939439

.Klein-Marcuschamer, D.; Ajikumar, P. K.; Stephanopoulos, G.
Trends Biotechnol. 2007, 25, 417-424.
doi:10.1016/j.tibtech.2007.07.006

22.Peralta-Yahya, P. P.; Zhang, F.; del Cardayre, S. B.; Keasling, J. D.

Nature 2012, 488, 320-328. doi:10.1038/nature11478
23.King, J. R.; Edgar, S.; Qiao, K.; Stephanopoulos, G. F1000Research
2016, 5, 397. doi:10.12688/f1000research.7311.1

24.Dewick, P. M. Nat. Prod. Rep. 2002, 19, 181-222.

doi:10.1039/b002685i

25.Lange, B. M.; Rujan, T.; Martin, W.; Croteau, R.

Proc. Natl. Acad. Sci. U. S. A. 2000, 97, 13172—-13177.
doi:10.1073/pnas.240454797

26.Kuzuyama, T. Biosci., Biotechnol., Biochem. 2002, 66, 1619-1627.

doi:10.1271/bbb.66.1619

27.Kirby, J.; Keasling, J. D. Annu. Rev. Plant Biol. 2009, 60, 335-355.

doi:10.1146/annurev.arplant.043008.091955

28. Ajikumar, P. K.; Xiao, W.-H.; Tyo, K. E. J.; Wang, Y.; Simeon, F_;

Leonard, E.; Mucha, O.; Phon, T. H.; Pfeifer, B.; Stephanopoulos, G.
Science 2010, 330, 70-74. doi:10.1126/science.1191652

2

=

29.Kong, M. K; Kang, H.-J.; Kim, J. H.; Oh, S. H.; Lee, P. C. J. Biotechnol.

2015, 274, 95-102. doi:10.1016/j.jbiotec.2015.09.016
30. Lichtenthaler, H. K.; Rohmer, M.; Schwender, J. Physiol. Plant. 1997,
101, 643-652. doi:10.1111/j.1399-3054.1997.tb01049.x
.Chen, F.; Tholl, D.; Bohlmann, J.; Pichersky, E. Plant J. 2011, 66,
212-229. doi:10.1111/j.1365-313X.2011.04520.x
32.Lange, B. M.; Ahkami, A. Plant Biotechnol. J. 2013, 11, 169-196.
doi:10.1111/pbi.12022
33.Banerjee, A.; Wu, Y.; Banerjee, R.; Li, Y.; Yan, H.; Sharkey, T. D.
J. Biol. Chem. 2013, 288, 16926-16936. doi:10.1074/jbc.M113.464636
34.Bohlmann, J.; Keeling, C. I. Plant J. 2008, 54, 656—669.
doi:10.1111/j.1365-313X.2008.03449.x

3

=

35.Wang, K. C.; Ohnuma, S.-i. Biochim. Biophys. Acta 2000, 1529, 33—48.

doi:10.1016/S1388-1981(00)00136-0

36.Jia, Q.; Chen, F. Mol. Plant 2016, 9, 189-191.
doi:10.1016/j.molp.2015.12.020

37.Tarshis, L. C.; Proteau, P. J.; Kellogg, B. A.; Sacchettini, J. C.;
Poulter, C. D. Proc. Natl. Acad. Sci. U. S. A. 1996, 93, 15018-15023.
doi:10.1073/pnas.93.26.15018

38. Asawatreratanakul, K.; Zhang, Y.-W.; Wititsuwannakul, D.;
Wititsuwannakul, R.; Takahashi, S.; Rattanapittayaporn, A.;
Koyama, T. Eur. J. Biochem. 2003, 270, 4671-4680.
doi:10.1046/j.1432-1033.2003.03863.x

39. Akhtar, T. A.; Matsuba, Y.; Schauvinhold, I.; Yu, G.; Lees, H. A;
Klein, S. E.; Pichersky, E. Plant J. 2013, 73, 640-652.
doi:10.1111/tpj. 12063

40.Dong, L.; Jongedijk, E.; Bouwmeester, H.; Van Der Krol, A.
New Phytol. 2016, 209, 679-690. doi:10.1111/nph.13629

41.Zerbe, P.; Bohlmann, J. Trends Biotechnol. 2015, 33, 419-428.
doi:10.1016/j.tibtech.2015.04.006

42. Toyomasu, T. Biosci., Biotechnol., Biochem. 2008, 72, 1168—1175.
doi:10.1271/bbb.80044

43. Guerra-Bubb, J.; Croteau, R.; Williams, R. M. Nat. Prod. Rep. 2012,
29, 683-696. doi:10.1039/c2np20021j

44.Morrone, D.; Chen, X.; Coates, R. M.; Peters, R. J. Biochem. J. 2010,
431, 337-347. doi:10.1042/BJ20100597

Beilstein J. Org. Chem. 2017, 13, 845-854.

