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From its beginnings, organic chemistry has been a partner to

biology, often crossing the artificial boundary between the

sciences to the benefit of both disciplines. This is even reflected

in the use of the adjective “organic” to refer to the chemistry of

carbon. As the field has matured, it has continued to address

matters of structure and synthesis to increasingly encompass

the grand challenge of designing and preparing molecules

having a particular function. All three of these come together

in the pursuit of new chemical probes for use in chemical

biology.

This Thematic Series highlights some of the numerous ways

that molecular tools inform biological research. The choice of

the phrase “chemical probe” was deliberately vague and indeed

its meaning often lies in the ears of the listener. The most

common context is the case of a molecule used in chemical

biology to help unravel the role of a particular cellular pathway.

Biologists have numerous tools at their disposal, of course, and

one important reason to select a small organic molecule as an

inhibitor, say, is that it allows for temporal control of its effect.

Of course, inhibitors (and other sorts of biologically active

molecules) have a way of occasionally – very occasionally –

turning into drugs, and this offers its own rationale for research

in this direction. Regardless of the goal, the challenge of finding

a small molecule that binds to a macromolecular target in a

specific enough way to influence its function is considerable.

The combination of a binding event with a physical property

such as fluorescence leads to another sort of probe, where the

goal is to inform the researcher where a particular target may

exist in a cell. In addition, the advent of phenotypic screening

has created a strong demand for probes that can be used to help

identify the target at which a screening hit is working. Each

provides challenges to the chemist as it is necessary to retain the

key binding event in such a way that also permits a useful read-

out or physical capture of the intended target.

Meeting challenges such as those described above requires both

biological insight and chemical know-how. It has often been

said that a distinguishing characteristic of chemistry is its ability

to introduce new forms of matter into the universe, and we now

have over a hundred years of accumulated experience in doing

just that. The structural diversity of molecules that function as

probes is broad indeed, some of them complex enough that even

the most discerning practitioner of organic synthesis may

consider them as worthy of their efforts.

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
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Abstract
Dihydroimidazo[5,1-c][1,2,4]triazine-3,6(2H,4H)-dione derivatives were prepared by successive N3- and N1-alkylation of

hydantoins, followed by regioselective thionation and subsequent cyclization under mild conditions. In a final alkylation step a

further substituent may be introduced. The synthetic strategy allows broad structural variation of this new drug-like heterobicyclic

scaffold. In addition to extensive NMR and MS analyses, the structure of one derivative was confirmed by X-ray crystallography.
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Introduction
Imidazotriazines represent an important class of condensed

heterobicycles that display a variety of significant biological

activities, including anticancer [1], antimicrobial [2], anti-

inflammatory [3] and neuroprotective [4] properties. The

impressive array of biological effects of these compounds is

associated with the 1,2,4-triazine ring as the core structural

moiety, which also occurs in a number of natural products [5].

In addition, the 1,2,4-triazine scaffold has found application in

pharmaceuticals and agrochemicals [6]. For example, some

7-phenylimidazo-[1,2.b][1,2,4]triazine derivatives of the

general structure 1 (Figure 1) have been developed as selective

ligands for γ-aminobutyric acid type A (GABAA) receptors and

are therefore of benefit in the treatment and prevention of

adverse conditions of the central nervous system (CNS),

including anxiety, convulsions and cognitive disorders [7].

Novel fused 1,2,4-triazine-4(6H)-ones 2 showed selective cyto-

toxicity at micromolar concentrations against a wide range of

cancer cells [1,8], while other derivatives of 2 exhibited anal-

gesic [9], antibacterial, and antiviral activities [2]. Compounds

with the 1,2,3,4-tetrahydroimidazo[1,2-b][1,2,4]triazine frame-

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
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Figure 1: Biologically active imidazo[1,2,4]triazine scaffolds 1–4.

work 3 were reported to be potentially useful as interleukin-1

(IL-1) and tumour necrosis factor (TNF) inhibitors for prophy-

lactic and therapeutic treatment of chronic inflammatory

diseases in which these cytokines are involved [3]. Recently,

specifically substituted imidazo[1,5-f][1,2,4]triazines (4) have

been developed as polo-like kinase (PLK) inhibitors with poten-

tial as anticancer therapeutics [10]. The 1,2,4-triazines 4 also

exhibited inhibitory activities against glycogen synthase kinase

3 (GSK3β), and may therefore be developed for the treatment of

haematological diseases, and inhibition of phosphodiesterase 10

(PDE10), which is potentially useful for the treatment of

neurodegenerative diseases, especially Parkinson’s disease [11].

The scaffolds 1–4 consist of a 1,2,4-triazine core, which arises

from the ring fusion of C4a–N8 (1, 3 and 4) or C8a–N5 atoms

(2), and differ in the arrangement of the substitution pattern of

the imidazotriazine framework (Figure 1).

The structural variation of imidazo[1,2,4]triazine derivatives

poses a significant challenge, particularly if a broad variety of

substituents is to be introduced. Several synthetic strategies

involving combinatorial and sequential approaches, in particu-

lar intramolecular cyclocondensation reactions of functional-

ized 1,2,4-triazole and imidazole precursors, have been devel-

oped [5,6,12].

We have been interested in expanding the medicinal-chemical

space of synthetic drug-like small molecules focusing on 6,5-

heterobicyclic ring systems in order to increase the diversity of

our proprietary compound library [13]. Criteria for selection of

the target structures include the potential for biological activity

and bioavailability (peroral, and possibly central nervous

system), structural novelty, synthetic accessibility, and the

possibility for broad structural variations. In particular, we

planned to introduce sp3-hybridized carbon atoms, to avoid

completely flat aromatic structures that are prone to low solu-

bility in water due to π-stacking effects.

We therefore identified the 1,2,4-triazine-containing scaffolds

IV and VIII as promising novel target structures (Scheme 1).

Depending on the starting material used, e.g., hydantoin I, or

pyrazolidine-3,5-dione V, respectively, either 7,8-dihydro-

imidazo[5,1-c][1,2,4]triazine-3,6-diones IV (route A) or

6,8-dihydropyrazolo[5,1-c][1,2,4]triazine-3,7-dione derivatives

VIII (route B) should be accessible. In either case two nitrogen

atoms, N7/N6 and N2, may be substituted with a variety of

residues; e.g., alkylation of N2 (R5) in the very last step should

allow an easy access to a library of compounds. Route B would

proceed in four steps yielding product VIII starting from V,

which may be obtained from the corresponding malonyl dichlo-

ride and hydrazine derivatives.
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Scheme 1: Retrosynthetic approaches towards novel 7,8-dihydroimidazo-[5,1-c][1,2,4]-triazine-3,6-diones IV and
6,8-dihydropyrazolo[5,1-c][1,2,4]triazine-3,7-diones VIII.

In the present study we focussed on synthetic route A starting

from the commercially available hydantoins I, which would

allow very broad structural diversity by introducing a variety of

substituents and functionalities at different stages of the syn-

thesis. As a first step ethyl (2,5-dioxoimidazolidin-1-yl)acetate

derivative II is formed from hydantoins I. The condensation

reaction of II with hydrazine, followed by a regioselective

intramolecular heterocyclization, formally by dehydration,

would afford the 7,8-dihydroimidazo[5,1-c][1,2,4]triazine-3,6-

diones III. The success of this route, however, depends on two

factors: (i) the preferred regioselectivity of the successive

N-alkylation steps for the formation of II; and (ii) the regiose-

lective cyclization of 2,5-dioxoimidazolidines II to the desired

product III, which is expected to be favoured in the case of

dimethylhydantoin derivatives (R1 = R2 = Me).

Results and Discussion
Chemistry
Following the proposed strategy for the formation of 7,8-dihy-

droimidazo[5,1-c][1,2,4]triazine-3,6-dione derivatives

possessing aryl (R4 = 3,4-dichlorobenzyl) and alkyl/alkynyl

(R5 = Me, propargyl) substituents at their nitrogen atoms 7 and

2, respectively, we started from the differently substituted

hydantoins (R1 = R2 = H or Me) 5 and 6. N3- and subsequent

N1-alkylation led to the N1,N3-dialkylated hydantoin deriva-

tives 12–18. Alkylation reactions of hydantoins are well docu-

mented in the literature [14-18]. Depending on the alkylation

reagents and reaction conditions, either N1- or N3-substituted

hydantoins are accessible [14-17]. The details of the success-

fully conducted N3-alkylation of hydantoins 5 and 6 with

various alkyl halides are shown in Table 1.

Alkylation of the thermodynamically preferred N3-position was

achieved following a modified literature procedure, and the

products could be obtained on a multigram scale [18]. In

general, 1.1 equivalents of the corresponding alkylation reagent

and potassium carbonate as a base in dry dimethylformamide

(DMF) were used. The best yield (92%) was achieved with

ethyl 2-bromopropionate and benzyl bromide as alkylating

reagents. Although this procedure led to the direct formation of

the desired N3-substituted products, the regioselectivity

depended on the substitution pattern of 6, due to the directing

effect of the methyl groups. Thus, traces of a N1-substituted

regioisomer were detected by LC/ESI-MS analysis in the

conversion of 5 to product 7 (N3/N1-alkylation ratio 15:1).

Direct N1,N3-dialkylation of 5, however, was not observed.

Alkylation with benzyl bromide was carried out in order to

verify the N3-substitution yielding 11, which had already been

described in the literature [14]. 3-Benzyl-5,5-dimethylhydan-

toin (11) was obtained in 92% isolated yield (see Section

Experimental in Supporting Information File 1), in comparison

to 80% obtained by the literature procedure [14]. Compounds

7–11 were isolated after chromatographic purification in good

to excellent yields and analyzed by NMR spectroscopy (1H and
13C) and LC/ESI-MS. In addition, we obtained an X-ray crystal

structure of 11 [18], which confirmed the alkylation at the

N3-position of 5,5-dimethylhydantoin (6). The subsequent

N1-alkylation of 2,5-dioxoimidazolidines 7–10 to the corres-
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Table 1: Yields and reaction conditions for the N3-alkylation of hydantoin derivatives 5 and 6.

starting compound R2–X (1.1 equiv) conditions product yield (%)

5 1.1 equiv K2CO3
DMF, 85 °C, 42 h

7a

89

6 1.1 equiv K2CO3
DMF, 80 °C, 56 h

8a

76

6 1.1 equiv K2CO3
DMF, 85 °C, 90 h

9a

92

6

= POM-Cl

1.1 equiv K2CO3
DMF, 85 °C, 28 h

10

56

6 1.1 equiv K2CO3
DMF, 85 °C, 6 h

11b

92

aCompounds 7 [19], 8 [19,20], 9 [19] have been described in the literature without detailed analytical data. bAnalytical data for 11 [14] are in accor-
dance with literature data.

ponding N,N-disubstituted hydantoins 12–18 was performed

with 1.0–1.2 equiv of the appropriate alkylating reagent by

using sodium hydride as a base in dry dimethylformamide

(DMF) (Table 2). However, under these conditions the forma-

tion of compounds 12–18 strongly depended on the nature of

the alkylating reagent, and therefore varying yields of dialkyl-

ated products were obtained. The reactions of 9 and 10 with

3,4-dichlorobenzyl bromide and phenethyl bromide, respective-

ly, led to the formation of 15, 16, and 18 in poor to moderate

yields. The alkylation with benzyl bromide worked well not

only with sodium hydride (method 1) but also in the presence of

potassium carbonate (method 2) as a base and gave rise to the

disubstituted derivatives 12–14 and 17 in good yields. Products

12–18 were isolated after chromatographic purification

(Table 2).

In order to demonstrate the tractability of the successive N1,N3-

alkylation of hydantoin 6 we applied a three-step synthetic route

to obtain compound 19 [17]. N3-Unsubstituted, N1-substituted

hydantoins were obtained by a three-step synthetic procedure by

reaction of 6 with pivaloyloxymethyl chloride (POM-Cl) to

introduce a protecting group prior to N1-alkylation. Subse-

quently, the ester can easily be cleaved with lithium hydroxide

in a methanol/tetrahydrofuran mixture at room temperature to

afford 1-benzyl-5,5-dimethylimidazolidine-2,4-dione (19)

(Scheme 2).
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Table 2: Yields and reaction conditions of N1-alkylation of N3-substituted hydantoins 7–10.

starting compound R3–X (1.0–1.2 equiv) conditions product yield (%)

7 1.2 equiv NaH
DMF, 85 °C, 66 ha

12

70

8 1.0 equiv NaH
DMF, 80 °C, 72 ha

13

80

9

(1) 1.2 equiv NaHa

DMF, 85 °C, 80 h

14

79a

(2) 1.1 equiv K2CO3
DMF, 80 °C, 72 hb

60b

9 1.2 equiv NaH
DMF, 85 °C, 120 ha

15

37

9 1.1 equiv NaH
DMF, 85 °C, 68 ha

16

18

10 1.2 equiv K2CO3
DMF, 85 °C, 72 hb

17

62

10 1.2 equiv K2CO3
DMF, 85 °C, 69 hb

18

28

aMethod 1. bMethod 2.

According to our retrosynthetic analysis (Scheme 1),

and based on an efficient protocol for the regioselective

N-alkylation of hydantoins, we applied a four-step pro-

cedure for  the synthesis  of  differently subst i tuted

7,8-dihydroimidazo[5,1-c][1,2,4]triazine-3,6-diones 23–29

(Scheme 3).
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Scheme 2: Synthesis of N3-unsubstituted, N1-substituted hydantoin 19 by using a protection strategy.

Scheme 3: Synthesis of 7,8-dihydroimidazo[5,1-c][1,2,4]triazine-3,6-diones 23–29. Reagents and conditions: (i) P2S5, dioxane, reflux, 24 h; (ii)
hydrazine monohydrate (20 equiv), EtOH, reflux 5–10 h; (iii) MeI (for 26) or methyl methanesulfonate (for 27), NaH, DMF, r.t.; (iv) propargyl bromide
(80% in toluene), NaH, 85 °C, 48 h.
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Scheme 4: Proposed regioselective two-step cyclization pathway to form 24 from 14.

The main challenge in the synthesis of 23–25 was the construc-

tion of the 1,2,4-triazine ring. Direct reaction of 13–15 with

hydrazine hydrate failed, and only the corresponding hydrazides

were formed. Therefore, the C5 carbonyl group of 13–15 was

regioselectively thionated with phosphorus pentasulfide in

dioxane under reflux [21] (Scheme 4). The products were puri-

fied chromatographically and the preferred regioselectivity (C5

versus C2) was confirmed by NMR spectroscopy. The forma-

tion of C2-thiocarbonyl by-products was not observed under

these reaction conditions. The highly regioselective formation

of thioketones 20–22 may be due to electronic effects and

prevention of the formation of certain tautomers by the

C4-methyl groups in compounds 13–15 [22]. To investigate the

influence of the C4-methyl groups on the regioselective thiona-

tion reaction, we treated unsubstituted 5,5-dimethylhydantoin 6

with phosphorus pentasulfide in dioxane for four hours. As

reported in the literature, we observed only the preferred C4

thiocarbonyl product while the thionation of 5-unsubstituted

hydantoin yields a mixture of 2- and 4-thionated products, indi-

cating that the 5-dimethyl substitution was responsible for

regioselective thionation [21].

The proposed intramolecular N1–C5 heterocondensation as a

key step to form the desired imidazo[5,1-c][1,2,4]triazine-3,6-

diones 23–25 was accomplished by reaction of the thioxoimida-

zolidines 20–22 with hydrazine hydrate [23-26]. Different reac-

tion conditions were applied, e.g., variation of the solvent or the

amount of hydrazine monohydrate that was used. The highest

yields of compounds 23–25 (almost 90% on average) were

obtained when the condensation was performed in ethanol with

a large excess of hydrazine hydrate (20 equiv) under reflux for

the appropriate reaction time. We observed that the adding

of molecular sieves (4 Å) to the reaction medium greatly

improved the yields of condensed products 23–25 .

The regioselective two-step cyclization of 14 yielding

imidazo[5,1-c][1,2,4]triazine-3,6-dione (24, pathway A) via an

N5–C5 ring fusion is outlined in Scheme 4. Precursors 13 and

15 follow the same pathway A. A dehydrothionated intermedi-

ate (e.g., 30 in the preparation of 24) is formed. Obviously,

N1–C2 cyclization (pathway B) via 31 is not favoured, and 32

is not formed starting from 21. The products 23–25 were puri-

fied by column chromatography and obtained on a multigram

scale. Finally, the imidazotriazines were further functionalized

by an N-alkylation reaction using different alkylating reagents

under basic conditions (Scheme 3). Alkylation of 24 with

methyl iodide led to 26, whereas methyl methanesufonate was

used as an alkylating reagent for the methylation of 25 yielding

27. Reaction of 24 and 25 with propargyl bromide (80% in

toluene) under basic conditions at 85 °C yielded the

N-propargyl derivatives 28 and 29 (Scheme 3). The final prod-

ucts 26–29 were purified by column chromatography followed

by preparative RP-HPLC, or by recrystallization; the pure prod-

ucts were obtained in good yields.