45.Cao, R.; Zhang, Y.; Mann, F. M.; Huang, C.; Mukkamala, D.;
Hudock, M. P.; Mead, M. E.; Prisic, S.; Wang, K; Lin, F.-Y ;
Chang, T.-K.; Peters, R. J.; Oldfield, E. Proteins: Struct., Funct., Bioinf.
2010, 78, 2417-2432. doi:10.1002/prot.22751

46.Gao, Y.; Honzatko, R. B.; Peters, R. J. Nat. Prod. Rep. 2012, 29,
1153-1175. doi:10.1039/c2np200599g

47.Trapp, S. C.; Croteau, R. B. Genetics 2001, 158, 811-832.

48. Aaron, J. A.; Christianson, D. W. Pure Appl. Chem. 2010, 82,
1585-1597. doi:10.1351/PAC-CON-09-09-37

49.Dornelas, M. C.; Mazzafera, P. Genet. Mol. Biol. 2007, 30, 832—840.
doi:10.1590/S1415-47572007000500011

50.Mafu, S.; Potter, K. C.; Hillwig, M. L.; Schulte, S.; Criswell, J.;

Peters, R. J. Chem. Commun. 2015, 51, 13485-13487.

doi:10.1039/C5CC05754J

. Schrepfer, P.; Buettner, A.; Goerner, C.; Hertel, M.; van Rijn, J.;

Wallrapp, F.; Eisenreich, W.; Sieber, V.; Kourist, R.; Brick, T.

Proc. Natl. Acad. Sci. U. S. A. 2016, 113, E958-E967.

doi:10.1073/pnas.1519680113

52.Prisic, S.; Xu, J.; Coates, R. M.; Peters, R. J. ChemBioChem 2007, 8,
869-874. doi:10.1002/cbic.200700045

53.Gong, H.-Y.; Zeng, Y.; Chen, X.-Y. Nat. Prod. Bioprospect. 2014, 4,
59-72. doi:10.1007/s13659-014-0012-8

54.Peters, R. J.; Carter, O. A.; Zhang, Y.; Matthews, B. W.; Croteau, R. B.
Biochemistry 2003, 42, 2700—2707. doi:10.1021/bi020492n

55.Zerbe, P.; Hamberger, B.; Yuen, M. M. S.; Chiang, A.; Sandhu, H. K;
Madilao, L. L.; Nguyen, A.; Hamberger, B.; Bach, S. S.; Bohlmann, J.
Plant Physiol. 2013, 162, 1073—1091. doi:10.1104/pp.113.218347

56.Hong, Y. J.; Tantillo, D. J. J. Am. Chem. Soc. 2011, 133,
18249-18256. doi:10.1021/ja2055929

57.Gorner, C.; Hauslein, |.; Schrepfer, P.; Eisenreich, W.; Briick, T.
ChemCatChem 2013, 5, 3289-3298. doi:10.1002/cctc.201300285

58.Mafu, S.; Fischer, E.; Addison, J. B.; Riberio Barbosana, |.; Zerbe, P.
ChemBioChem 2016, 17, 2304—2307. doi:10.1002/cbic.201600419

59. Gorner, C.; Hirte, M.; Huber, S.; Schrepfer, P.; Brick, T.
Front. Microbiol. 2015, 6, 1115. doi:10.3389/fmicb.2015.01115

60.Chen, M.; Chou, W. K. W.; Toyomasu, T.; Cane, D. E.;
Christianson, D. W. ACS Chem. Biol. 2016, 11, 889—-899.
doi:10.1021/acschembio.5b00960

61.Miyake, T.; Honma, Y.; Urano, T.; Kato, N.; Suzumiya, J. Int. J. Oncol.
2015, 47, 315-324. doi:10.3892/ij0.2015.2979

62. Peters, R. J. Nat. Prod. Rep. 2010, 27, 1521-1530.
doi:10.1039/cOnp00019a

63.Mnonopi, N.; Levendal, R.-A.; Mzilikazi, N.; Frost, C. L. Phytomedicine
2012, 19, 488-493. doi:10.1016/j.phymed.2011.12.008

64.Zerbe, P.; Chiang, A.; Yuen, M.; Hamberger, B.; Hamberger, B.;
Draper, J. A.; Britton, R.; Bohlmann, J. J. Biol. Chem. 2012, 287,
12121-12131. doi:10.1074/jbc.M111.317669

65. Lauchli, R.; Rabe, K. S.; Kalbarczyk, K. Z.; Tata, A.; Heel, T;
Kitto, R. Z.; Arnold, F. H. Angew. Chem., Int. Ed. 2013, 52, 5571-5574.
doi:10.1002/anie.201301362

66. Andersen-Ranberg, J.; Kongstad, K. T.; Nielsen, M. T.; Jensen, N. B;
Pateraki, |.; Bach, S. S.; Hamberger, B.; Zerbe, P.; Staerk, D.;
Bohlmann, J.; Mgller, B. L.; Hamberger, B. Angew. Chem., Int. Ed.
2016, 55, 2142-2146. doi:10.1002/anie.201510650

67.Jia, M.; Potter, K. C.; Peters, R. J. Metab. Eng. 2016, 37, 24-34.
doi:10.1016/j.ymben.2016.04.001

68.Zi, J.; Matsuba, Y.; Hong, Y. J.; Jackson, A. J.; Tantillo, D. J.;
Pichersky, E.; Peters, R. J. J. Am. Chem. Soc. 2014, 136,
16951-16953. doi:10.1021/ja508477e

5

o

853


https://doi.org/10.1021%2Fja9939439
https://doi.org/10.1016%2Fj.tibtech.2007.07.006
https://doi.org/10.1038%2Fnature11478
https://doi.org/10.12688%2Ff1000research.7311.1
https://doi.org/10.1039%2Fb002685i
https://doi.org/10.1073%2Fpnas.240454797
https://doi.org/10.1271%2Fbbb.66.1619
https://doi.org/10.1146%2Fannurev.arplant.043008.091955
https://doi.org/10.1126%2Fscience.1191652
https://doi.org/10.1016%2Fj.jbiotec.2015.09.016
https://doi.org/10.1111%2Fj.1399-3054.1997.tb01049.x
https://doi.org/10.1111%2Fj.1365-313X.2011.04520.x
https://doi.org/10.1111%2Fpbi.12022
https://doi.org/10.1074%2Fjbc.M113.464636
https://doi.org/10.1111%2Fj.1365-313X.2008.03449.x
https://doi.org/10.1016%2FS1388-1981%2800%2900136-0
https://doi.org/10.1016%2Fj.molp.2015.12.020
https://doi.org/10.1073%2Fpnas.93.26.15018
https://doi.org/10.1046%2Fj.1432-1033.2003.03863.x
https://doi.org/10.1111%2Ftpj.12063
https://doi.org/10.1111%2Fnph.13629
https://doi.org/10.1016%2Fj.tibtech.2015.04.006
https://doi.org/10.1271%2Fbbb.80044
https://doi.org/10.1039%2Fc2np20021j
https://doi.org/10.1042%2FBJ20100597
https://doi.org/10.1002%2Fprot.22751
https://doi.org/10.1039%2Fc2np20059g
https://doi.org/10.1351%2FPAC-CON-09-09-37
https://doi.org/10.1590%2FS1415-47572007000500011
https://doi.org/10.1039%2FC5CC05754J
https://doi.org/10.1073%2Fpnas.1519680113
https://doi.org/10.1002%2Fcbic.200700045
https://doi.org/10.1007%2Fs13659-014-0012-8
https://doi.org/10.1021%2Fbi020492n
https://doi.org/10.1104%2Fpp.113.218347
https://doi.org/10.1021%2Fja2055929
https://doi.org/10.1002%2Fcctc.201300285
https://doi.org/10.1002%2Fcbic.201600419
https://doi.org/10.3389%2Ffmicb.2015.01115
https://doi.org/10.1021%2Facschembio.5b00960
https://doi.org/10.3892%2Fijo.2015.2979
https://doi.org/10.1039%2Fc0np00019a
https://doi.org/10.1016%2Fj.phymed.2011.12.008
https://doi.org/10.1074%2Fjbc.M111.317669
https://doi.org/10.1002%2Fanie.201301362
https://doi.org/10.1002%2Fanie.201510650
https://doi.org/10.1016%2Fj.ymben.2016.04.001
https://doi.org/10.1021%2Fja508477e

69.Ignea, C.; loannou, E.; Georgantea, P.; Loupassaki, S.; Trikka, F. A,;
Kanellis, A. K.; Makris, A. M.; Roussis, V.; Kampranis, S. C.
Metab. Eng. 2015, 28, 91-103. doi:10.1016/j.ymben.2014.12.001