Structural analyses
Regioselectivity of the thionation reaction of the C5-carbonyl

group was an essential precondition for a successful heterocon-

densation step yielding the desired imidazo[5,1-c][1,2,4]tri-

azine-3,6-dione derivatives 23–25. The structural assignment

of the precursors (2,5-dioxoimidazolidines 13–15 and their

thiocarbonyl analogues 20–22) reported herein is based on

their spectral data and, if necessary, supported by MMFF94

force field conformational analytical data [27]. The most impor-

tant 13C NMR chemical shifts δ (ppm) are reported in Table 3.
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Table 3: 13C NMR chemical shifts (determined at 125 MHz in DMSO-d6) before and after thionation: comparison of 13–15 and 20–22.

13C assignment 13 14 15 20 21 22

C2 154.6 154.5 154.6 154.1 153.9 154.0
C4 62.2 61.8 61.9 70.9 70.8 70.8
C5 175.9 175.7 175.6 209.2 208.5 208.4

Figure 2: Optimized structure (MMFF95) and key HMBC correlations of imidazo[5,1-c][1,2,4]triazine-3,6(2H,4H)-diones 24 and 25.

In the case of C5-thionation, the 13C NMR signal for this

carbon atom is shifted from about 176 to 208–209 ppm. In

addition, the C4 signal is shifted from ca. 62 to 71 ppm upon

thionation.

The structure determination of the condensed key products 24

and 25 was carried out by heteronuclear correlation NMR

(HSQC and HMBC) in combination with 1H and 13C NMR, and

additionally by LC/ESI-MS (m/z 287 [M + H]+/285 [M − H]−

for 24, 355 [M + H]+/353 [M − H]− for 25). Molecular model-

ling was performed to calculate the respective geometries by

using the MMFF95 force field [27] assuming an N1–C5 ring

fusion during the intramolecular condensation reaction yielding

24 and 25 (Figure 2).

The structural assignments of 24 and 25 were confirmed by

HSQC and, most importantly, by HMBC (see Supporting Infor-

mation File 1). The analysis of two HMBC spectra of 24 and 25

showed key correlations between C8 and HC/HD as well as

between C6 and HC/HD methylene protons. In the case of an

alternative N1–C2 ring fusion (structure 32 in Scheme 4) such a

correlation between the carbonyl C5-function and the meth-

ylene protons HC/HD would be not possible. The structure was

additionally confirmed by X-ray analysis of 24 (Figure 3) [28].

The molecules in the crystal are held together by one type of

intermolecular hydrogen bond, located between O2 and the

hydrogen H1 of the N2, with a distance of d(O···H1–N2) =

1.9437(2) Å, d(H1–N2) = 0.93(2) Å and an angle of

(O2–H1–N2) = 155(2)°.

Physicochemical properties
In order to assess the physicochemical properties of

imidazo[5,1-c][1,2,4]triazine-3,6-dione derivatives we deter-

mined water-solubility, log P, and pKa values for compound 25
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Figure 3: ORTEP diagram of 24 showing the atomic numbering. The thermal ellipsoids are drawn at the 50% probability level.

as a representative of this new class of heterocyclic compounds.

Water solubility at physiological pH of 7.4 was found to be

47 µg/mL, which is a suitable range for perorally active drugs.

A pKa value of 10.0, and a logP value of 3 was determined.

Thus, the molecule will be uncharged under physiological

conditions and the logP value is in a range which allows us to

predict oral bioavailability [29].

Conclusion
In conclusion, we have designed and synthesized novel fused

7,8-dihydroimidazo-[5,1-c][1,2,4]triazine-3,6(2H,4H)-dione

derivatives, i.e., a novel class of small heterocyclic molecules

with drug-like properties, thereby expanding the druggable

chemical space. For this purpose, we have developed a

four-step convergent synthetic concept to access the

imidazo[5,1-c][1,2,4]triazine frameworks starting from the

commercially available 5,5-dimethylhydantoin 6. The reaction

sequence involves successive N-alkylations of the corres-

ponding hydantoin, followed by C5-thionation and an intramol-

ecular heterocondensation reaction with hydrazine hydrate as a

key step affording the imidazo[5,1-c][1,2,4]triazine-3,6-dione

derivatives 23–25 in a regioselective manner. The synthetic

procedure was optimized for all steps and can easily be carried

out on a multigram scale. The experimentally determined

physicochemical properties of prototypic compound 25 are in-

dicative of drug-like properties suitable for peroral application.

Alkylation in the final step allows the introduction of additional

diversity and the preparation of compound libraries. The new

synthetic strategy should also allow for the preparation of other,

related heterobicyclic systems possessing different ring-

members, ring sizes, and a variety of substituents.

Supporting Information
Supporting Information File 1
Assays for determination of physicochemical properties of

25, experimental details and copies of NMR (1D and 2D)

and LC/ESI-MS spectra of compounds 24 and 25.

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

supplementary/1860-5397-8-181-S1.pdf]
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Abstract
A strategy to replace the ethylamine side chain of 2,5-dimethoxy-4-iodoamphetamine (DOI, 1a), and 2,5-dimethoxy-4-bromo-

amphetamine (DOB, 1b) with a cyclopropylamine moiety was successful in leading to compounds with high affinity at the 5-HT2

family of receptors; and the more potent stereoisomer of the cyclopropane analogues had the expected (−)-(1R,2S)-configuration.

Screening for affinity at various serotonin receptor subtypes, however, revealed that the cyclopropane congeners also had increased

affinity at several sites in addition to the 5-HT2A and 5-HT2B receptors. Therefore, at appropriate doses – although (−)-4 and (−)-5

may be useful as tools to probe 5-HT2 receptor function – one would need to be mindful that their selectivity for 5-HT2A receptors

is somewhat less than for DOI itself.

1705

Introduction
Among the molecules that have proven very valuable to neuro-

scientists studying brain serotonin systems is the substituted

phenethylamine derivative 2,5-dimethoxy-4-iodoamphetamine

(DOI, 1a, Figure 1), a potent but nonspecific agonist ligand for

serotonin 5-HT2A and 5-HT2C receptors. It is relatively inex-

pensive and has been widely used throughout the neuroscience

community to study behaviors mediated by 5-HT2 family recep-

tors. Indeed, as of June 12, 2012, a PubMed search of the terms

DOI + 5-HT2 yielded 577 hits, spanning from 1984 to the

present. Despite the fact that no significant abuse of DOI has

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:drdave@purdue.edu
http://dx.doi.org/10.3762%2Fbjoc.8.194
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Figure 1: Structures of well-known serotonin 5-HT2A agonists 1a,b, 2, and 3, and compounds 4 and 5 reported in this paper.

been reported, this substance has been scheduled in a number of

countries and has been considered for scheduling by the U.S.

Drug Enforcement Administration (DEA). Classification as a

controlled substance will be a setback to the neuroscience

community because it effectively prevents experiments in any

laboratory that does not have a proper license for the use of

DOI. To illustrate this point, a related compound – bromo

congener 1b (DOB) – presently is a controlled substance and

only 52 hits for DOB + 5-HT2 were obtained from PubMed,

compared with 577 for DOI over the same period of time.

Anticipating the potential need for a substance to replace DOI

as a research tool, we sought to identify a molecule that might

have pharmacological properties which are identical, or at least

very similar to those of 1a. We had previously characterized the

cyclopropane analogue of a hallucinogenic amphetamine known

as DOM (2) and had shown that 3 (DMCPA) had high potency

both in vitro and in vivo [1-3]. We thus considered whether the

cyclopropane analogues 4 and 5 might be useful research tools.

Accordingly, this report details the synthesis of racemic trans-

1-(2,5-dimethoxy-4-iodophenyl)-2-aminocyclopropane (4) and

its bromo homolog 5, the resolution of 4 into its (−)-(1R,2S)-

enantiomer, as well as the resolution of the cyclopropane

carboxylic acid precursor and subsequent bromination to

provide both enantiomers of 5.

Results and Discussion
Racemic 4 and 5 were compared in radioligand competition

assays against radiolabeled antagonists defined at the human

5-HT2A and 5-HT2C receptors and compared with racemic 1a

and 1b. The results are shown in Table 1. As can be seen, the

cyclopropane analogues 4 and 5 showed affinities for the

5-HT2A receptor 5–6-fold greater than 1a and 1b. Affinities at

the 5-HT2C receptor were about two-fold higher than for 1a and

1b.

The more potent (−)-enantiomers were then tested for func-

tional potency using a calcium release assay. The EC50 values

and maximal effect at the 5-HT2A receptor were virtually iden-

tical for 1a and 4, and for 1b and 5 (Table 2).

Table 1: Affinity values (Ki in nM) at human 5-HT2A and 5-HT2C recep-
tors. All values represent mean and SEM from at least three inde-
pendent experiments.

3H-ketanserin 3H-mesulergine

Compound 5-HT2A
Ki in (nM)

5-HT2C
Ki in (nM)

(±)-1a 7.6 ± 0.9 35 ± 6
(±)-1b 8.9 ± 0.5 31 ± 5
(±)-4 1.5 ± 0.1 17 ± 3
(±)-5 1.4 ± 0.3 7.5 ± 1.1

Table 2: Potency and percent max values for calcium release at
5-HT2A and 5-HT2C receptors. All values represent mean and SEM
from at least three independent experiments.

5-HT2A 5-HT2C

Compound EC50
(nM)

%max EC50
(nM)

%max

(−)-1a 3.3 ± 0.7 87 ± 1 8.7 ± 0.2 50 ± 5
(−)-1b 5.8 ± 1.3 75 ± 7 28 ± 4 59 ± 7
(−)-4 2.0 ± 0.3 89 ± 4 21 ± 4 63 ± 6
(−)-5 6.3 ± 1.6 76 ± 10 32 ± 8 77 ± 6

At the 5-HT2C receptor 1a was the most potent, with an EC50

that was about three times lower than for 1b, 4, or 5. In func-

tional assays, therefore, the cyclopropane analogues 4 and 5

compared to 1a or 1b appeared as potent and had a similar

degree of maximal stimulation at each of the respective 5-HT2

receptors.

We then carried out a broader screen of 4 and 5 for affinities at

a range of other 5-HT receptor isoforms (Table 3). Their affini-

ties at other 5-HT receptors, however, were higher than for 1a.

In particular, the introduction of the cyclopropane appears to

increase significantly affinities at the 5-HT1A, 5HT1B, and

5-HT1D receptors. In that regard, although (−)-4 and (−)-5 have

affinities at the 5-HT2A receptor somewhat higher than 1a, their
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Table 3: Affinity values (Ki in nM) at selected serotonin receptor isoforms.

Cmpd 5-HT1A 5-HT1B 5-HT1D 5-HT1E 5-HT2A 5-HT2B 5-HT2C 5-HT6 5-HT7

(±)-1a <50%a <50%a <50%a 1090 9 3 19 1380 850
(±)-4 410 290 535 1660 9 10 17 100 580
(−)-4 150 230 90 1380 2.4 6 7.4 70 260
(+)-5 210 <50%a <50%a <50%a 540 20 130 NA 170
(−)-5 220 375 390 890 3 4 9 45 120

a<50% displacement at 10−6 M.

Scheme 1: Synthesis of arylcyclopropane carboxylic acids from the corresponding cinnamic acids, followed by halogenation.

selectivity over the 5-HT1A receptor is less than 100-fold. As

shown in Table 1, both 4 and 5 are extremely potent ligands in

vitro. Furthermore, as anticipated, it was the (−)-enantiomers

that proved to have highest affinity. We included (+)-5 in

Table 3 simply to illustrate the difference in affinity between

the two enantiomers. We assume that the final compounds have

the (−)-(1R,2S) and (+)-(1S,2R) absolute configurations based

on our earlier work establishing the absolute configuration of 3

[2], and the fact that substitutions at the 4-position of the

aromatic ring in chiral substituted amphetamines do not change

the sign of optical rotation [4]. The biological data are consis-

tent with those configuration assignments.

Chemistry
We reasoned that a palladium-mediated cyclopropanation of the

corresponding cinnamic acids would provide the required

cyclopropanecarboxylic acid (Scheme 1); which could be

readily converted to the amine by a Curtius type rearrangement

(Scheme 2). In our previous synthesis [2] we had employed an

N-carbobenzoxy intermediate, followed by catalytic debenzyla-

tion over Pd(C); but those conditions would lead to dehalogena-

tion in the present series, so we instead employed acid-

catalyzed removal of a BOC protecting group (Scheme 2).

Thus, we first prepared 2-(2,5-dimethoxyphenyl)cyclo-

propanecarboxylic acid methyl ester (7) from the corres-

ponding cinnamic ester 6 [5], followed by I2/AgNO3 iodination

(Scheme 1), and base hydrolysis of the resulting ester to provide

iodo acid 10a. Hydrolysis of ester 7 followed by bromination of

acid 9 using Br2-dioxane complex gave a good yield of bromo

acid 10b.

These acids were readily converted to their isocyanates using

the Weinstock modification of the Curtius rearrangement [6].

Those isocyanates were heated with tert-butanol to afford the

corresponding carbamates 11a and 11b (Scheme 2). A brief

treatment of these with 3 M HCl at 45 °C cleanly affected

N-deprotection and afforded the desired final amines 4 and 5.
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Scheme 2: Conversion of arylcyclopropane carboxylic acids 10a,b to the amines 4 and 5, and chemical resolution of 4 into its enantiomers.

Scheme 3: Chemical resolution of arylcyclopropane carboxylic acid 9 followed by bromination.

The stereochemistry of the more potent enantiomer of DOI is

(−)-(R) [7], and of 3 is (−)-(1R,2S) [2]. We therefore undertook

the resolution of the enantiomers of DOI by fractional crystal-

lization of the diastereomeric salts prepared with di-O,O-

benzoyltartaric acid. Unfortunately, we discovered that heating

solutions of the dibenzoyltartrate salt of 4 in EtOH or iPrOH led

to nearly complete decomposition, presumably through a cyclo-

propane ring-opening pathway. The apparent need to recrystal-

lize the O,O-dibenzoyltartrate salts from a nonprotic solvent led

us to employ warm acetone, which proved satisfactory. The

resolution went well, achieving constant optical rotation after

only three crystallizations. The salt was converted to the free

base, which was dissolved in dry Et2O, followed by addition of

the stoichiometric amount of ethereal HCl. The salt precipitated

out of solution and could be used directly for pharmacological

experiments. Attempts to recrystallize the HCl salt from protic

solvents also led to nearly complete decomposition, although

salts of bromo compound 5 appeared somewhat more stable.

We then followed a more efficient divergent approach to obtain

the enantiomers of 5 that employed resolution of the cyclo-

propane carboxylic acid, followed by bromination, and then

conversion to the cyclopropylamine (Scheme 3). We are aware

that the use of chiral auxiliaries in the cyclopropanation step

could directly afford the chiral cyclopropane acids [8], but time

and resources did not allow us to pursue that approach.

Conclusion
In conclusion, our strategy to replace the ethylamine side chain

of 1a (or 1b) with a cyclopropylamine moiety was successful in

leading to compounds with high affinity at the 5-HT2 family of

receptors; and the more potent stereoisomer of the cyclo-
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propane analogues had the expected (−)-1R,2S-configuration.

However, at appropriate doses, although (−)-4 and (−)-5 may be

useful as tools to probe 5-HT2 receptor function, one would also

need to be mindful that their selectivity for 5-HT2A over

5-HT1A is only about 70-fold.

The most efficient approach appears to be the synthesis of the

chiral cyclopropane carboxylic acids, followed by derivatiza-

tion at the 4-position. This approach would be most appealing if

a chiral auxiliary was used in the cyclopropanation step [8]. We

also note that compound 4 was less stable than 5 under recrys-

tallization conditions, an instability we did not observe during

our earlier work with 3. We have observed even greater insta-

bility in 2-(indol-3-yl)cyclopropylamines [8,9], suggesting that

electron “excessive” π-systems, or the ability to “donate” elec-

trons through resonance (i.e. Br and I), leads to cyclopropane

ring instability in 2-arylcyclopropylamines.

Supporting Information
Supporting Information File 1
Experimental details for all new compounds as well as the

pharmacological methods used to measure receptor affinity

and functional activity.
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Abstract
Mitochondria undergo dynamic fusion and fission events that affect the structure and function of these critical energy-producing

cellular organelles. Defects in these dynamic processes have been implicated in a wide range of human diseases including ischemia,

neurodegeneration, metabolic disease, and cancer. To provide new tools for imaging of mitochondria in vivo, we synthesized novel

hydrophobic analogues of the red fluorescent dyes rhodamine B and rhodamine 101 that replace the carboxylate with a methyl

group. Compared to the parent compounds, methyl analogues termed HRB and HR101 exhibit slightly red-shifted absorbance and

emission spectra (5–9 nm), modest reductions in molar extinction coefficent and quantum yield, and enhanced partitioning into

octanol compared with aqueous buffer of 10-fold or more. Comparison of living C. elegans (nematode roundworm) animals treated

with the classic fluorescent mitochondrial stains rhodamine 123, rhodamine 6G, and rhodamine B, as well as the structurally related

fluorophores rhodamine 101, and basic violet 11, revealed that HRB and HR101 are the most potent mitochondrial probes, enabling

imaging of mitochondrial motility, fusion, and fission in the germline and other tissues by confocal laser scanning microscopy after

treatment for 2 h at concentrations as low as 100 picomolar. Because transgenes are poorly expressed in the germline of these

animals, these small molecules represent superior tools for labeling dynamic mitochondria in this tissue compared with the expres-

sion of mitochondria-targeted fluorescent proteins. The high bioavailabilty of these novel fluorescent probes may facilitate the iden-

tification of agents and factors that affect diverse aspects of mitochondrial biology in vivo.
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Figure 1: Structures of known fluorophores (1–8) and novel hydrophobic analogues of rhodamine (HRB, 9, and HR101, 10).