70.Pelot, K. A.; Mitchell, R.; Kwon, M.; Hagelthorn, D. M.; Wardman, J. F.;
Chiang, A.; Bohlmann, J.; Ro, D.-K.; Zerbe, P. Plant J. 2017, 89,
885-897. doi:10.1111/tpj. 13427

71.Qin, B.; Matsuda, Y.; Mori, T.; Okada, M.; Quan, Z.; Mitsuhashi, T.;
Wakimoto, T.; Abe, I. Angew. Chem., Int. Ed. 2016, 55, 1658—1661.
doi:10.1002/anie.201509263

72.Berrue, F.; Kerr, R. G. Nat. Prod. Rep. 2009, 26, 681-710.
doi:10.1039/b821918b

73.Fernandez-Castané, A.; Fehér, T.; Carbonell, P.; Pauthenier, C.;
Faulon, J.-L. J. Biotechnol. 2014, 192, 302-313.
doi:10.1016/j.jbiotec.2014.03.029

74.Biggs, B. W.; De Paepe, B.; Santos, C. N. S.; De Mey, M.;
Kumaran Ajikumar, P. Curr. Opin. Biotechnol. 2014, 29, 156-162.
doi:10.1016/j.copbio.2014.05.005

75.Li, Y.; Pfeifer, B. A. Curr. Opin. Plant Biol. 2014, 19, 8-13.
doi:10.1016/j.pbi.2014.02.005

76.Chang, M. C. Y.; Keasling, J. D. Nat. Chem. Biol. 2006, 2, 674—681.
doi:10.1038/nchembio836

77.Vickers, C. E.; Bongers, M.; Liu, Q.; Delatte, T.; Bouwmeester, H.
Plant, Cell Environ. 2014, 37, 1753-1775. doi:10.1111/pce.12316

78.Himejima, M.; Hobson, K. R.; Otsuka, T.; Wood, D. L.; Kubo, I.
J. Chem. Ecol. 1992, 18, 1809-1818. doi:10.1007/BF02751105

79. Tsuruta, H.; Paddon, C. J.; Eng, D.; Lenihan, J. R.; Horning, T.;
Anthony, L. C.; Regentin, R.; Keasling, J. D.; Renninger, N. S.;
Newman, J. D. PLoS One 2009, 4, e4489.
doi:10.1371/journal.pone.0004489

80. Westfall, P. J.; Pitera, D. J.; Lenihan, J. R.; Eng, D.; Woolard, F. X.;
Regentin, R.; Horning, T.; Tsuruta, H.; Melis, D. J.; Owens, A;
Fickes, S.; Diola, D.; Benjamin, K. R.; Keasling, J. D.; Leavell, M. D.;
McPhee, D. J.; Renninger, N. S.; Newman, J. D.; Paddon, C. J.
Proc. Natl. Acad. Sci. U. S. A. 2012, 109, E111-E118.
doi:10.1073/pnas.1110740109

81.Engels, B.; Dahm, P.; Jennewein, S. Metab. Eng. 2008, 10, 201-206.
doi:10.1016/j.ymben.2008.03.001

82.Morrone, D.; Lowry, L.; Determan, M. K.; Hershey, D. M.; Xu, M.;
Peters, R. J. Appl. Microbiol. Biotechnol. 2010, 85, 1893—1906.
doi:10.1007/s00253-009-2219-x

83.Yang, L.; Wang, C.; Zhou, J.; Kim, S.-W. Microb. Cell Fact. 2016, 15,
14. doi:10.1186/s12934-016-0409-7

84.Su, P.; Tong, Y.; Cheng, Q.; Hu, Y.; Zhang, M.; Yang, J.; Teng, Z,;
Gao, W.; Huang, L. Sci. Rep. 2016, 6, No. 23057.
doi:10.1038/srep23057

85.Nowroozi, F. F.; Baidoo, E. E. S.; Ermakov, S.;
Redding-Johanson, A. M.; Batth, T. S.; Petzold, C. J.; Keasling, J. D.
Appl. Microbiol. Biotechnol. 2014, 98, 1567—-1581.
doi:10.1007/s00253-013-5361-4

86. Salis, H. M. Methods Enzymol. 2011, 498, 19-42.
doi:10.1016/B978-0-12-385120-8.00002-4

87.Levin-Karp, A.; Barenholz, U.; Bareia, T.; Dayagi, M.; Zelcbuch, L.;
Antonovsky, N.; Noor, E.; Milo, R. ACS Synth. Biol. 2013, 2, 327-336.
doi:10.1021/sb400002n

88.Yoon, S.-H.; Lee, Y.-M.; Kim, J.-E.; Lee, S.-H.; Lee, J.-H.; Kim, J.-Y;

Jung, K.-H.; Shin, Y.-C.; Keasling, J. D.; Kim, S.-W. Biotechnol. Bioeng.