Introduction
Fluorescent molecular probes represent critical tools for studies

of chemical biology [1]. These compounds allow the creation of

sensitive enzyme substrates, sensors of a wide variety of

analytes, and specific markers of cellular organelles and other

components. Although many structurally diverse fluorophores

have been reported, many common fluorophores such as dian-

ionic fluorescein (1, Figure 1) are defined by highly polar

conjugated π systems. This high polarity confers substantial

aqueous solubility, which is beneficial for some applications,

such as protein labeling, but also results in low cellular perme-

ability in assays involving living cells. Hydrophobic analogues

of fluorescein such as Tokyo Green (2) [2], Pennsylvania Green

(3) [3,4], and others [5] have been synthesized that replace a

carboxylate with a methyl group or other less polar function-

ality. These hydrophobic analogues are generally more effec-

tive at penetrating cellular membranes [2,4].

Rhodamines such as rhodamine 123 (4), rhodamine B (5), basic

violet 11 (6), rhodamine 6G (7), and rhodamine 101 (8) are

renowned for their red-shifted fluorescence, photostability, and

high quantum yields over a wide range of pH values (i.e., pH

4–10). These fluorophores penetrate cells more readily than

analogous fluorescein derivatives, because the negative plasma

membrane potential within the cytoplasm of cells (typically −30

to −60 mV) represents less of a barrier to entry to cations and

zwitterions, compared with anionic compounds. Moreover, the

delocalized cationic π-system of rhodamines further promotes

their accumulation in energy-producing mitochondria, due to

the even stronger negative potential across mitochondrial inner

membranes (typically −120 to −180 mV, depending on cell

type) [6-9]. This membrane potential is critical for ATP syn-

thesis, and is generated by pumping of protons across the mito-

chondrial inner membrane by the respiratory chain. Many delo-

calized lipophilic cations preferentially accumulate in these

organelles, and some rosamines, i.e., compounds that lack the

carboxylate of rhodamines [10], have been shown to potently

depolarize mitochondria. Elevated mitochondrial membrane

potential is a hallmark of cancer cell lines [11,12], and depolar-

ization of mitochondria by rhodamines and rosamines can

confer selective anticancer activity both in vitro and in vivo in

animal models [13].

Under nontoxic conditions, rhodamines and mitochondria-

targeted fluorescent proteins have been extensively used for

imaging and analysis of these organelles in cell culture,

enabling studies of dynamic fusion and fission events that are

critical for mitochondrial structure and function [8,14-17].

Agents  and factors  that  affect  fus ion and f iss ion

of mitochondria are of substantial interest [18] because disregu-

lation of these dynamic processes has been implicated in a wide

range of human diseases, including ischemia, neurodegenera-

tion, metabolic disease, and cancer [19,20].

In vivo, the pharmacokinetics of some rhodamines have been

evaluated [21-23], and some have been used for imaging

of mitochondria in the optically transparent model organism C.

elegans (nematode worm) [24,25]. However, rhodamine 123 (4)

[25], rhodamine B (5) [26], rhodamine 6G (7) [24], rhodamine
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Scheme 1: Synthesis of the HRB 9 and HR101 10 fluorophores.

B hexyl ester [27], and tetramethylrhodamine ethyl ester [27]

are of low potency in living C. elegans, typically requiring

treatment times of up to 48 h [24], often at concentrations as

high as 30 µM [27]. This low potency may have led some

investigators interested in imaging fusion and fission

of mitochondria in C. elegans [28] to forego the use of small-

molecule fluorescent probes and instead to use time-consuming

molecular biology methods to generate transgenic animals that

express fluorescent proteins, such as mitoGFP, that are targeted

to this organelle. In general, the choice to use small-molecule

probes or molecular-biology-based approaches for these types

of imaging applications can be challenging because of our

limited understanding of the bioavailability and bioaccumula-

tion of small molecules in this model organism [29-34]. In

general, these soil-dwelling nematodes are considered to be

substantially less pemeant to small molecules than other

animals, and most drug-like compounds do not efficiently accu-

mulate in worms [30]. Consequently, to observe biological

effects, many pharmacological agents must be added to C.

elegans at concentrations orders of magnitude higher than are

used with mammalian cells in culture [35,36]. For some

hydrophobic compounds, delivery systems [31,32] can improve

their uptake.

We hypothesized that poor bioavailability of rhodamines in C.

elegans may be responsible for their low potency as probes

of mitochondria in this organism. We reasoned that the rela-

tively high polarity of these charged compounds (e.g., LogD

rhodamine 123 (4) = 0.53 [37], −0.62 [9]), offering functional

groups for possible xenobiotic metabolism in the intestine or

other tissues [29,30], may limit absorption. Rhodamine esters

such as 4, 6, and 7 may also be substrates of esterases [38] in

vivo, resulting in the production of more polar fluorophores that

may be inefficiently absorbed. To test this hypothesis, we

synthesized novel hydrophobic analogues of rhodamine B (5)

and rhodamine 101 (8) that replace the carboxylate with a

methyl group (Figure 1). The resulting analogues, termed HRB

9 and HR101 10, allowed evaluation of how subtle changes in

chemical structure impact photophysical and physicochemical

properties and the utility of rhodamines and analogues for

imaging mitochondria in C. elegans. These studies revealed that

the hydrophobic rosamines HRB 9 and HR101 10 represent

highly potent and selective fluorescent probes of these

organelles. Treatment of C. elegans with these compounds for

as little as two hours at concentrations as low as 100 pM

enables selective imaging of mitochondria in vivo, including

visualization of the dynamics of fusion and fission of these

organelles in the germline of living animals.

Results and Discussion
Synthesis of fluorophores
As shown in Scheme 1, the triarylmethane scaffolds of HRB 9

and HR101 10 were synthesized by condensation of the corres-

ponding dialkyaminophenol with o-tolualdehyde (12) [39].

Oxidative cyclization of triarylmethanes with the quinone

oxidant chloranil provided 9 and 10 in modest yield. 8-Hy-

droxyjulolidine (14) for synthesis of HR101 10 was either pur-

chased commercially or prepared as previously described [40].
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Photophysical and physicochemical prop-
erties
The absorbance (panel A) and fluorescence emission (panel B)

spectra of fluorophores 4, 5, and 8–10 are shown in Figure 2.

Figure 2: Normalized absorbance (Panel A) and fluorescence emis-
sion (Panel B) spectra. Fluorophores were analyzed at 10 µM
(absorbance) or 5 nM (fluorescence) in MeOH. The spectra for
rhodamine 123 (4) in MeOH were downloaded from a publically acces-
sible database [41]. Maximum absorbance and emission wavelengths
are indicated with arrows.

The red-shifted spectra of HR101 10 compared with HRB 9 can

be explained by greater delocalization of the lone pairs on

nitrogen due to restricted rotation about C–N bonds conferred

by the fused rings of 10. By using the method of Williams [42],

the quantum yields of 9 and 10 were determined relative to

rhodamine B (5) and rhodamine 6G (7, Figure 3, panels A and

B), and the extinction coefficients of these compounds were

quantified (Figure 3, panel C). The replacement of the carboxy-

late of rhodamine B (5) and rhodamine 101 (8) with a methyl

group slightly red shifted the absorbance and emission spectra

in methanol (5 nm and 8 to 9 nm, respectively). This change

also decreased the molar extinction coefficient, as compared

with the reported [43] molar extinction coefficient of rhodamine

B (5) of 106,000 M−1 cm−1 (at 545 nm in ethanol) with HRB

(9, 83,000 M−1 cm−1 at 555 nm in methanol). Additionally, a

modest reduction in quantum yield of ~0.3 for both fluo-

rophores was observed.

Figure 3: Linear regression used to determine spectroscopic parame-
ters of HRB 9 and HR101 10 in MeOH. Panels A and B: Determin-
ation of quantum yields relative to rhodamine B (5) [44] and rhodamine
6G (7) [45]. Panel C: Quantification of molar extinction coefficients.

Spectroscopic studies revealed that HRB 9 and HR101 10 are

not as bright as the carboxylate-containing parent dyes.

However, because the fluorescence intensity is directly propor-

tional to the product of the extinction coefficient and the

quantum yield at excitation levels below saturation, these

analogues represent very bright fluorophores for imaging appli-

cations. Potentially more important for activity in vivo, replace-

ment of the carboxylate of rhodamine B (5) and rhodamine 101

(8) with a methyl group was predicted to substantially enhance

hydrophobicity. Previously reported measurements of log D in

octanol/neutral buffer solutions of rhodamine 123 (4),

rhodamine B (5), and rhodamine 6G (7), measurements of the

log D of rhodamine 101 (8), HRB 9, and HR101 10 by using a
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fluorescence-based shake-flask method, and c·log P values for

compounds 4–10 calculated by using a recent version of

CambridgeSoft ChemBioDraw software, are shown in Table 1.

Although some differences exist between the calculated and

measured values, the relative trends illustrate how structural

modifications of these compounds are likely to affect fluo-

rophore solubility and cellular permeability.

Table 1: Partition constants of fluorophores.

Fluorophore c·log Pa log Doctanol/buffer

Rhodamine 123 (4) 1.5 0.5 [37], −0.6 [9]
Rhodamine B (5) −1.1 2.3 [46]
Basic Violet 11 (6) 3.7 N.D.b

Rhodamine 6G (7) 6.5 2.1 [37]
Rhodamine 101 (8) 3.8 5.2c

HRB 9 3.4 5.9c

HR101 10 8.6 6.2c

aCalculated with ChemBioDraw Ultra, version 12.0.3, from structures
bearing functional groups at ionization states predicted to dominate at
pH 7 (as shown in Figure 1). bN.D. Not determined. cDetermined in
octanol/bufferpH 7.4 by using a fluorescence-based shake-flask
method.

Imaging of fluorophores in vivo by confocal
microscopy
To visualize the absorption and distribution of synthetic

rhodamines and analogues in vivo, living adult C. elegans were

initially subjected to an acute treatment followed by confocal

laser scanning microscopy of mechanically immobilized whole

animals (20× objective). In contrast to previous reports where

treatment with rhodamines for 36–48 h was required [24,26],

treatment with HRB 9 and HR101 10 yielded observable fluo-

rescence in some animals within 30 min, with most animals

becoming fluorescent within 2 h. In the assay shown in

Figure 4, adult animals were treated with rhodamine 123 (4),

rhodamine B (5), basic violet 11 (6), rhodamine 6G (7),

rhodamine 101 (8), HRB (9), and HR101 (10) at identical fixed

concentrations of 100 pM or 1 nM for 2 h. Among the fluo-

rophores examined, HRB 9, HR101 10, and basic violet 11 (6)

showed the highest bioaccumulation, and the fluorescence of

these three compounds could be detected at much lower

concentrations than the more polar rhodamine 123 (4),

rhodamine B (5), rhodamine 6G (7), and rhodamine 101 (8)

fluorophores. Although basic violet 11 (6) was relatively potent,

this compound appeared to be of low selectivity, staining

multiple intracellular structures including membranes, mito-

chondria and nuclei, and occasionally was observed in the

cytosol of cells of living animals. Unlike all of the other fluo-

rophores tested, HRB 9 and HR101 10 engendered strong fluo-

rescence in vivo after 2 h at concentrations as low as 100 pM.

Figure 4: Differential interference contrast (DIC, left panels) and
confocal laser scanning (right panels) micrographs of living C. elegans
(20× objective) treated with synthetic compounds for 2 h followed by
transfer to an imaging pad containing polystyrene beads for immobili-
zation. The weak signal observed with rhodamine 123 at 1 nM (panel
B) was independently identified as autofluorescence of the intestine.
Animals are oriented with the anterior end (head) to the left and the
ventral side (base) down and/or toward the left. Scale bar = 100
microns.

Higher magnification confocal microscopy (60× objective)

using a variety of fluorophore concentrations revealed that most

cells of living C. elegans accumulate the fluorophores

rhodamine 6G (7), HRB 9, and HR101 10 after treatment for

2 h (Figure 5). Under these conditions, the more polar

rhodamine 101 (8) was observed to be excluded from some
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Figure 5: Panels A–D: High magnification confocal (top panels) and DIC micrographs (bottom panels, 60× objective) of young adult C. elegans after
treatment with fluorophores for 2 h. The distal gonad containing the germline is shown marked by white dashed lines, the anterior of the animal is to
the left, and ventral is down. In Panels C, and D, strong labeling of tubular mitochondria surrounding the mitotic nuclei of the gonad can be observed
as well as strong staining of mitochondria within oocytes (white arrows indicate the most proximal oocyte, where visible) and the fibrous organelle
(marked with an asterisk in panel C) of spermatheca. Scale bar = 25 microns.

cells and tissues. Labeling of specific organelles by rhodamine

6G (7), HRB 9, and HR101 10 was observed in hypodermis,

muscle, neurons (data not shown), and the germline of these

animals (Figure 5). Examination of the pattern of staining in the

germline, part of the distal gonad containing a population of

germ cells that lack complete borders, demonstrated that the

more specific rhodamine derivatives illuminate tubular or punc-

tate organelles (Figure 5 and Figure 6) that are highly motile

(Figure 6 and movie, Supporting Information File 1), consistent

with predominant accumulation in mitochondria. These struc-

tures elongated and contracted (see movie, Supporting Informa-

tion File 1) and underwent fusion and fission (Figure 6) consis-

tent with other studies of mitochondria in C. elegans [24].

Comparative imaging indicated that rhodamine 6G (7), HRB 9,

and HR101 10 represent the most specific mitochondrial stains,

with similar profiles of mitochondrial labeling within the

germline, but the more hydrophobic fluorophores exhibited

10-fold higher potency. In contrast, the more polar rhodamine

101 (8), even at a 100-fold higher concentration compared with

HRB 9 and HR101 10, did not penetrate into the germline under

these conditions (Figure 5).

Conclusion
Genetically encoded fluorophores such as green fluorescent

protein (GFP) have revolutionized cell biology and studies of

physiological processes. However, fluorescent small-molecule

probes continue to offer advantages for some imaging applica-

tions. One advantage illustrated here is the ability to examine
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Figure 6: Images of mitochondrial motility, fusion, and fission in the germline of C. elegans extracted from confocal video microscopy. White arrows
indicate fusion and fission of specific mitochondria. Prior to imaging, animals were treated with HRB (9, 1 nM, 2 h). Scale bar = 1 micron.

mitochondrial fusion and fission dynamics in the germline of

living C. elegans after acute treatment with the hydrophobic

rhodamine analogues HRB 9 and HR101 10. In this tissue,

genetically encoded proteins are unsuitable for imaging

of mitochondria, because transgenes are poorly expressed in the

germline of C. elegans. However, genetically encoded fluores-

cent markers are advantageous in other contexts in that they can

be more easily spatially confined to specific tissues of C.

elegans by using cell-type specific promoters to drive gene

expression. The rapid accumulation (within 2 h) and high

potency (effective at ≥ 100 pM) of HRB 9 and HR101 10 can

be contrasted with previous studies [26] of rhodamine B (5) that

employed treatment with 2 µM for 36 h to image mitochondria

in the germline of C. elegans. These new probes rapidly accu-

mulate in mitochondria at low concentrations because of their

more favorable pharmacokinetic properties.

Animals treated with HRB 9 and HR101 10 at 10 nM for 2 h

were viable and exhibited grossly wild-type movement,

suggesting that mitochondrial function remains largely if not

completely intact during labeling with low concentrations of

these probes. In contrast, treatment with much higher concentra-

tions of these probes (e.g., ≥1 mM) under these conditions

conferred some toxicity (data not shown). By comparison, treat-

ment of C. elegans with the mitochondrial poison sodium azide

at 25–50 mM rapidly causes paralysis and eventually causes

death. Consequently, the high potency, low apparent toxicity,

and rapid uptake of HRB 9 and HR101 10 by C. elegans has the

potential to be useful in a variety of applications. For screening

purposes, these compounds may be used to rapidly examine

multiple genotypes of interest without the need to introduce the

genetically encoded sensor to each genetic background under

investigation. Alternatively, a genetically encoded fluorescent

protein may be complemented with these molecular probes to

perform experiments such as fluorescence recovery after photo-

bleaching (FRAP), where one of the markers remains

unbleached. Chemical probes also have a variety of half-lives in

vivo, a property that may be beneficial in some assays

compared to long-lived fluorescent markers, such as mitoGFP

and related proteins. High-content screening of chemical

libraries against C. elegans treated with HRB 9 and HR101 10

may facilitate the identification of inhibitors of mitochondrial

fusion or fission effective in vivo, potentially enabling the

discovery of new leads for the treatment of diseases associated

with dysfunctional mitochondria.

A challenge associated with chemical biology studies in C.

elegans is the low permeability of this animal to small mole-

cules. For example, many bioactive compounds require at least

a 10-fold higher dose to exhibit activity in C. elegans compared

to other organisms [30], due to a number of physical and enzy-

matic barriers to entry of small molecules. On the exterior

surface of C. elegans, the cuticular exoskeleton of these animals

is a highly cross-linked carbohydrate-rich outer layer that limits

access of molecules to the epidermis for potential uptake. For

oral administration, molecules that are ingested by these

animals must pass through an intestine replete with a wide

range of xenobiotic detoxification enzymes, including
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cytochrome P450s, phase-II transferases, and efflux pumps such

as P-glycoprotein [35], to reach target tissues [29]. Thus, com-

pounds such as HRB 9 and HR101 10 that show high potency in

this animal have passed through a stringent biological filter,

providing a basis to justify studies in more complex and costly

animal models. Fluorescence-imaging studies of small mole-

cules in C. elegans have the potential to provide a deeper under-

standing of molecular modifications that facilitate the access of

compounds to targets in vivo and may improve our ability to

design more effective therapeutics and probes.

Experimental
Synthesis
Chemical reagents were obtained from Acros, Aldrich, Alfa

Aesar, or TCI America. Solvents were from EM Science.

Commercial grade reagents were used without further purifica-

tion unless otherwise noted. Anhydrous solvents were obtained

after passage through a drying column of a solvent-purification

system from GlassContour (Laguna Beach, CA). All reactions

were performed under an atmosphere of dry argon or nitrogen.

Reactions were monitored by analytical thin-layer chromatog-

raphy on plates coated with 0.25 mm silica gel 60 F254 (EM

Science). TLC plates were visualized by UV irradiation (254

nm) or stained with a solution of phosphomolybdic acid and

sulfuric acid in ethanol (1:1:20). Flash column chromatography

employed ICN SiliTech Silica Gel (32–63 μm). Melting points

were measured with a Thomas Hoover capillary melting point

apparatus and are uncorrected. Infrared spectra were obtained

with a Perkin Elmer 1600 Series FTIR. NMR spectra were

obtained with Bruker CDPX-300, DPX-300, or DRX-400

instruments with chemical shifts reported in parts per million

(ppm, δ) referenced to either CDCl3 (1H, 7.27 ppm; 13C, 77.23

ppm), or DMSO-d6 (1H, 2.50 ppm; 13C, 39.51 ppm). High-reso-

lution mass spectra were obtained from mass spectrometry

facilities at the University of Kansas or The Pennsylvania State

University (ESI and TOF). Peaks are reported as m/z.

Absorbance spectra were obtained with an Agilient 8453

UV–vis spectrophotometer. Fluorescence measurements

employed either a PTi MD-5020 or a Perkin-Elmer LS55 fluo-

rescence spectrometer with a 10 nm excitation slit width.

5-(Diethylamino)-2-{[4-(diethylamino)-2-hydroxyphenyl](2-

methylphenyl)methyl}phenol (13): 3-Diethylaminophenol (11,

500 mg, 3.0 mmol) and o-tolualdehyde (12, 175 µL, 1.5 mmol)

were dissolved in propionic acid (15 mL) and catalytic p-TsOH

acid was added. The reaction was purged with argon and heated

to 80–85 °C. The reaction was monitored by TLC by quenching

aliquots (100 µL) in aqueous saturated sodium bicarbonate (200

µL), followed by extraction of the organic material with EtOAc

(200 µL). When all starting materials had been consumed (5 h),

the solution was cooled to 0 °C and poured into excess aqueous

sodium acetate (3 M, 100 mL) to neutralize the propionic acid

and precipitate the triarylmethane. The filtrate was collected by

vacuum filtration, washed with copious amounts of water, and

dried under reduced pressure to provide 13 (480 mg, 74%) as a

tan solid. Mp 68–70 °CM; 1H NMR (400 MHz, CDCl3) δ 7.02

(m, 3H), 6.90 (d, J = 6.8 Hz, 1H), 6.51 (d, J = 8.3 Hz, 1H), 6.05

(m, 4H), 5.55 (s, 1H), 3.10 (q, J = 6.9 Hz, 8H), 2.10 (s, 3H),

0.98 (t, J = 6.9 Hz, 12H); 13C NMR (75 MHz, CDCl3) δ 154.8,

148.1, 140.8, 136.8, 130.4, 130.4, 130.2, 115.2, 105.0, 104.8,

100.2, 100.0, 44.2, 40.8, 19.4, 12.4; IR (film) νmax: 3457, 2971,

1620, 1521 cm−1; HRMS (ESI+, TOF, m/z): [M + H]+ calcd for

C28H36O2N2, 433.2850; found, 433.2848.

6-(Diethylamino)-N,N-diethyl-9-(2-methylphenyl)-3H-

xanthen-3-imine (HRB, 9): 5-(Diethylamino)-2-{[4-(diethyl-

amino)-2-hydroxyphenyl](2-methylphenyl)methyl}phenol (13,

100 mg, 0.23 mmol) and chloranil (85 mg, 0.34 mmol) were

dissolved in MeOH/CHCl3 (1:1, 10 mL). The solution was

stirred at 23 °C for 1 h. When the reaction was complete as evi-

denced by TLC, the solvent was removed under reduced pres-

sure and the residue was applied directly to a column of silica

gel. Flash chromatography (MeOH/CHCl3 1:9) afforded 9

(21 mg, 20%) as a purple film of the chloride salt. 1H NMR

(300 MHz, CDCl3) δ 7.54–7.38 (m, 3H), 7.16–7.13 (m, 3H),

6.86–6.79 (m, 4H), 3.62 (q, J = 7.2 Hz, 8H), 2.06 (s, 3H), 1.33

(t, J = 7.1 Hz, 12H); 13C NMR (75 MHz, CDCl3) δ 157.9,

157.8, 155.6, 135.8, 131.6, 131.4, 130.7, 130.1, 128.7, 126.1,

114.0, 113.4, 96.5, 46.0, 19.5, 12.4; IR (film) νmax: 2981, 1590,

1179 cm−1; HRMS (ESI+, TOF, m/z): [M]+ calcd for

C28H33ON2, 413.2587; found, 413.2583.

9,9'-[(2-Methylphenyl)methylene]bis(2,3,6,7-tetrahydro-

1H,5H-pyrido[3,2,1-ij]quinolin-8-ol) (15): 8-Hydroxy-

julolidine (14, 500 mg, 2.6 mmol) and o-tolualdehyde (12, 154

µL, 1.3 mmol) were dissolved in propionic acid (15 mL) and

catalytic p-TsOH acid was added. The reaction was performed

as described for the preparation of 13 to afford 15 (525 mg,

84%) as a gray solid. Mp 170–174 °C; 1H NMR (400 MHz,

CDCl3) δ 7.12–7.04 (m, 3H), 6.73 (d, J1 = 7.5 Hz, 1H), 6.34 (3,

2H), 6.02 (s, 1H), 3.35 (m, 4H), 3.24 (m, 4H), 2.69 (m, 8H),

2.12 (s, 3H), 2.10 (m, 8H); 13C NMR (75 MHz, CDCl3) δ

150.3, 139.8, 136.1, 132.5, 129.8, 127.9, 127.7, 125.8, 125.0,

119.6, 116.6, 52.1, 51.5, 39.9, 24.8, 20.1, 19.7, 19.1, 18.5 (× 2);

IR (film) νmax: 3270, 2953, 1673, 1471 cm−1; HRMS (ESI+,

TOF, m/z): [M + H]+ calcd for C32H36O2N2, 481.2850; found,

481.2875.

16-(2-Methylphenyl)-3-oxa-9,23-diazaheptacyclo-

[17.7.1.1{5,9} .0{2,17} .0{4,15} .0{23,27} .0{13,28}]octacosa-

1(27),2(17),4,9(28),13,15,18-heptaen-9-ium (HR101, 10):

9,9'-[(2-Methylphenyl)methylene]bis(2,3,6,7-tetrahydro-1H,5H-
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pyrido[3,2,1-ij]quinolin-8-ol) (15, 91 mg, 0.19 mmol) and chlo-

ranil (69 mg, 0.28 mmol) in MeOH/CHCl3 (1:1, 10 mL) were

stirred at 23 °C for 1 h. When the reaction had been complete as

evidenced by TLC, the solvent was removed under reduced

pressure, and the residue was applied directly to a column of

silica gel. Flash chromatography (MeOH/CHCl3, 1:9) afforded

10 (27 mg, 29%) as a purple film of the chloride salt. 1H NMR

(400 MHz, CDCl3) δ 7.44–7.25 (m, 3H), 7.07 (d, J = 6.9 Hz,

1H), 6.56 (s, 2H), 3.41 (m, 8H), 2.97 (t, J = 6.2 Hz, 4H), 2.58

(t, J = 5.9 Hz, 4H), 2.01 (p, J = 6.3 Hz, 4H), 1.90 (s, 3H), 1.84

(p, J = 5.3 Hz, 4H); 13C NMR (75 MHz, CDCl3) δ 156.0,

153.6, 152.6, 137.2, 133.9, 131.6, 130.2, 127.1 (× 2), 125.5,

113.9, 106.7, 51.8, 51.4, 28.5, 21.7, 20.9, 20.8, 19.6; IR (film)

νmax: 2923, 1682, 1596, 1298 cm−1; HRMS (ESI+, TOF, m/z):

[M]+ calcd for C32H33ON2, 461.2587; found, 461.2580.

Determination of log D values
Values of log D were measured by dissolution of solids in 1:1

octanol/phosphate buffer (4 mL total volume, 5 mM phosphate,

pH 7.4) to provide 5 mM solutions of the fluorophore. Samples

were shaken for 24 h at 25 °C to equilibrate. The top and

bottom 1 mL fractions were isolated and centrifuged at 15,000

rpm (no precipitate was observed for any of the samples).

Aliquots of these fractions were diluted in octanol (derived

from the top fraction) or buffer (derived bottom fraction) to

generate stock solutions (10×) appropriate for analysis. These

stock solutions were further diluted 10-fold and analyzed in a

solvent mixture comprising ethanol (80%), octanol (10%), and

phosphate buffer (10%, pH 7.4). The ratio of fluorescence emis-

sion at λmax was used to calculate log D.

Biological evaluation
The N2 strain of C. elegans was cultured as described [47] and

maintained at 20–22.5 °C. Fluorophores were added to normal

growth media (NMG) liquid (at 45–55 °C), poured into Petri

dishes (60 mm), and allowed to cool until solidified. Fluo-

rophores, were prepared fresh as DMSO stocks (1000×) from

dry powders and used immediately. The final amount of DMSO

exposed to animals did not exceed 0.1%. Storage of fluo-

rophores as frozen solutions in DMSO is not recommended and

can result in loss of potency. Prepared media were seeded with

the normal food source of OP50 E. coli and incubated overnight

at room temperature to dry. Adult C. elegans animals (10–20)

were added to the media and allowed to feed freely for 2 h prior

to imaging. Animals were transferred and imaged on 10%

agarose pads in the presence of 2.5% (w/v) polystyrene beads

(50 nm, Bangs Laboratory) to prevent movement. Imaging

employed an Olympus FV1000 laser scanning confocal micro-

scope and Fluoview software. Images were acquired with Plan-

apochromat objectives.

Supporting Information
Supporting Information File 1
Supplementary time-lapse confocal microscopy video

showing dynamics of mitochondrial fusion and fission in a

living adult C. elegans animal imaged after treatment with

HRB (9, 1 nM) for 2 h followed by immobilization on an

agarose pad containing polystyrene beads. Frames were

acquired every 3.3 seconds, and are animated at 3 frames

per second. The animal in the video is oriented such that

the ventral side is left and the anterior is toward the top of

the frame. The distal (mitotic) gonad arm is on the right

half of the animal, whereas the proximal oocytes are on the

left. Dynamic motility of mitochondria in the gonad

including elongation, collapse, fusion, and fission can be

observed.

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

supplementary/1860-5397-8-243-S1.mov]
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Abstract
Inhibition of the Trypanosoma cruzi cysteine protease cruzain has been proposed as a therapeutic approach for the treatment of

Chagas’ disease. Among the best-studied cruzain inhibitors to date is the vinylsulfone K777 (1), which has proven effective in

animal models of Chagas’ disease. Recent structure–activity studies aimed at addressing potential liabilities of 1 have now

produced analogues such as N-[(2S)-1-[[(E,3S)-1-(benzenesulfonyl)-5-phenylpent-1-en-3-yl]amino]-3-(4-methylphenyl)-1-

oxopropan-2-yl]pyridine-4-carboxamide (4), which is trypanocidal at ten-fold lower concentrations than for 1. We now find that the

trypanocidal activity of 4 derives primarily from the inhibition of T. cruzi 14-α-demethylase (TcCYP51), a cytochrome P450
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enzyme involved in the biosynthesis of ergosterol in the parasite. Compound 4 also inhibits mammalian CYP isoforms but is

trypanocidal at concentrations below those required to significantly inhibit mammalian CYPs in vitro. A chemical-proteomics ap-

proach employing an activity-based probe derived from 1 was used to identify mammalian cathepsin B as a potentially important

off-target of 1 and 4. Computational docking studies and the evaluation of truncated analogues of 4 reveal structural determinants

for TcCYP51 binding, information that will be useful in further optimization of this new class of inhibitors.
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Figure 1: Chemical structures of vinylsulfone-based cruzain inhibitors 1–4, known TcCYP51 inhibitor 5, dihydro controls 6–8, and truncated
analogues 12 and 13. The “P2” and “P3” side chains of 1 are labeled and bind, respectively, in the S2 and S3 sub-sites of the cruzain active site.

Introduction
The kinetoplastid protozoan Trypanosoma cruzi is the causative

agent of Chagas’ disease, a leading cause of heart failure in

endemic regions of Latin America [1]. The parasite is trans-

mitted by the reduviid bug and the disease manifests in an

initial acute phase, followed by a chronic phase that can last

decades and typically culminates in heart failure. The existing

treatment for Chagas’ disease involves extended therapy with

nifurtimox or benznidazole, both of which are associated with

undesirable side-effects and have limited efficacy against the

chronic stage of the disease [2,3]. This situation has spurred the

search for more effective and better tolerated therapeutics [4-6].

Among a number of drug targets being investigated are cruzain

[7-10], the major cysteine protease active in the parasite, and

T. cruzi CYP51 (TcCYP51), a 14-α-demethylase enzyme of the

cytochrome P450 family required for ergosterol biosynthesis

[11-14]. TcCYP51 is analogous to the fungal enzyme targeted

by the azole class of antifungals, and the observation that some

of these drugs (e.g., posaconazole) also inhibit TcCYP51 has

led to their preclinical and clinical investigation as potential

new treatments for Chagas’ disease [2,15,16].

Cruzain is a cathepsin-L-like protease of the papain family

thought to be important for intracellular replication and differ-

entiation of the T. cruzi parasite [17]. A variety of small-mole-

cule cruzain inhibitors have been described, the majority of

which act irreversibly by reaction with the catalytic cysteine in

the enzyme active site [18-27]. One of the earliest cruzain

inhibitors identified and perhaps the best studied to date is the

vinysulfone K777 (1, Figure 1). This irreversible inhibitor has

demonstrated efficacy in animal models of Chagas’ disease

[28,29] and continues to undergo preclinical evaluation leading

towards a possible human clinical trial.

Despite many favorable properties, some aspects of 1 are

suboptimal from a drug-development perspective. For example,

compound 1 is known to be a mechanism-based (irreversible)
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Table 1: In vitro biochemical and cellular activities of test compounds and controls. (n.a. = not active (cruzain IC50 > 50 μM); BNZ = benzindazole;
POSA = posaconazole).

compound cruzain activity TcCYP51 activity T. cruzi growth inhibition
kinact/Ki
(s−1·M−1)

in vitro KD
(nM)

cellular activity
(Y/N, conc.)a

MTCb (μM) HCSc

EC90 (μM)

1 118,000 >2,000 N (1.6 μM) 8 0.10
2 120,000 — — 10 —
3 16,000 >2,000 N (2.0 μM) 8 1.85
4 67,300 ≤5 Y (0.2 μM) 0.6 0.10
5 — ≤5 Y (5.0 μM) ≤10d —
6 n.a. >2,000 N (2.0 μM) >10 >10
7 n.a. >2,000 N (0.1 μM) >10 >10
8 n.a. ≤5 Y (0.1 μM) 0.25 0.11
9 81,500 — — 5e 0.017
12 n.a. 620 ± 260 — >10 >10
13 n.a. 75 ± 26 — 1f 3.9
BNZ — — — 10 7.2
POSA — ≤5 Y (0.1 μM) 0.003 2.7

aCompound affects ergosterol biosynthesis at indicated concentration as determined by GC/MS analysis. bMinimum effective concentration that
clears J774 host cells of parasites at day 40 of the experiment, following 28 days of treatment. cConcentration that reduces parasite load in C2C12
cells by 90% relative to untreated controls. dConcentrations lower than 10 μM were not examined. eExperiment performed in BESM host cell rather
than J774 cells. fRead at day 12 following 7 days treatment.

inhibitor of CYP3A4, an enzyme responsible for the metabo-

lism of many drugs, including 1 itself [30]. In pharmacokinetic

studies, compound 1 exhibits nonlinear exposure with esca-

lating dose and is known to be a substrate of the drug trans-

porter P-glycoprotein (P-gp). Finally, as a basic (protonatable)

drug species, 1 could potentially accumulate in acidic lyso-

somes, where mammalian cathepsins (potential off-targets of 1)

are located. The issue of lysosomotropism figured prominently

in the discovery and clinical development of cathepsin K inhibi-

tors for osteoporosis. The first such inhibitor to successfully

navigate human clinical trials is odanacatib, which was inten-

tionally designed as a nonbasic drug species to minimize the

potential for lysosomotropic behavior [31,32].