2006, 94, 1025—-1032. doi:10.1002/bit.20912

89.Bongers, M.; Chrysanthopoulos, P. K.; Behrendorff, J. B. Y. H.;
Hodson, M. P.; Vickers, C. E.; Nielsen, L. K. Microb. Cell Fact. 2015,
14, 193. doi:10.1186/s12934-015-0381-7

Beilstein J. Org. Chem. 2017, 13, 845-854.

90. Lipinski, C. A.; Lombardo, F.; Dominy, B. W.; Feeney, P. J.
Adv. Drug Delivery Rev. 2001, 46, 3-26.
doi:10.1016/S0169-409X(00)00129-0

91.Biggs, B. W.; Lim, C. G.; Sagliani, K.; Shankar, S.; Stephanopoulos, G.;
De Mey, M.; Ajikumar, P. K. Proc. Natl. Acad. Sci. U. S. A. 2016, 113,
3209-3214. doi:10.1073/pnas.1515826113

92. Gorner, C.; Schrepfer, P.; Redai, V.; Wallrapp, F.; Loll, B.;
Eisenreich, W.; Haslbeck, M.; Briick, T. Microb. Cell Fact. 2016, 15, 86.
doi:10.1186/s12934-016-0487-6

93. Marienhagen, J.; Bott, M. J. Biotechnol. 2013, 163, 166—178.
doi:10.1016/j.jbiotec.2012.06.001

94.Zhou, K.; Qiao, K.; Edgar, S.; Stephanopoulos, G. Nat. Biotechnol.
2015, 33, 377-383. doi:10.1038/nbt.3095

95.Kim, E.-M.; Eom, J.-H.; Um, Y.; Kim, Y.; Woo, H. M.
J. Agric. Food Chem. 2015, 63, 4606—4612.
doi:10.1021/acs.jafc.5b01334

96.Zhang, C.; Chen, X.; Stephanopoulos, G.; Too, H.-P.
Biotechnol. Bioeng. 2016, 113, 1755—-1763. doi:10.1002/bit.25943

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.13.85

854


https://doi.org/10.1016%2Fj.ymben.2014.12.001
https://doi.org/10.1111%2Ftpj.13427
https://doi.org/10.1002%2Fanie.201509263
https://doi.org/10.1039%2Fb821918b
https://doi.org/10.1016%2Fj.jbiotec.2014.03.029
https://doi.org/10.1016%2Fj.copbio.2014.05.005
https://doi.org/10.1016%2Fj.pbi.2014.02.005
https://doi.org/10.1038%2Fnchembio836
https://doi.org/10.1111%2Fpce.12316
https://doi.org/10.1007%2FBF02751105
https://doi.org/10.1371%2Fjournal.pone.0004489
https://doi.org/10.1073%2Fpnas.1110740109
https://doi.org/10.1016%2Fj.ymben.2008.03.001
https://doi.org/10.1007%2Fs00253-009-2219-x
https://doi.org/10.1186%2Fs12934-016-0409-7
https://doi.org/10.1038%2Fsrep23057
https://doi.org/10.1007%2Fs00253-013-5361-4
https://doi.org/10.1016%2FB978-0-12-385120-8.00002-4
https://doi.org/10.1021%2Fsb400002n
https://doi.org/10.1002%2Fbit.20912
https://doi.org/10.1186%2Fs12934-015-0381-7
https://doi.org/10.1016%2FS0169-409X%2800%2900129-0
https://doi.org/10.1073%2Fpnas.1515826113
https://doi.org/10.1186%2Fs12934-016-0487-6
https://doi.org/10.1016%2Fj.jbiotec.2012.06.001
https://doi.org/10.1038%2Fnbt.3095
https://doi.org/10.1021%2Facs.jafc.5b01334
https://doi.org/10.1002%2Fbit.25943
http://creativecommons.org/licenses/by/4.0
http://www.beilstein-journals.org/bjoc
https://doi.org/10.3762%2Fbjoc.13.85

(J BEILSTEIN JOURNAL OF ORGANIC CHEMISTRY

Aggregation behaviour of a single-chain, phenylene-modified
bolalipid and its miscibility with classical phospholipids