We sought to address the question of lysosomotropism by pre-

paring analogues of 1 in which the basic piperazine substituent

at “P3” (which binds the S3 subsite of cruzain) was replaced

with nonbasic or weakly basic heterocycles. In our initial struc-

ture–activity study [21], we found that analogue 2 (Figure 1),

bearing a 2-pyridylamide at the P3 position, possessed

trypanocidal activity that was on par with 1 (Table 1). However,

none of the nonbasic analogues examined proved superior to 1

and only 2-pyridyl analogues such as 2 and 3 appeared even

comparable. We therefore turned to more dramatic structural al-

teration and successfully identified and structurally character-

ized a new nonpeptidic cruzain inhibitor chemotype [24]. Most

recently, we returned to reinvestigate nonbasic analogues of 1

and now report that 4-pyridyl analogues such as 4 (Figure 1) are

significantly more trypanocidal than 1 or 2, and unexpectedly

exert their trypanocidal effects primarily by inhibition of

TcCYP51 rather than cruzain.

Results and Discussion
Structure–activity studies
Our exploration of the P3 position in 1 included the evaluation

of regioisomeric 2-, 3-, and 4-pyridyl congeners in the context

of various P2 side chains. In many such analogue series, we

found that regioisomeric analogues possessed similar cruzain

activities in vitro, while the 4-pyridyl examples consistently

demonstrated superior trypanocidal activity against cultured

T. cruzi parasites. For example, 4-pyridyl analogues (e.g., 4)

exhibited sub-micromolar minimal trypanocidal concentration

values (MTC = 0.6 μM) while the MTC values for 2-pyridyl

(e.g., 3) and 3-pyridyl analogues were typically ≈10 μM, which

was similar to the MTC of 1 (Table 1). The MTC represents the

minimum concentration of test compound required to

completely clear T. cruzi parasites from J774 macrophage host

cells over a 40-day experiment, with the test compound being

administered during the initial 28 days.

The enhanced potency of 4-pyridyl analogues as compared to 1

or their regioisomeric analogues was not predictable on the

basis of in vitro cruzain activity (Table 1). Nor could the trends

be explained as an effect of lysosomotropism, since enhanced

potency was observed only for the 4-pyridyl analogues and not

for 2- or 3-pyridyl analogues, which have similar pKa values.
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Figure 2: Computational docking models. (A) Predicted binding modes of 4 and (R)-5 bound to TcCYP51. For 4, the ligand, the protein, and the heme
group are shown in green, pink, and grey, respectively. For (R)-5, the ligand, the protein, and the heme group are shown in cyan, purple, and white,
respectively. Heme-iron chelation and hydrophobic binding interactions dominate in the models. (B) Predicted binding models of truncated analogues
12 and 13 to TcCYP51. For 12, the ligand, the protein, and the heme group are shown in orange, light green, and light grey, respectively. For 13, the
ligand, the protein, and the heme group are shown in magenta, dark green, and dark grey, respectively.

Instead, we considered that additional target(s) may be respon-

sible for the surprising potency of the 4-pyridyl analogues.

Specifically, we were aware that a 4-pyridyl ring comprises the

putative heme-binding moiety in a new class of TcCYP51

inhibitors represented by compound 5 (Figure 1). Other struc-

tural similarities of 4 and 5 suggested that compound 4 could

conceivably bind TcCYP51.

To test the hypothesis that 4 may also target TcCYP51, we

examined the binding of this compound to TcCYP51 using a

UV–vis spectroscopic binding assay described previously [33].

Indeed, compound 4 bound TcCYP51 with an estimated

KD ≤ 5 nM, a value comparable to the binding affinity of the

known TcCYP51 inhibitor 5 [16]. 2-Pyridyl analogue 3 did not

measurably bind TcCYP51 (KD > 2,000 nM, Table 1), whereas

the corresponding 3-pyridyl congener (not shown) binds about

100-fold more weakly (KD ≈ 500 nM) than 4. These findings

were thus consistent with our hypothesis that the 4-pyridyl ring

in 4 is involved in binding TcCYP51. The 2-pyridyl ring system

in 3 is presumably unable to chelate heme in TcCYP51 due to

steric hindrance from the immediately adjacent amide linkage.

Computational docking studies
We next employed computational docking and a model derived

from the crystal structure of TcCYP51 to compare predicted

binding modes of 4 and (R)-5. The two ligands were docked by

using the induced-fit docking protocol with Glide XP [34], and

the models were further refined by minimizing the energies of

the ligand and surrounding residues (within 5 Å of ligand) using

PRIME [35]. Finally, binding scores were computed by using

both Glide XP and the MM/GMSA method. Compound 4 was

predicted to bind in a similar fashion as (R)-5, with the

4-pyridyl ring chelating the heme-iron atom and the tolyl ring at

P2 contacting many of the same residues (e.g., Try103, Phe110)

predicted to interact with the tryptophan ring of (R)-5

(Figure 2A). This same hydrophobic site in TcCYP51 binds the

fluoroaryl rings of fluconazole and posaconazole in co-crystal

structures [14]. The predicted binding mode of the enantiomer

(S)-5 was described previously [16] and is distinct from that

proposed for 4 and (R)-5.

Thus, computational docking provides a conceptual picture of

how compound 4 – notionally a cruzain inhibitor – might also

bind TcCYP51. Interestingly, this is not the first time that potent

TcCYP51 binding has been discovered in a molecule originally

intended for a different target. Buckner and Gelb unexpectedly

found that the human protein farnesyltransferase (PFT) inhibitor

tipifarnib exerts its antitrypanosomal effects through inhibition

of TcCYP51 [36]. Subsequently, these researchers succeeded in

divorcing PFT activity from TcCYP51 inhibition in the tipi-

farnib scaffold, producing new lead compounds with

compelling properties [37-39].

Inhibition of mammalian CYPs
A concern with any inhibitor of TcCYP51 is the potential for

cross reactivity with mammalian cytochrome P450 (CYP)
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Table 3: Mechanism of inhibition studies for compounds 1 and 4.
These data suggest that inhibition of CYP3A4 by 1 is irreversible in
nature.

compound
2C19
IC50 (μM)

3A4
IC50 (μM)

+NADPH −NADPH +NADPH −NADPH

1 5.54 8.22 0.0059 1.08
4 0.300 0.170 0.117 0.046

enzymes, especially those CYPs involved in drug metabolism,

like CYP3A4. To assess this risk, we evaluated the inhibitory

activities of 4 and 1 across a panel of relevant mammalian CYP

enzymes (Table 2). Both 4 and 1 inhibited all CYPs in the

panel, with IC50 values generally in the low micromolar range.

Although compound 4 did inhibit CYP3A4, the potency of inhi-

bition (IC50 = 0.8 μM) was less than that exhibited by the anti-

fungal drug ketoconazole (IC50 = 0.086 μM). It should be noted

that the substrate-derived IC50 values from the CYP panel are

not directly comparable to the KD values for binding to

TcCYP51. What can be said is that the antitrypanosomal effects

of 4  are realized at concentrations (EC90  = 0.1 μM,

MTC = 0.5 μM) well below the in vitro potency of the com-

pound across the CYP panel (average IC50 ≈ 7 μM). Com-

pound 4 thus possesses reasonable selectivity with regard to off-

target CYP inhibition, and represents a reasonable starting point

from which further improvements in selectivity may be under-

taken.

Table 2: In vitro inhibition of important mammalian CYP enzymes.

compound
IC50 (μM)
1A2 2C9 2C19 2D6 3A4

1 24 32 7.6 26 1.7
4 22 5.5 3.4 2.7 0.8
ketoconazole — — — — 0.086

Given the similar IC50 values for 1 and 4 against CYP3A4, we

were curious to determine whether 4 is an irreversible inhibitor

of this enzyme, as is the case for 1 [30]. Irreversible inhibition

is typically assessed by measuring the activity of microsomal

CYPs following pre-incubation with or without NADPH.

Consistent with earlier studies [30], compound 1 exhibited irre-

versible inhibition of CYP3A4 as reflected in a significantly

lower IC50 value with NADPH pre-incubation (Table 3). In

contrast, compound 4 showed behavior typical of reversible

inhibition, with no NADPH-dependent shift in the IC50 value.

In the case of CYP2C19, both compounds were found to be re-

versible inhibitors. These results suggest that CYP inhibition by

4 involves reversible binding of the parent molecule, while the

inhibition of CYP3A4 conferred by 1 is dependent on initial

conversion to a reactive metabolite. Whatever the explanation,

reversible inhibition of CYP enzymes (as with 4) is clearly

preferable to irreversible inhibition from a drug-safety perspec-

tive.

Inhibition of TcCYP51 in live parasites
We next sought to better define the relative importance of

TcCYP51 and cruzain inhibition in the antitrypanosomal effects

of compound 4. Since the 2-pyridyl analogue 3 was found to not

bind TcCYP51, this compound could serve as a control for the

cruzain-derived (and/or other cysteine-protease-derived) effects

of 4. To provide controls lacking activity against cysteine

proteases, we reduced the vinylsulfone function in analogues 1,

3, and 4 to afford the dihydro analogues 6–8 (Figure 3). As

expected, these analogues were devoid of any detectable

cruzain inhibitory activity (IC50 > 50 μM, Table 1). Com-

pounds 3, 4, 7 and 8 thus comprised a set of analogues with

complementary activity profiles against the two putative targets:

4 (cruzain and TcCYP51 inhibition), 8 (TcCYP51 inhibition

only), 3 (cruzain inhibition only), and 7 (neither activity).

Figure 3: Synthesis of the additional control compound 6–8, the
reduced forms of analogues 1, 3, and 4 respectively.

Compounds 3, 4, 7, and 8 were evaluated for potency against

intracellular T. cruzi parasites by using two different assays.

The reported EC90 values (Table 1) represent compound

concentrations required to reduce parasite numbers in C2C12

host cells by 90% as compared to untreated controls, as deter-

mined by using a high-content imaging-based screening (HCS)

approach [33,40]. This high-throughput assay provides a rapid

measure of the initial acute effects of test compound on para-

site viability. The more laborious MTC assay identifies com-

pound concentrations that clear parasites from the host cell, as

determined ca. two weeks after the conclusion of a four-week

course of treatment. This MTC assay therefore provides a

measure of trypanocidal action that cannot be drawn from the

more rapid HCS assay. We judge that MTC values are more

representative of the therapeutic drug levels that would likely be
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required to produce efficacy in an animal model of Chagas’

disease.

The antitrypanosomal effects of compounds 3, 4, 7, and 8 were

in general agreement with their in vitro activities against the

two putative targets (Table 1). Analogue 7, devoid of either

activity in vitro, showed no effects on T. cruzi parasites in either

the HCS or MTC assay. Analogue 3, possessing primarily

cysteine-protease-derived effects, was effective in both assays

and equipotent to 1 in the MTC assay. Putatively dual-targeted

analogue 4 was about 10-fold more potent than 1 in the MTC

assay and equipotent by HCS. Most unexpectedly, we found

that compound 8, which lacks any cruzain-derived effects of 4,

was equipotent to 4 by HCS and 2–4 times more potent than 4

in the MTC assay.

The in vitro and cell-based activities of 4 and 8 suggest

TcCYP51 as a relevant target of these compounds. To assess

inhibition of TcCYP51 in live parasites we analyzed the sterol

composition of intracellular T. cruzi parasites treated with test

compounds 3–8, 1, or posaconazole as a positive control. The

analysis was performed by employing GC/MS as reported

previously for compound 5 [33]. The GC/MS trace for unin-

fected host cells establishes that the additional peaks observed

in infected cells are of T. cruzi origin (peaks labeled a-i,

Figure 4). Treatment with the known TcCYP51 inhibitor

posaconazole produces an increase in the relative abundance of

TcCYP51 substrates lanosterol (f) and eburicol (h) and accord-

ingly, a reduction in the abundance of downstream sterols such

as fecosterol (e) and cholesta-7,24-dien-3β-ol (a), among others.

Treatment with 1 had little effect on sterol composition as

expected, whereas treatment with compound 4 or 8 produced

effects very similar to those observed in posaconazole treated

parasites (Figure 4 and Supporting Information File 1). The

other test compounds evaluated (3, 6, 7) produced no signifi-

cant change in lipid composition, as expected since these com-

pounds do not inhibit TcCYP51 in vitro (Supporting Informa-

tion File 1). Test compounds were necessarily studied at

concentrations below their MTC, so as to retain a population of

viable parasites for analysis.

An activity-based probe reveals an off-target
of 1 and 4
We next sought to evaluate the cysteine-protease-related effects

of the various test compounds in T. cruzi parasites. To do this,

we designed and synthesized the “clickable” activity-based

probe 9 in which a propargyl group (replacing methyl in 1)

serves as a chemical handle for conjugation to TAMRA- or

biotin-containing reagents (10 and 11, respectively, Figure 5).

Probe 9 was found to be equipotent to 1 against cruzain in vitro

and retained similar effects against T. cruzi parasites in both the

Figure 4: GC/MS analysis of lipid extracts from T. cruzi parasites
treated with test compounds. DMSO and K777 (1) were used as nega-
tive controls; posaconazole served as a positive control. The analysis
of 4 was performed concurrently with other CYP51 inhibitors described
recently [33] and, thus, the spectra for the controls shown above are
reproduced from the earlier report. Spectra of lipid extracts from para-
sites treated with 3, 6, 7, and 8 are provided in Supporting Information
File 1. Uninfected host cell panel (top) demonstrates that chromato-
graphic peaks labeled a to i in subsequent panels are of T. cruzi origin.
These peaks are assigned as a - cholesta-7,24-dien-3β-ol, [M]•+ = m/z
454; b - cholesta-8,24-dien-3β-ol (zymosterol), [M]•+ = m/z 470; c -
24-methyl-7-en-cholesta-en-3β-ol, [M]•+ = m/z 472; d - ergosta-7,24-
diene-3β-ol (episterol), [M]•+ = m/z 470; e - ergosta-8,24-diene-3β-ol
(fecosterol), [M]•+ = m/z 470; f - lanosterol, [M]•+ = m/z 498; g -
4-methylepisterol, [M]•+ = m/z 484; h - eburicol, [M]•+ = m/z 512; i -
24-ethyl-7,24(24’)-encholestadien-3β-ol, [M]•+ = m/z 484.
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HCS and MTC assays. Thus, the cysteine protease target(s) of 9

in parasite and host cell can reasonably be assumed to be the

same as for 1 and close analogues such as 4.

Figure 5: Chemical structures of compound 9, a “clickable” activity-
based probe based on 1 and complementary azide-containing
reagents 10 and 11.

Independently, another group recently reported the synthesis of

9 and its use to identify putative targets of 1 in the related para-

site Trypanosoma brucei [41]. Our efforts to similarly identify

targets of 1 in T. cruzi were complicated by the presence of a

host-cell protein that was apparently a major target of 9. In a

typical experiment, intracellular T. cruzi amastigotes were

treated with 9 for 1 hour, followed by cell lysis, “click” reac-

tion with TAMRA azide 10, and separation/visualization by

SDS-PAGE. Regardless of the host cell employed (J774

macrophage, or C2C12), only one prominently labeled band at

≈35 kDa was observed in these experiments. This band was

attributed to a host-cell protein as it appeared also in analogous

experiments employing uninfected cells. In fact, we could not

conclusively identify any unique bands of parasitic origin in our

experiments, although such bands might well have escaped

detection due to lower abundance and labeling below the limit

of fluorescence detection.

The discovery of a potential mammalian off-target of probe 9

(and presumably also of 1) was of considerable interest, so we

explored this finding further. To determine if this protein was

also a target of 1 and 4, we conducted competition experiments

in C2C12 cells. Hence, pre-incubation of cells with competitor

compound at either 1 μM or 10 μM for one hour was followed

by treatment for one hour with 9, followed by cell lysis, conju-

gation to 10, separation (SDS-PAGE), and detection by

rhodamine fluorescence as before. In these experiments,

pretreatment with 10 μM of compound 1, 3, or 4 successfully

blocked labeling of the ≈35 kDa band by probe 9, thus indi-

cating that these compounds also react with this target

(Figure 6). As expected, the nonelectrophilic dihydro forms of 1

and 4 (i.e., compounds 6 and 8) did not compete for labeling by

9. Taken together, these results strongly suggest that com-

pounds 1, 3 and 4 react irreversibly with the ≈35 kDa protein in

a process involving the electrophilic vinylsulfone moiety.

Figure 6: Competitive labeling of host cell (C2C12) proteins. Intact
cells were labeled with probe 9 following a competitive pre-incubation
step with compounds 1, 4, 3, 8, or 6. After cell lysis, protein adducts of
9 were conjugated to rhodamide-based dye 10. The gel image at the
top shows rhodamine fluorescence. The gel image at the bottom is of
the coomassie stained gel. A successfully competed band is observed
at ≈35 kDa, and this was subsequently identified as cathepsin B.

Chemical proteomics
We next applied mass spectrometric analysis to identify the

≈35 kDa band, which was an apparent target of the electro-

philic inhibitors described above. To enrich for this protein,

C2C12 cells were labeled with 9 as before and then reacted with

the biotin azide reagent 11, followed by biotin capture onto

streptavidin beads. A base-cleavable ester function was intro-

duced in the linker of 11, and this allowed enriched proteins to

be released from beads by treatment with sodium hydroxide.

The liberated proteins were separated by SDS-PAGE, and the

relevant band at ≈35 kDa extracted from the gel. An in-gel

trypsin digest [42] was followed by UPLC separation of the
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Figure 7: MS/MS spectrum of the tryptic peptide S264-R281 from mouse cathepsin B, identified in pull-down experiments employing compound 9 in
C2C12 cells. Observed sequence ions are labeled (m = oxidized methionine).

tryptic peptides and MS/MS analysis using a hybrid linear ion-

trap-Orbitrap mass spectrometer. Tandem mass spectra acquired

were searched against the UniProtKb database employing

ProteinProspector; four MS/MS spectra corresponding to the

same peptide sequence were identified (Figure 7). This

sequence was found to correspond to the tryptic peptide span-

ning resides S264-R281 from mouse cathepsin B (uniprot

P10605). Significantly, this peptide was not found in analogous

experiments where pre-incubation with 1 or 4 (at 10 μM)

preceded labeling with 9, nor in an experiment in which 9 was

not added. Thus, cathepsin B is very likely the host-cell protein

target of compounds 1 and 4 identified in the competition

experiments with compound 9.

The identification of cathepsin B as a relevant cellular off-target

of 1 and 4 is potentially significant. On the one hand, the HCS

EC90 values of 1 and 4 are at least 10-fold lower than the

concentrations of these compounds used in the competition

experiments. Thus, one might expect to achieve effects on para-

site viability before significant inhibition of cathepsin B is

conferred. On the other hand, the MTC for 1 (8 μM) lies

squarely in the range at which the compound effectively

competes for cathepsin B labeling by 9. Thus, if micromolar

concentrations of 1 are indeed required to achieve a therapeutic

effect in animals, one might well be concerned about the effects

on host cathepsin B. Thus, the experiments with 9 identified a

potential off-target while also providing an experimental means

for testing the effects of new analogues on this off-target in a

relevant, cellular context.

Defining a new lead scaffold for TcCYP51
inhibition
The similar cellular potencies of 4 and its reduced form 8

suggest that cruzain inhibition plays a relatively minor role in

the trypanocidal action of 4. To a first approximation, the

cruzain- and TcCYP51-derived effects of 4 should be similar to

those of its close analogues 3 (MTC ≈ 10 μM) and 8 (MTC ≈

0.25 μM), respectively. Unless the effects of inhibiting both

targets are synergistic, which is not supported by the data, there

would appear to be little benefit gained by combining a rela-

tively weak cruzain-derived effect with a much more potent

insult conferred by TcCYP51 inhibition. Moreover, it now

seems likely that electrophilic compounds such as 1 and 4 may

be partially consumed in nonproductive reactions with host-cell

proteases (e.g., cathepsin B) and/or other cytosolic nucleo-

philes (e.g., glutathione). This possibility is supported by our

competitive labeling experiments (Figure 6) and by in vitro

studies employing physiological concentrations of glutathione

(Supporting Information File 1). With regard to the inhibitor

chemotypes covered here, there appears to be little rationale for

targeting both cruzain and TcCYP51. On the other hand, the

surprising potency of analogue 8 does suggest this as a new lead

scaffold for the development of novel TcCYP51 inhibitors.

We next sought to define the minimal pharmacophore within 8

required for inhibition of TcCYP51 in vitro and anti-

trypanosomal effects in whole cells. We therefore synthesized

truncated analogues of 8, such as 12 and 13 (Figure 1). These

compounds retain the 4-pyridyl ring and neighboring tolyl side
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chain of 8 while dispensing with those substituents further

removed from the putative heme-binding moiety. Interestingly,

the truncated analogues 12 and 13 bound TcCYP51 signifi-

cantly more weakly than 4 or 8 (Table 1), suggesting that side

chains relatively far removed from the 4-pyridyl ring nonethe-

less play an important role in binding.

Computational docking of 12 and 13 provided some insight into

the observed binding trends. Analogue 13 adopts a docking

pose very similar to 4 with respect to the 4-pyridyl and tolyl

ring systems. When compared to the poses for 4 or 13, the tolyl

ring in 12 projects much less deeply into the aromatic pocket

formed by Phe110 and Tyr103 (Figure 2). Neither 12 nor 13

form interactions with more distal residues (e.g., Leu208,

Pro210) that are predicted to form productive contacts with 4.

Thus, a larger number of hydrophobic contacts and better orien-

tation of some side chains may explain the binding trends for 4,

12, and 13. Interestingly, the rank-order binding affinities of 4,

12, and 13 were correctly predicted by the MM-GBSA method

applied to the binding models of these compounds (Supporting

Information File 1). This suggests that such models could serve

to aid in the design of new TcCYP51 inhibitors derived from

this scaffold.

The antitrypanosomal activities of analogues 12 and 13 could

be correlated with their in vitro binding affinities for TcCYP51

(Table 1). Hence, analogue 13 (KD = 75 nM) shows reduced

antitrypanosomal activity when compared to 8 (KD ≈ 5 nM).

Still weaker-binding analogue 12 (KD = 620 nM) exhibited no

antitrypanosomal effect at the highest concentration examined

(10 μM). Thus, compound 13 can be considered to represent a

“minimal pharmacophore” that retains reasonable affinity for

TcCYP51 in vitro while also conferring an effect on T. cruzi

parasites in culture. Future work will focus on further refining

the in vitro and cellular potency of this scaffold, with com-

pound 13 serving as a chemical departure point.

Conclusion
Structure–activity studies are often conducted with the under-

lying assumption that molecular mechanisms are the same

within congeneric analogue series. This assumption is rein-

forced when activity in biochemical assays can be correlated

with cell-based activity. Of course perfect correlation is rarely

observed, even when a series is in fact “on-target”. Especially

perilous is the construction of mechanistic hypotheses based

solely on the correlation of in vitro biochemical assay data with

gross phenotypic endpoints such as parasite growth inhibition or

cell death. As demonstrated here, even seemingly trivial struc-

tural changes within a congeneric SAR series can produce

analogues with disparate molecular mechanisms of action.

Advisable approaches to deal with these uncertainties include

the use of cell-based counter assays that can detect action at

specific targets or signaling pathways of interest. Activity-based

probes can serve as useful tools to verify on-target action during

the course of chemical optimization campaigns.

Supporting Information
The Supporting Information features a table with

experimentally determined and computationally predicted

binding affinities, additional GC/MS spectra from

lipid-analysis studies, time courses for reaction of

compounds 1 and 6 with glutathione in vitro, and synthetic

schemes for analogues 4, 9, 11, 12, and 13, as well as

experimental procedures.

Supporting Information File 1
Figures, schemes, and experimental procedures.

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

supplementary/1860-5397-9-3-S1.pdf]
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Abstract
There has been significant interest in the bioactivity of the natural product psammaplin A, most recently as a potent and isoform

selective HDAC inhibitor. Here we report our preliminary studies on thioester HDAC inhibitors derived from the active monomeric

(thiol) form of psammaplin A, as a means to improve compound delivery into cells. We have discovered that such compounds ex-

hibit both potent cytotoxicity and enzymatic inhibitory activity against recombinant HDAC1. The latter effect is surprising since

previous SAR suggested that modification of the thiol functionality should detrimentally affect HDAC potency. We therefore also

report our preliminary studies on the mechanism of action of this observed effect.
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Introduction
Chromatin is a macromolecular complex consisting of DNA,

histone and nonhistone proteins. The epigenetic control of chro-

matin organization plays a major role in the regulation of gene

expression, and consequently cell differentiation, proliferation

and survival. Such control is mediated by a myriad of remodel-

ling proteins, able to bind to, and covalently modify, chromatin

[1,2]. In recent years, it has become increasingly apparent that

misregulation of epigenetic pathways contributes to oncogen-

esis [3,4] and small molecule inhibitors of these pathways have

emerged as highly attractive targets for anticancer therapies

[5,6]. Inhibitors of epigenetic pathways should not only be

useful as anticancer drugs, but also as molecular probes to study

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:m.fuchter@imperial.ac.uk
http://dx.doi.org/10.3762%2Fbjoc.9.11
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Scheme 1: SAR of psammaplin A against zinc-dependant HDACs. Adapted from Baud et al. [20].

the causative relationships between specific epigenetic modifi-

cations, their biological outcomes, and how their misregulation

is involved in diseases such as cancer [1,2].

The dynamic post-translational acetylation/deacetylation of

histone proteins is one of the most commonly studied epige-

netic events, and occurs at specific lysine residues on the

N-terminal histone tails, which project out from the nucleo-

some (the fundamental repeating unit of chromatin). Acetyla-

tion/deacetylation of such lysine residues is achieved by the

action of histone acetyltransferases (HATs) and histone

deacetylases (HDACs), respectively. Histone deacetylation by

HDACs causes transcriptional repression through both chro-

matin condensation and chromatin signalling. To date, 18

human genes encoding proven or putative HDACs have been

identified [7]. HDACs fall into two categories: the zinc-depen-

dent enzymes (class I, II and IV) and the NAD+-dependent

enzymes (class III, also called sirtuins) [5]. Class I HDACs

(HDAC1, 2, 3, 8) are mostly present in the nucleus, whereas

class II HDACs are tissue specific and shuttle between the cyto-

plasm and the nucleus [8,9]. Class II can be further subdivided

into class IIa (HDAC4, 5, 7, 9) and class IIb (HDAC6, 10).

HDAC11 constitutes its own class IV. Despite their name,

several HDACs are able to deacetylate a number of nonhistone

protein substrates [10,11]. Sirtuins are structurally and mecha-

nistically distinct enzymes.

To date, only two compounds that inhibit HDACs have been

FDA approved: suberoylanilide hydroxamic acid (SAHA, 1,

trade name Zolinza by Merck & Co.) and romidepsin 2 (trade

name Istodax by Celgene) for the treatment of cutaneous T-cell

lymphoma (CTCL, Figure 1) [12-14]. The success of these

compounds in the clinic has led to a significant interest in the

Figure 1: FDA approved HDAC inhibitors for the treatment of CTCL.

further discovery of structurally novel HDAC inhibitors that, in

particular, exhibit improved isoform selectivity.

Among the myriad of previously reported HDAC inhibitors,

psammaplin A [15-18] (3, X = OH, Scheme 1, left) displays an

intriguing structure. It is a symmetric, dimeric hydroxyiminoty-

rosine-based natural product, characterised in 1987, and repre-

sents the first example of a disulfide and oxime containing

metabolite isolated from a marine sponge. Since its initial report

by Crews and co-workers as a potent HDAC inhibitor [16],

psammaplin A has provided inspiration for the development of

new HDAC inhibitors with novel structures [19]. Recently, we

[20] and others [21] reported an in-depth structure–activity rela-

tionship of this natural product against its HDAC targets.

Dissection of its activity against a panel of HDACs allowed us

to highlight structural features responsible for its high inhibitory
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Scheme 2: Synthesis of 7–9. Conditions: (i) HCl·H2NOMe, pyridine, rt, 12 h; (ii) EDC, NHS, dioxane, rt, 3 h; (iii) 6, Et3N, dioxane/MeOH, rt;
(iv) HCl·H2NOH, pyridine, rt, 12 h; (v) DCC, NOHP, 6, Et3N, dioxane, rt, 24 h.

potency and selectivity. In particular, we unambiguously

demonstrated that, similarly to the natural product and clini-

cally approved romidepsin, psammaplin A is a prodrug,

requiring reduction of its disulfide functionality to the corres-

ponding thiol monomer 4 (X = OH), in order to potently inhibit

HDACs (Scheme 1, right). The resulting thiol moiety acts as a

zinc binding group within the active site of the HDAC protein.

Furthermore, we demonstrated the importance of the oxime unit

of psammaplin A and related analogues for high potency and

selectivity against recombinant HDAC1 (rHDAC1) in vitro

(Scheme 1). More recently, we disclosed highly potent hetero-

cyclic N-thioethylamide-based HDAC inhibitors based on the

psammaplin A pharmacophore and rationalised the results using

computational modelling [22].

While prereduced psammaplin A and thiol-containing

analogues displayed nanomolar to subnanomolar potencies in

vitro, they only displayed modest potencies in cell-based assays

against A549 (human lung carcinoma), MCF7 (human breast

carcinoma) and WI38 (normal human lung fibroblast) cell lines.

We attributed this to the low permeability and/or stability of the

free thiol in cells. While the use of nonreduced disulfide func-

tionality (e.g., present in the parental psammaplin A (3),

X = OH) is one strategy to “protect” the free thiol and allow for

its effective dosing into cells, this prodrug strategy is reliant on

intracellular reduction of the disulfide to the active thiol form.

As such, cellular potency would be expected to correlate signifi-

cantly with the cellular levels of reductants such as glutathione

[23]. An alternative prodrug approach to “protect” the thiol

active form of psammaplin A analogues would be to form the

corresponding thioester; the active thiol being generated in cells

after cleavage of the acyl group by nonselective esterases. In

support of this approach, Miyata and co-workers synthesised a

number of SAHA-derived thioesters during their research of

nonhydroxamate inhibitors of HDACs, which exhibited

moderate to high potency in enzymatic and cell-based assays

[24,25]. Interestingly, the potencies of their compounds were

higher than the potencies of their corresponding dimeric disul-

fide analogues, and this was thought to reflect the rate of

thioester hydrolysis versus the rate of disulfide reduction. We

therefore commenced a study to prepare thioester derivatives of

our psammaplin A analogues to investigate whether this would

be an effective strategy to optimise these potent and selective

HDAC inhibitors.

Results and Discussion
Synthesis of acetate-protected thiol
analogues of psammaplin A
We designed and synthesised several acetate-protected

psammaplin A analogues. The structures of our thioester-based

probes are shown in Scheme 2. We recently demonstrated [20]

that variation of the aromatic substitution pattern had only a

marginal influence on the HDAC inhibitory potency of

psammaplin A analogues in vitro. Therefore, the native phenol

was replaced by its methylated homologue for ease of synthesis,

notably to avoid side reactions during the carbodiimide-medi-

ated coupling step, whereby we had previously found the

phenol to act as a competitive nucleophile. Since we had previ-

ously demonstrated the importance of the oxime (Scheme 1) for

HDAC potency and selectivity, we prepared probes with these

different functionalities in order to allow comparison of our

data to our previously generated in vitro and in cell SAR data

[20].

Condensation between acid 5 and O-methylhydroxylamine, fol-

lowed by EDC coupling with S-2-aminoethyl ethanethioate 6

[26] afforded thioacetate analogue 7 (Scheme 2). Condensation

of acid 5 with hydroxylamine, followed by coupling with 6

using DCC and N-hydroxyphthalimide [27] as coupling

reagents afforded thioacetate 8. The latter conditions were also

applied to 5 and afforded thioacetate analogue 9. The isolated

yields for products 8 and 9 were unoptimised, and our previous

work suggests that these could be improved with further refine-

ment of the reaction conditions [28].
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Table 1: Biological data.

Compound A549
IC50 (μM)

MCF7
IC50 (μM)

WI38
IC50 (μM)

rHDAC1
IC50 (μM)

rHDAC6
IC50 (μM) IC50

6/1

SAHA (1) n.d. n.d. n.d. 0.030 0.21 7
PSA (3) 7.5 1.3 3.4 0.045 2.8 62

PSA-SH (4) 2.5 2.4 3.4 0.001 0.36 360

8a 8.3
(4.1/0.16)

3.2
(0.63/0.61)

5.2
(2.2/1.1)

0.005
(0.043/0.002)

23
(2.0/3.2)

4560
(46/1772)

7a 44
(46/5.1)

12
(13/12)

17
(n.d./10)

0.12
(0.22/0.015)

>50
(>50/2.7)

>417
(>230/180)

9a >50
(10/11)

21
(3.9/3.4)

>50
(4.1/14)

0.48
(9.0/1.1)

9.5
(8/0.25)

>20
(0.9/0.22)

aIn brackets are data for the corresponding disulfides and thiols respectively, obtained from Baud et al [20].

Thioesters 7–9 were assayed against A549, MCF7 and WI38

cell lines, in addition to recombinant human rHDAC1 (class I)

and recombinant human HDAC6 (rHDAC6, class II) as previ-

ously reported [20]. Psammaplin A (3), prereduced psammaplin

A thiol (4), and SAHA (1) were included as control compounds.