Simon Drescher !, Vasil M. Garamus?, Christopher J. Garvey3, Annette Meister*°

and Alfred Blume*

Full Research Paper

Address:

TInstitute of Pharmacy, Martin Luther University (MLU)
Halle-Wittenberg, Wolfgang-Langenbeck-Str. 4, 06120 Halle (Saale),
Germany, 2Helmholtz-Zentrum Geesthacht (HZG), Centre for
Materials and Costal Research, Max-Planck-Str. 1, 21502
Geesthacht, Germany, 3Australian Nuclear Science and Technology
Organisation (ANSTO), Kirrawee DC, NSW, Australia, 4Institute of
Chemistry, MLU Halle-Wittenberg, von-Danckelmann-Platz 4, 06120
Halle (Saale), Germany and Sinstitute of Biochemistry and
Biotechnology, MLU Halle-Wittenberg, Kurt-Mothes-Str. 3, 06120
Halle (Saale), Germany

Email:
Simon Drescher” - simon.drescher@pharmazie.uni-halle.de

* Corresponding author
Keywords:

aggregation behaviour; bolaamphiphiles; bolalipids; membrane lipids;
mixing behaviour; nanofibres; self-assembly

Abstract

Beilstein J. Org. Chem. 2017, 13, 995-1007.
doi:10.3762/bjoc.13.99

Received: 15 March 2017
Accepted: 28 April 2017
Published: 23 May 2017

This article is part of the Thematic Series "Lipids: fatty acids and
derivatives, polyketides and isoprenoids". Dedicated to Prof. Dr. Bodo
Dobner on the occasion of his 65th birthday.

Guest Editor: J. S. Dickschat

© 2017 Drescher et al.; licensee Beilstein-Institut.
License and terms: see end of document.

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.

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 archacal membrane

995


http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:simon.drescher@pharmazie.uni-halle.de
https://doi.org/10.3762%2Fbjoc.13.99

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 7}, = 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

Beilstein J. Org. Chem. 2017, 13, 995-1007.

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.

O\II/O |
N _P. (0)
- ~"0 B\Of\ 5
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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quarternisation reactions described previously [38]. The long-
chain, phenylene-modified 1,0-diol in turn was prepared using
a bis-Sonogashira cross-coupling reaction [37] with
PdCl,(PPhj); as catalyst and tetra-n-butylammonium fluoride
(TBAF) as solvent as well as 1,4-dibromobenzene and octadec-
17-yn-1-0l (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 CHCI3/MeOH/
H;O 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 ¢ = 1 mg mL~!. 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 (¢ = 1 mg mL™!
in HyO) shows two endothermic transitions (Figure 2): the first
one at Ty, = 27.4 °C (AH = 12 kJ mol™!) and a second broad

Br OH
+ %\%
Br H

Ac-C16-OH [32,39]

PdCly(PPhs3),,
TBAF, 1 h, 80 °C

Beilstein J. Org. Chem. 2017, 13, 995-1007.

peak at about 45 °C (AH ~ 6 kJ mol™!). 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.

2852.0

2851.5

-1

N

2851.0

Cp/kJmol' K™

2850.5

o
Wavenumber / cm

2850.0

10 20 30 40 50 60 70 80 90
Temperature / °C

Figure 2: DSC curves for PC-C18pPhC18-PC (¢ = 1 mg mL~" in Hy0,
solid lines, heating: red, cooling: blue). FTIR: wavenumber of the sym-
metric methylene stretching vibration (symbols, ¢ = 50 mg mL~" in
H»0, heating: filled red squares, cooling: open blue circles).

Both transition temperatures in the DSC heating scan are about
5 K higher compared to Ty,-values of the lipid analogue
PC-C17pPhC17-PC with a slightly shorter alkyl chain (two
methylene units) [35]. The increase in Ty, 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].

HO f Hy, Pd(OH),/C (20%),
heptane/ethyl acetate/EtOH

10 atm, 18 h, rt

1.1) ClL,P(O)O(CHa),Br,

]

TEA, CHCI3, 45 °C
1.2) THF-water, 2 h, rt

0.1.0 |
l® o° ok \/\T/
N~ P o
| o 9

PC-C18pPhC18-PC

2) CHCl5, CH4CN, EtOH,
N(CHs)s, 45 °C, 3 d

HO-C18pPhC18-OH

Scheme 1: Synthesis of PC-C18pPhC18-PC; TBAF: tetra-n-butylammonium fluoride, TEA: triethylamine, rt: room temperature.
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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
(¢ =50 mg mL~! in H,0) were conducted. The position of the
symmetric methylene stretching vibrational band (vsCH>) gives
information about the order of the alkyl chain, whether gauche
conformers are present or not [41,42]. The wavenumber of the
vs(CHy) vibrational band as a function of temperature is shown
in Figure 2.

At T=11.1 °C, the frequency of v{(CH,) is at 2849.9 cm™! indi-
cating ordered alkyl chains in all-trans conformation. Within
the temperature range of the first transition observed in DSC,

L at

the wavenumber of this band increases to 2850.6 cm™
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 vg(CHj) jumps to 2851.5 cm™! [35]. If we
compare the increase in frequency of vy(CHj;) of phenylene-free
bolalipids at their first DSC transition, e.g., PC-C32-PC [38]
(2849.5 cm ! — 2851.3 cm™!; fibres — micelles) and PC-C34-
PC [40] (2849.6 cm™! — 2850.8 cm™!; 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 vs(CH,)
increases to 2851.5 cm™! at 7 = 53.0 °C and finally to
2852.0 cm™! at 7=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.

Beilstein J. Org. Chem. 2017, 13, 995-1007.

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 (1) 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 (¢ = 1 mg mL™! in D,0). 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 (a) of scattering intensities ap-
proximated by power law, i.e., I(q) ~ ¢~ * at lower g-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 a
almost to zero. The observation of slope o 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 < g < 1/R.
Scattering data have been analysed via indirect Fourier transfor-
mation (IFT) method (Figure 4, solid lines) for infinitely long

Figure 3: TEM image of an aqueous suspension (¢ = 0.05 mg mL~") 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.
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cylinder described previously [43-46] and the cross section pair
distance distribution function, pcg(7), 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 A
and an aggregation number N4, of about 9 = 1 bolalipid mole-
cules per 1 nm length of cylinder at 7= 4 °C.

T T T — T T

10k T T
% PC-C18pPhC18-PC
L Oou 2
. %~q
'E
o ‘| -
3 ]
« 4°C
o 32°C
0.1F + 60°C
aal n 2 n a1l
0.01 0.1

q/A™”

Figure 4: SANS data of a suspension of PC-C18pPhC18-PC
(c=1mgmL~"in D,0, 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 ¢ 2 and, hence, suggest the scattering from flex-
ible chains. Here, the g-value measured is Leon | < ¢ < lpfl,
where [, is the persistence length of flexible aggregates and
Lon: 1s the contour length of the aggregate. The crossover be-
tween the region of rigid cylinder, i.e., the plateau of Holtzer
[47] ql(q) versus g (Supporting Information File 1, Figure S3),
to increase at lowest ¢ (flexibility region) takes place around

Beilstein J. Org. Chem. 2017, 13, 995-1007.

g =0.02 A™!, which suggests that aggregates become flexible in
length scale above 100 A. 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.c., the diame-
ter increases up to 70 A (Supporting Information File 1, Figure
S1) and Nygg slightly increases to 10 + 1 bolalipid molecules per
1 nm length of flexible chain.

At 60 °C, the scattering intensities at lowest g-range are typical
for scattering from small globular objects such as micelles.
Mean diameter D of these objects (¢ << 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 A (Supporting Information File 1,
Figure S2). The radius of gyration (Ry) is around 32 & 2 A,
which equals a diameter of 83 A, 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 A and ¢ = 47 A. 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

Table 1: SANS data obtained from IFT analysis for aqueous suspensions of PC-C18pPhC18-PC in D,0 at different temperatures.?

T[°C] aggregate Dpmax[Al /(0)[cm g~ or M [g] or Nagg OF Ry [A] or RIA] alAl] b[A] L[Alor
shape Ics@) A em g™ M [gem™ Nogg Inm™  Reg g [A] c[Al

4 fibres (stiff 45 3.96 + 0.01 1.37x10713 8.7+1 16.40 £ 0.02 23.2 22+2 22+2 >2000
cylinders)

32 flexible 70 4.61+0.01 159 x 10713 10+ 1 24.25+0.03 34.3 303 30+3 >2000
fibres

60 micelles 100 590 + 10 1.91x10719 121+5 32+2 41.3 22+2 22+2 4714

aDmax: maximal size or cross section of aggregate; /(0): scattering at “zero angle”; Ics(0): scattering at “zero angle” of cylindrical cross section;

M: mass; M: mass per unit length; Nagg: aggregation number of micelles or number of molecules per unit length of rod-like object; Ry: 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, ¢, 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.