The results are shown in Table 1. IC50
6/1 is defined by the ratio

IC50
HDAC6/IC50

HDAC1 and was used as an indicator of isoform

selectivity in vitro.

The synthesised thioesters displayed modest but significant

cytotoxic activity in our cell-based assays (Table 1, columns

1–3). Compound 8, which contains an oxime moiety, was the

most potent compound in each case, followed by methyloxime

7, and finally ketone 9. These findings parallel our previous

SAR data for the corresponding thiols [20], and reflect the

previously established potency ranking for the AB system:

NOH > NOMe > O. The most sensitive cell line to treatment

was the MCF7 breast cancer cell line, with the most potent

thioester 8 displaying an IC50 of 3.2 μM. Such sensitivity corre-

lates with previous SAR data [20]. While being moderately

potent against MCF7 cells (21 μM), 9 was inactive against

A549 and WI38 cells at the highest concentration tested

(50 μM). Similar to our previously reported SAR and mecha-

nistic studies, a correlation between HDAC inhibition and cyto-

toxicity is clearly observable for these psammaplin A prodrugs.

Notably, in enzyme assays, the potencies of our acetate-

protected analogues approached those of their corresponding

thiols (Table 1, see notea), while being approximately 10-fold

more potent than the parental disulfide series (Table 1, see

notea). For example, 8 was found to be highly potent against

rHDAC1, displaying an IC50 of 5 nM. With the exception of 9,

acetyl-protected compounds were found to be 2.5 (8) to 8 times

(7) less potent than the corresponding free thiol analogues

against rHDAC1. Curiously, acetyl-protected compounds 7–9

were found to be moderately active to completely inactive

against rHDAC6 in each case, highlighting the important

isoform selectivity of these compounds.

The mechanistic origin for the high potency of the supposed

prodrug thioesters in cell-free assays was unclear: Such com-

pounds were designed to be cleaved to give the active (thiol)

inhibitor in cells, and presumably exhibit a decreased potency

against the target HDAC, prior to cleavage of the acetyl group.

As previously mentioned, Miyata and co-workers synthesised a

number of SAHA-based thioesters, which exhibited moderate to

high potency in both enzymatic and cell based assays. The

enzymatic assays they employed, however, used cell extracts as

the source of HDACs, potentially containing esterases, which

may have cleaved the thioester during the assay. On the

contrary, we observed the same pattern with purified rHDAC1

and purified rHDAC6, which obviously contains no such poten-

tial for esterase-driven hydrolysis. Recently, Williams reported

the high potency of the natural product largazole, bearing an

octanoyl-protected thiol, against HDACs [29]. While the depro-

tected analogue displayed nanomolar to subnanomolar potency

in vitro against purified HDACs, the native thioester was still

highly potent. They hypothesized that the octanoyl group was

cleaved in situ to liberate the active thiol; however, no rigorous

studies were reported to confirm this.

We therefore undertook preliminary studies to attempt to shed

light on the reasons for the high potency of our thioesters in the

enzymatic assays. We first envisaged that our assay buffer

could potentially be responsible for thioester hydrolysis. We

prepared and used synthetic probe 10 [30] (Scheme 3) in order

to test this hypothesis. Coumarin-based probe 10 is known to

react extremely fast with thiols through a Michael addition reac-

tion. While the fluorescence of 10 is efficiently quenched by the

intramolecular double bond, upon reaction with thiols, a highly
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Scheme 3: Top: Generation of the fluorescent adduct 11 after reaction of probe 10 with thiols. Bottom left: Fluorescence intensity at 465 nm (Y-axis,
A.U.) as a function of the number of equivalents of 2-mercaptoethanol added (X-axis). Bottom right: Fluorescence intensity at 465 nm (Y-axis, A.U.)
as a function of the incubation time (X-axis, minutes) of probe 10 with thioester 8.

fluorescent conjugate 11 is produced. This system has been

found to be particularly efficient to quantify thiol concentration

in biological systems [30].

Control experiments were performed using 2-mercaptoethanol

as the thiol source [30]. Fluorescence spectra of 10 (10−6 M 10

in buffer FB-188 [31]) were recorded after incubation with 0,

0.2, 0.4, 0.6, 0.8, 1.0 and 1.5 equiv 2-mercaptoethanol

(Scheme 3, bottom left). As expected, a linear relationship

between fluorescence intensity and the concentration of thiol

could be observed between 0 and 1.0 equiv, confirming the

sensitivity and reliability of this system at low concentration.

When our HDACi thioester 8 was incubated with probe 10

(Scheme 3, bottom right) under the buffer conditions, however,

no significant variation of the fluorescence intensity was

observed. The standard incubation time of thioesters in our

HDAC inhibitor assay is 20–30 minutes; however, no evidence

of thiol formation was observed after up to 100 minutes of incu-

bation in the assay buffer. This data therefore does not support

the hydrolysis of our thioester inhibitors in the assay buffer.

Two explanations could be envisaged to explain this result: (1)

The thioester is stable to the assay buffer and therefore does not

contribute to the in situ generation of the free thiol. (2) The

quantity of free thiol generated in situ in this experiment was

too low to be quantified.

An alternative hypothesis for the high potency of the thioester

inhibitors is that the HDAC enzyme cleaves the acetyl group

directly, utilizing its intrinsic deacetylase activity. Inhibition of

rHDAC1 was measured (at the IC50 concentration of thioester)

as a function of the initial incubation time (1–60 minutes) of

rHDAC1 with thioesters 7 and 9 (Figure 2). No variation of

enzymatic inhibition could be observed in each case, excluding

rHDAC1 as the source of hydrolysis. Finally, we assessed

whether the use of thioester inhibitors could influence the assay

readout, when using our coupled HDAC assay. Trypsin-depen-

dant generation of the fluorescence intensity (2nd step of our

coupled assay) was discounted as a source of false-positive

activity, since trypsin was used in a large excess (430 μM)

compared to the thioesters (low micromolar to nanomolar).

Direct compound inhibition of trypsin would therefore not be

significant in the overall readout on stoichiometry grounds.

Conclusion
In conclusion, we have demonstrated that highly potent and

selective HDAC inhibitors can be discovered by preparing

thioester derivatives of the natural product psammaplin A and

close analogues. Such thioesters display significant cytotoxicity

against several cancer cell lines. While initially envisaged as a

prodrug approach, we found these thioesters to retain highly

potent enzymatic activity using purified HDAC enzymes. Our

preliminary results in the investigation of the origin of this

effect have discounted hydrolysis of the thioester under the

buffered conditions of the assay and direct cleavage of the

acetyl group by the deacetylase enzyme. It therefore remains

highly plausible that the thioacetate group can function as a

potent zinc-binding group in its own right. While this hypoth-

esis requires further validation, it opens up exciting new possi-
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Figure 2: rHDAC1 was incubated with a predetermined IC50 concentration of 7 (left) and 9 (right) for 1–60 minutes, and the remaining rHDAC1
activity (Y-axis, %) was recorded and plotted as a function of the incubation time (X-axis, minutes).

bilities to prepare HDAC inhibitors bearing diverse thioester

zinc-binding groups. Variation of the thioester functionality to

protect its lability in cells and potentially orient suitable func-

tionality into the internal cavity of HDACs [32] remain exciting

avenues for future research.

Experimental
(E)-(S)-2-(3-(3-Bromo-4-methoxyphenyl)-2-
(methoxyimino)propanamido)ethyl
ethanethioate (7)

Compound 7 (216 mg, 30% from acid 5) was prepared

according to previously reported procedures [28] and obtained

as a yellowish oil after purification by flash column chromatog-

raphy (AcOEt/CH2Cl2, 2:98). Rf 0.35 (AcOEt/CH2Cl2 2:98);

IR: 1674, 1520, 1495, 1044 cm−1; 1H NMR (400 MHz, CDCl3)

δ 2.33 (s, 3H, CH3C), 3.04 (t, J = 6.6 Hz, 2H, CH2S), 3.48 (m,

2H, CH2N), 3.81 (s, 2H, 4-CH2), 3.84 (s, 3H, CH3O-1), 4.01 (s,

3H, CH3O-N), 6.78 (d, J = 8.4 Hz, 1H, 2-H), 6.97 (br t, 1H,

NH), 7.21 (dd, J = 8.4, 2.1 Hz, 1H, 3-H), 7.46 (d, J = 2.1 Hz,

1H, 5-H); 13C NMR (100 MHz, CDCl3) δ 28.4, 28.6, 30.6,

39.1, 56.2, 63.1, 111.4, 111.8, 129.4, 129.8, 133.9, 151.4, 154.4,

162.6, 195.6; HRMS (ESI+) m/z: [M + H]+ calcd for

C15H20BrN2O4S, 403.0322; found, 403.0336; Anal. calcd for

C15H19BrN2O4S: C, 44.67; H, 4.75; N, 6.95; found: C, 44.74;

H, 4.78; N, 6.89.

(E)-(S)-2-(3-(3-Bromo-4-methoxyphenyl)-2-
(hydroxyimino)propanamido)ethyl
ethanethioate (8)

To a solution of crude acid 5 (1 equiv) in freshly distilled pyri-

dine (2 mL/mmol), under argon, was added hydroxylamine

hydrochloride (1.5 equiv). The resulting mixture was stirred

overnight at rt. Pyridine was then removed in vacuo, and the

residue was dissolved in 1 N HCl (5.5 mL/mmol) and extracted

three times with ethyl acetate (5.5 mL/mmol). The combined

organic layers were dried (Na2SO4), filtered and concentrated to

afford the relatively pure oxime intermediate, used for the next

step without further purification. To a solution of this crude

oxime derivative in dioxane (10 mL/mmol) under argon was

added DCC (1 equiv) and N-hydroxyphthalimide (1 equiv).

After 2 hours of stirring at rt, 2-acetylsulfanylethylammonium

chloride (6, 1 equiv) and triethylamine (2.1 equiv) were added,

and the resulting mixture was stirred overnight at rt. On the

following day, the solvent was evaporated, and the product

(50 mg, 19% from acid 5) was obtained as a white powder after

purification by flash column chromatography (AcOEt/CH2Cl2

2:8) and trituration in warm AcOEt. Mp 167–169 °C; Rf 0.6

(AcOEt/CH2Cl2, 2:8); 1H NMR (400 MHz, CD3OD) δ 2.29 (s,

3H, CH3C), 3.01 (t, J = 6.6 Hz, 2H, CH2S), 3.41 (m, 2H,

CH2N), 3.82 (s, 2H, 4-CH2), 3.83 (s, 3H, CH3O), 6.91 (d, J =

8.5 Hz, 1H, 2-H), 7.22 (dd, J = 8.5, 2.1 Hz, 1H, 3-H), 7.44 (d, J

= 2.1 Hz, 1H, 5-H); 13C NMR (100 MHz, CDCl3) δ 28.7, 29.4,
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30.4, 39.9, 56.7, 112.1, 113.1, 130.5, 131.8, 134.7, 152.9, 155.9,

165.9, 197.1; HRMS (ESI+) m/z: [M + H]+ calcd for

C14H18BrN2O4S, 389.0165; found, 389.0164; Anal calcd for

C14H17BrN2O4S: C, 43.20; H, 4.40; N, 7.20; found: C, 43.29;

H, 4.32; N, 7.32.

(S)-2-(3-(3-Bromo-4-methoxyphenyl)-2-
oxopropanamido)ethyl ethanethioate (9)

To a solution of acid 5 under argon in dioxane (5.5 mL/mmol)

was added DCC (1 equiv), N-hydroxyphthalimide (1 equiv).

After 2 hours of stirring at rt, 2-acetylsulfanylethylammonium

chloride (6, 1 equiv) and triethylamine (2.1 equiv) were added

and the resulting mixture was stirred overnight at rt. The day

after the solvent was evaporated and the product (64 mg, 23%)

was purified by flash column chromatography (AcOEt/CH2Cl2

1:9) and trituration in Bu2O. Mp 93–95 °C; Rf 0.65 (AcOEt/

CH2Cl2, 1:9); IR: 1685, 1523, 1498, 1106 cm−1; 1H NMR

(400 MHz, CDCl3) δ 2.35 (s, 3H, CH3C), 3.05 (t, J = 6.4 Hz,

2H, CH2S), 3.50 (m, 2H, CH2N), 3.88 (s, 3H, CH3O), 4.13 (s,

2H, CH2C(O)), 6.86 (d, J = 8.5 Hz, 1H, 2-H), 7.16 (dd, J = 8.5,

2.1 Hz, 1H, 3-H), 7.21 (br t, 1H, NH), 7.42 (d, J = 2.1 Hz, 1H,

5-H); 13C NMR (100 MHz, CDCl3) δ 28.3, 30.6, 39.3, 41.7,

56.2, 111.7, 112.0, 125.9, 130.0, 134.5, 155.1, 159.9, 195.2,

195.5; HRMS (ESI+) m/z: [M + H]+ calcd for C14H17BrNO4S,

374.0056; found, 374.0061; Anal calcd for C14H16BrNO4S: C,

44.93; H, 4.31; N, 3.74; found: C, 45.04; H, 4.27; N, 3.81.

HDAC assays
HDAC assays were performed as previously reported [20]. The

recombinant human histone deacetylases rHDAC1 and

rHDAC6 were obtained from BPS Bioscience (US).

All reactions were performed in black half area 96-well

microplates (Greiner bio-one, Germany) according to the

general procedure described by Wegener et al. with some minor

modifications. The reaction buffer contained 50 mM KH2PO4/

K2HPO4, 15 mM Tris/HCl, pH 8, 250 mM NaCl, 0.001% (v/v)

Pluronic, and 250 µM EDTA. The buffer components were

purchased from Merck (Germany), Roth (Germany) and Sigma-

Aldrich.

A serial dilution of test compounds was pre-incubated with

7.4 nM rHDAC1 or 2.8 nM rHDAC6, at 21 ± 1 °C in the dark

for different periods of time as indicated. The enzyme reaction

was initiated by the addition of Boc-Lys(Ac)-AMC substrate.

The reaction mixture was incubated at 30 °C in the dark and

stopped after 60 min by the addition of a mixture of 70 µM

trypsin and 200 nM SAHA. The fluorescence of AMC served as

an indirect measure of HDAC enzyme activity. The kinetics of

AMC release was measured on a PolarStar fluorescence plate

reader (BMG) with an excitation wavelength of 340 nm and an

emission wavelength of 460 nm. Complete cleavage of deacety-

lated Boc-Lys-AMC by trypsin was achieved after about

10–15 min. The fluorescence intensity of the plateau was aver-

aged over at least 5 min and normalized with respect to the

percentage of enzyme activity. Finally, the normalized fluores-

cence intensities were plotted versus the concentration of test

compounds and fitted to a four-parameter logistic model to

calculate the IC50 values.
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Abstract
The fluorophosphonate (FP) moiety attached to a biotin tag is a prototype chemical probe used to quantitatively analyze and enrich

active serine hydrolases in complex proteomes in an approach called activity-based protein profiling (ABPP). In this study we have

designed a novel synthetic route to a known FP probe linked by polyethylene glycol to a biotin tag (FP–PEG–biotin). Our route

markedly increases the efficiency of the probe synthesis and overcomes several problems of a prior synthesis. As a proof of prin-

ciple, FP–PEG–biotin was evaluated against isolated protein mixtures and different rat-tissue homogenates, showing its ability to

specifically target serine hydrolases. We also assessed the ability of FP–PEG–biotin to compete with substrates that have high

enzyme turnover rates. The reduced protein-band intensities resulting in these competition studies demonstrate a new application of

FP-based probes seldom explored before.
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Introduction
One of the goals of chemical biology is to develop small–mole-

cule- and biomolecule-based probes to interrogate biological

processes. In this regard, fluorophosphonate (FP) probes have

been extensively used in activity-based protein profiling

(ABPP) in proteomic studies [1,2]. FP probes, specifically

designed to target serine hydrolases, originate from diisopropyl

fluorophosphonate (DFP) [3,4]. DFP is a serine hydrolase cova-

lent inhibitor and from it have evolved analytical tools in which

“handles“, such as biotin, rhodamine, and alkyne have been

appended via a variety of linking chains [5-8]. These FP

analogues have proven to be powerful tools in the profiling of

complex proteome samples [9] and in the identification of
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Figure 1: Structure of FP–PEG–biotin 1.

selective inhibitors [10,11]. However, very few cases have been

published in which these probes have been utilized in the study

of enzymes with reversible substrates. These substrates are

usually endogenous or exogenous organic molecules with small

molecular weights. Their functional groups are enzymatically

modified with high specificity and efficiency, behaving quite

differently from inhibitors due to their high turnover rates.

Thus, competition assays between substrates and FP probes are

more difficult to perform due to the rapid kinetics and covalent

binding properties of the probes.