999



Beilstein J. Org. Chem. 2017, 13, 995-1007.

structure — prerequisites for the use as drug delivery vehicle — mixture was further investigated by FTIR and SAXS measure-
could not be observed, and bilayer fragments as well as elongat- ments.

ed micelles were formed instead [35]. The isomers

PC-C17mPhC17-PC and PC-C170PhC17-PC, bearing a meta or DSC

ortho substitution at the central phenyl ring, showed the forma-  We firstly investigated the thermotropic behaviour of aqueous
tion of disk-like aggregates in mixtures with DPPC and DSPC, suspensions of PC-C18pPhC18-PC:phospholipid mixtures
respectively, with partly increased thermal stability [34]. The (¢ =3 mM) with different molar ratios, namely 1:10, 1:5, 1:2,
mixing behaviour of PC-C18pPhC18-PC with phosphatidyl- and 1:1 (n:n). The heating scans are depicted in the left-hand
cholines was now studied by means of DSC and TEM. column of Figure 5, the corresponding cooling scans are shown
Additionally, one example of a bolalipid/phospholipid in the right-hand column of Figure 5.
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Figure 5: DSC heating (left-hand column) and cooling (right-hand column) scans of different PC-C18pPhC18-PC:phospholipid mixtures (¢ = 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, ¢ = 1 mg mL~") and pure phospholipids (red solid line, ¢ = 1 mg mL~") are shown for comparison. The
heating and cooling rate was 60 K h™'. The curves are shifted vertically for clarity.
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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 Lg:-phase
to the ripple-phase (Pp-) and the very cooperative main transi-
tion to the Ly-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 7 = 24.1 °C,
below T}, 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 7 = 22.8 °C and 7 = 27.3 °C. The latter one corre-
sponds to Ty, 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 7= 23.1 °C, slightly below
Ty, of pure DMPC. With increasing amount of the bolalipid, this
peak disappeared gradually and at the same time a second peak
at 7= 16.5 °C emerged, which shifts to 7= 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 T, 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 7= 32 °C, which is above T}, of the pure bolalipid.
The corresponding DSC cooling scans (Figure 5D) depicts a
sharp transition peak at around 40.2 °C, again slightly below Ty,
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 situation is 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 T}, 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.
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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 7},,. 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™! (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 (¢ = 60 yM or ¢ = 30 uM 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 (dgy-DPPC) was used and the change in the
position of the stretching vibrational band of CH, (from the
bolalipid; Figure 7 red symbols) and CD, (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].
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Figure 7: FTIR spectroscopic data (symmetric CH stretching vibra-
tion: red squares, right axis; symmetric CD5 stretching vibration: green
circles, left axis) of an equimolar mixture of PC-C18pPhC18-PC:dgy-
DPPC (c = 50 mg mL~" in phosphate buffer, pH 7.6, heating: filled
symbols, cooling: open symbols).

At T=10.9 °C, the frequency of vs(CHj) is at 2850.8 cm™!,
which is comparable to the frequency of vy(CH,) 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
vs(CDy) is at 2088.9 cm™! at T = 10.9 °C, indicating ordered
alkyl chains in all-frans conformation for the deuterated phos-
pholipid. With increasing temperature, the frequencies of both
band increase with a distinct jump to 2852.3 cm™! and
2093.9 cm! at 43.4 °C and further to 2853.0 cm™! and
2096.4 cm™! 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 v¢(CH;) (bolalipid) starts at lower
temperature than for v¢(CD,) (phospholipid), which stays nearly
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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 A.
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Figure 8: (A) SAXS diffractograms of an equimolar mixture of
PC-C18pPhC18-PC/DPPC (¢ = 10 mg mL™", 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 (¢ = 10 mg mL~") in phosphate buffer (pH
7.6).
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Firstly, the slope at low g-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 p7(7) describes the scattering intensi-

ty via:

dZ(q)/dQ = [2—7;] rtI pr(r)cos(gr)dr (1)
9/ 0

The pr(r) function is connected with the scattering contrast be-
tween object and solvent and is written as

c r v 1
n [Ap)Ap(r + 7 )dr @

pT(r)zZn

where r is the coordinate in the direction normal to the surface
of the disk-like objects and Mg is connected with mass per sur-
face unit. IFT satisfactorily describes our experimental data
(solid lines in Figure 8A). The py(r) functions for the equimolar
PC-C18pPhC18-PC/DPPC mixtures versus temperature are
shown in Figure 8B. The negative values of p7(#) in the inter-
mediate 7-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 p(r)
function, a maximal thickness of 55 A 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 » (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