The FP–PEG–biotin compound 1, shown in Figure 1, was first

synthesized by the Cravatt group and utilized for affinity isola-

tion of enzymes by pull-down with avidin beads followed by

mass-spectrometry analysis [6]. Our interest in generating 1 on

a larger scale to use in our research led us to consider an alter-

native and more expeditious synthesis. This was driven by

several concerns of the original route including (a) a poor

overall yield, (b) challenges in the chromatographic purifica-

tion of some intermediates due to their hydrophilicity and lack

of a UV chromophore, and (c) generating and then carrying the

fluorophosphonate moiety through two steps with an attendant

concern of its high reactivity and potential for toxicity to the

laboratory chemist [12,13]. In our efforts to address those short-

comings, we report a novel synthetic route to FP–PEG–biotin 1,

and provide some preliminary results of studies in which this

probe was utilized in competition experiments with reversible

enzyme substrates.

Results
Synthesis
The route to target probe 1 is delineated in Scheme 1.

Monobenzylation of tetraethylene glycol (2) was carried out by

the procedure of Jiang et al. [14] to give ether 3 in 78% yield.

This was then subjected to a two-step procedure to provide the

novel iodo ether 4b. Thus, tosylation of 3 utilizing a slight

modification of literature conditions [15] gave 4a, which was

subjected to Finkelstein conditions by utilizing a procedure

reported for a related compound [16] to afford 4b in a combined

90% yield. The phosphonate moiety was installed under stan-

dard Arbuzov conditions by heating 4b under reflux in neat

triethyl phosphite for 1 h to provide novel intermediate 5 in

92% yield following purification by column chromatography.

Clean removal of the benzyl protecting group under standard

conditions of catalytic hydrogenolysis provided, in 96% yield,

the known phosphonate polyether alcohol 6, the synthesis of

which had been accomplished previously by a different route

[17]. Activation of the alcohol moiety of 6 to the succinimidyl

carbonate 7 was carried out under standard conditions in 87%

yield following chromatographic purification. Coupling of 7 to

the in situ generated 5-(biotinamido)pentaneamine fragment 12,

made from Boc-protected diamine 10 in a known two-step

process [18], was carried out under mild conditions to provide

novel precursor 8 in 76% yield following purification. The stage

was now set for a two-step modification of the phosphonate

moiety. Reaction of 8 with lithium azide in hot DMF, under

conditions developed for the monodealkylation of phosphonic

acid dialkyl esters of nucleosides [19], provided the novel

monoethyl ester 9 in 87% yield following purification by a two-

stage chromatographic procedure. Penultimate intermediate 9

was then cleanly converted to the fluorophosphonate utilizing

the standard fluoridating reagent (DAST in dichloromethane) at

−42 °C. Workup provided the FP probe 1 [20] in 80% yield,

which was pure enough to use directly in biological studies.

Due to the absence of a UV chromophore, the purity of

FP–PEG–biotin 1 could not be determined by HPLC. TLC

analysis was also problematic due to its reactivity with the

highly polar solvent mixture required to move it up a plate.

Nevertheless, we deem 1 to be of high purity due to the cleanli-

ness of its NMR spectra (1H, 13C, 19F, 31P). The structural

assignments of all compounds were supported by diagnostic

peaks in the 1H and 13C NMR spectra and by mass spectrom-

etry. Digital copies of all NMR spectra are given in Supporting

Information File 1.

Evaluation of FP–PEG–biotin probe
To validate the labelling efficiency of the FP–PEG–biotin probe

1 synthesized by our new route, we utilized it in the purifica-

tion of four arbitrarily mixed proteins including bovine serum

albumin (BSA), porcine carboxylesterase (pCES), nucleoside

phosphorylase (NP), and trypsin (Figure 2A). Thus, the protein

mixture was incubated with probe 1 for one hour followed by

the addition of avidin agarose and further incubation. Trypsin

and pCES, which are serine hydrolases, bound to the probe and

were removed from the mixture, as shown in lane 3. We also

assayed FP probe 1 against different rat-tissue samples as
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Scheme 1: Synthetic scheme to FP–PEG–biotin probe 1.

described in Supporting Information File 1. Rat stomach, small

intestine, colon, liver, lung, heart, kidney, brain, testis proteome

homogenates (1 mg/ml) in 50 mM Tris buffer (pH 8.0) were

each treated with the FP probe for one hour at room tempera-

ture. Each run was separated on a gel and electrophoretically

transferred onto a Hybond PVDF membrane and blotted with

streptavidin. The results are shown in Figure 2B. The different

patterns indicate that the FP probe can effectively select out

serine hydrolase enzymes amongst the various tissue samples

examined, as had been observed previously in studies by the

Cravatt group [21].

Kinetic study of FP probe labelling activity
An incubation-time control study is the key toward success-

fully monitoring the competition between FP probe 1 and a re-

versible substrate with a high turnover rate. Hence, over a long

incubation time, the substrate will be competed out with the

active enzyme covalently linked to the probe, even though the

concentration of added substrate is high compared to the probe.

Enzymes have different kinetic properties in the same proteome

sample, and a single enzyme can have different preferences for

FP probes with different linkers [6]. Thus it is important to

perform kinetic studies on a specific tissue or cell line before
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Figure 2: Labeling and affinity isolation of serine hydrolases by FP–PEG–biotin 1. (A) Lane 1: Protein standard. Lane 2: Mixture of BSA, pCES, NP,
trypsin before purification. Lane 3: Purification results. (B) Rat tissue homogenates were prepared in 50 mM Tris buffer (pH 8.0) as 1 mg/mL samples
from each tissue and incubated with FP–PEG–biotin 1 (4 μM) at room temperature for 1 h. Samples were quenched with 5× sample loading buffer,
heated at 85 °C for 5 min, and separated by SDS-PAGE. Protein samples were transferred to a PVDF membrane, blotted by streptavidin alkaline
phosphatase, and visualized by incubation with ECF substrate.

the start of competition experiments. Toward this end, Caco-2

samples were prepared and incubated with FP–PEG–biotin 1

over different time courses ranging from 1 to 30 min (Figure 3).

The sample from each trial was then separated by SDS-PAGE

and blotted by streptavidin. A proteome sample was also incu-

bated with DMSO for 10 min as a control. As all competitive

exchanges between the FP probe and substrates occur within

less than 15 min, data collection was limited to 30 min.

The band intensities from endogenous streptavidin-binding

proteins, indicated in the control lane, did not change with incu-

bation time. Neither did the intensity of the band around 64 kD

(thin arrow), suggesting that this protein bound to the FP probe

very quickly (≈50% within 1 min). In contrast, the 49 kD

enzyme band (hollow arrow) showed a clear time-dependent

reaction. Due to their lower expression levels, reaction of 1 with

other enzymes (dark arrows) could not be detected below three

minutes incubation time. Therefore, depending on the type and

expression levels of serine hydrolase being investigated,

different incubation times are required in order to observe a

clear signal.

Competition study
The identification of novel serine hydrolases and the screening

of their covalent inhibitors against FP-biotin type probes have

been extensively studied [9-11]. The general approach for

serine hydrolase small molecule inhibitor development is based

on the competition between an FP probe and inhibitor. To

demonstrate this, a candidate inhibitor (or DMSO control) is in-

Figure 3: Kinetic study on FP labelling reactions. Caco-2 cell
homogenates (1 mg/mL) were treated at room temperature with
FP–PEG–biotin 1 (4 μM) for the indicated times, followed by the termi-
nation of reaction with 5× SDS-PAGE loading buffer. The results were
analysed by 4–20% SDS-PAGE gel and streptavidin blotting. Serine
hydrolases that reacted with the FP probe in a time-dependent manner
are highlighted (thin, hollow and dark arrows, respectively).

cubated against a prepared proteome sample over a period of

time. Then the sample is treated with an FP probe followed by

additional incubation time. One then monitors the differential in
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fluorescence signal between the inhibitor and control samples.

From this, selectivity and potency can be determined.

To assess the possibility of utilizing FP probe 1 in the study of

hydrolases that have substrates with high turnover rates, we

chose to compete 1 against the enzyme that hydrolyzes the ester

group of enalapril and oseltamivir. Enalapril and oseltamivir are

commercially available prodrugs, which are converted to

enalaprilat and oseltamivir carboxylate, respectively, after being

absorbed in the intestine. Carboxylesterase [22], a common

esterase existing in multiple human tissues, is shown to be

active in the hydrolysis of both enalapril and oseltamivir

[23,24]. Each is hydrolyzed at a high turnover rate. In a control

run, pCES (± preheated) was treated with 4 μM FP–PEG–biotin

1 (Figure 4A, lanes 1 and 2). Then in subsequent runs, non-

preheated samples of enzyme were treated with enalapril

(1 mM, 3 mM) for 15 min, followed by the addition of

FP–PEG–biotin (4 μM) and further incubation for 15 min at

room temperature (lanes 3–5). Western blot analysis showed a

clear reduction in band intensity. At 6 mM enalapril (lane 5),

the band was not detectable, indicating that the competition is

concentration dependent. In a similar manner, reaction of

oseltamivir (10 mM) with pCES followed by the addition of

FP–PEG–biotin (4 μM) showed that the pCES band intensity

was reduced (Figure 4B). Thus, the reduced band intensities

suggest that it is feasible to apply FP–PEG–biotin 1, a covalent

serine hydrolases probe, to the study of enzyme substrates with

high turnover.

Figure 4: Competition assay between FP–PEG–biotin and enzyme
hydrolysis reactions. (A) Enalapril at the indicated concentration was
incubated in pCES (100 ng/mL) for 15 min, followed by the addition of
FP probe 1 and further incubation for 15 min. Reactions were termi-
nated by the addition of 5× SDS-PAGE loading buffer and then heated
at 85 °C for 5 min. Samples were separated by SDS-PAGE and blotted
by streptavidin. (B) Enzyme samples with oseltamivir were treated in
the same way as enalapril.

Discussion
Fluorophosphonate probes with different analytical handles,

such as rhodamine and alkyne, are being used to identify and

characterize the in vivo proteome. Biotin-based probes that bind

to streptavidin play an essential role in isolating and analyzing

serine hydrolases. In our studies with FP–PEG–biotin probe 1,

we required large enough quantities that we decided to re-engi-

neer the original synthesis of Kidd et al. [6]. Our major modifi-

cations involved (a) the introduction of a benzyl protecting

group (in place of the TBS of the original synthesis) onto the

PEG moiety to facilitate the early stages of the synthesis by

providing a UV-active chromophore for easy detection; (b)

introduction of a high yielding two-step iodination process,

which avoids chromatography; and (c) reversing the sequence

of fluoridation and amidation reactions such that the reactive FP

moiety can be introduced in the last step. Overall, these modifi-

cations make for a more scalable, higher yielding sequence and

importantly isolate the handling of reactive and potentially toxic

FP compounds to a single step, namely the last one.

FP probes have been used mostly in the development of cova-

lent inhibitors for pharmacologically interesting serine hydro-

lases due to their strong binding and rapid labeling properties.

We have shown that for serine hydrolases with reversible

substrates, FP probes can also be useful tools if their concentra-

tion and incubation times are properly controlled. We have

demonstrated this in our studies with enalapril (6 mM) and

oseltamivir (10 mM), which can each compete with

FP–PEG–biotin probe 1 at a low concentration (4 μM) wherein

the substrates bind reversibly to carboxylesterase and the probe

binds covalently.

Conclusion
Several steps of the original synthesis of FP–PEG–biotin probe

1 have been modified, leading to a higher overall yield and

easier manipulation. Starting from common precursor 2, our

synthesis requires only four chromatographic purifications over

nine steps and provides a 28.5% overall yield of 1. In contrast,

the Cravatt sequence requires six chromatographic purifica-

tions over eight steps with an overall yield of 1%. The subse-

quent evaluation of 1 in biological studies demonstrates its

ability to interact with serine hydrolases from several proteome

samples. Additionally, preliminary kinetic and competition

studies of probe 1 with reversible substrates have been

conducted, showing that FP probes can be utilized for the

investigation of reversible substrate activities as long as suffi-

cient care is taken to identify the time course of reaction.

Experimental
All reagents were commercially available and used without

further purification. 1H and 13C NMR spectra were obtained on
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Bruker 300 or Bruker 500 MHz spectrometers with CDCl3,

d6-DMSO, or d4-methanol as solvent, and chemical shifts are

reported relative to the residual solvent peak in δ (ppm). Mass

spectrometry analysis was performed by using a Waters LCT

time-of-flight mass spectrometry instrument. Flash column

chromatography was performed with silica gel (220–240 mesh).

Thin-layer chromatography (TLC) was performed on silica gel

GHLF plates (250 microns) purchased from Analtech. Devel-

oped TLC plates were visualized with a UV lamp at 254 nm or

by iodine staining. Extraction solutions were dried over MgSO4

prior to concentration.

1-Phenyl-2,5,8,11-tetraoxatridecan-13-yl 4-methylbenzene-

sulfonate (4a): This compound was made by a slight modifica-

tion of the literature procedure [15]. An ice-cold solution of

tetraethylene glycol monobenzyl ether (3; 13.9 g, 48.9 mmol;

made by the procedure of Jiang et al. [14]) in 70 mL of THF

was treated with KOH (9.85 g, 171.1 mmol) dissolved in 50 mL

of water. A solution of p-toluenesulfonyl chloride (11.18 g,

58.7 mmol) in 36 mL of THF was added dropwise to the reac-

tion mixture, which was then gradually warmed to room

temperature and stirred overnight. The reaction mixture was

poured into sat. aq ammonium chloride and extracted with

dichloromethane (3×). The combined extracts were dried and

concentrated to leave 21.11 g (98%) of 4a as a light yellow oil:

Rf 0.26 (hexanes/ethyl acetate, 1:1); 1H NMR (300 MHz,

CDCl3) δ 7.80–7.77 (d, J = 8 Hz, 2H), 7.34–7.26 (m, 7H), 4.56

(s, 2H), 4.14 (t, J = 4.5 Hz, 2H), 3.69–3.58 (m, 14 H), 2.44 (s,

3H); 13C NMR (75 MHz, CDCl3) δ 144.8, 138.2, 132.9, 129.8,

128.4, 128.0, 127.7, 127.6, 73.2, 70.7, 70.6, 70.5, 69.4, 69.2,

68.6, 21.7; MS m/z: 461.0 [M + Na]+.

13-Iodo-1-phenyl-2,5,8,11-tetraoxatridecane (4b): The syn-

thesis of 4b utilized a procedure reported for a related com-

pound [16]. A mixture of KI (23.97 g, 144.4 mmol) and

sulfonate ester 4a (21.11 g, 48.14 mmol) in 250 mL of acetone

was heated under reflux for 18 h. After cooling to room

temperature, the reaction mixture was filtered and the collected

salts were rinsed with acetone. The filtrate was concentrated to

an oil, which was diluted with dichloromethane. The solution

was washed sequentially with sat. aq Na2S2O3 and brine, dried,

and concentrated to give 17.44 g (92%) of 4b as a clear oil: Rf

0.37 (hexanes/ethyl acetate, 2:1) ; 1H NMR (CDCl3, 300 MHz)

δ 7.35–7.26 (m, 5H), 4.57 (s, 2H), 3.77–3.63 (m, 14H), 3.24 (t,

J = 6.5 Hz, 2H); 13C NMR (75 MHz, CDCl3) δ 138.3, 128.4,

127.7, 127.6, 73.2, 72.0, 70.7, 70.68, 70.63, 70.2, 69.4, 3.0; MS

m/z: 416.9 [M + Na]+.

Diethyl (1-phenyl-2,5,8,11-tetraoxatridecan-13-yl)phospho-

nate (5): Iodobenzyl polyether 4b (17.44 g, 44.23 mmol) and

triethyl phosphite (32 mL, 183.9 mmol) were mixed in an oven-

dried round-bottom flask and heated under reflux for 1 h.

Excess triethyl phosphite was removed under vacuum and the

reaction mixture was directly loaded onto a silica-gel column,

which was eluted with ethyl acetate and then methanol/ethyl

acetate (5:95). Product fractions were combined and concen-

trated to give 16.5 g (92%) of 5 as a light yellow oil: Rf 0.11

(ethyl acetate); 1H NMR (500 MHz, CDCl3) δ 7.33–7.27 (m,

5H), 4.55 (s, 2H), 4.06 (q, J = 7 Hz, 4H), 3.6 (m, 14H),

2.16–2.05 (m, 2H), 1.30 (t, J = 7 Hz, 6H); 13C NMR (125 MHz,

CDCl3) δ 138.2, 128.4, 127.7, 127.6, 73.2, 70.66, 70.63, 70.4,

70.2, 69.4, 65.1, 61.65, 61.60, 27.5, 26.5, 16.46, 16.42; MS m/z:

405.1 [M + Na]+.

Diethyl (2-(2-(2-(2-hydroxyethoxy)ethoxy)ethoxy)ethyl)-

phosphonate (6): A mixture of diethylphosphonate polyether 5

(3 g, 7.4 mmol), 10% Pd/C (0.3 g) and 100 mL ethanol in a

250 mL hydrogenation vessel was hydrogenated at 40 psi H2

for about 20 h. The reaction mixture was rapidly filtered over

Celite, and concentrated under reduced pressure to give 2.23 g

(96%) of 6 as a clear oil: the 1H and 13C NMR are the same as

previously reported for 6 made by a different procedure [17];

MS m/z: 315.1 [M + H]+.

2-(2-(2-(2-(Diethoxyphosphoryl)ethoxy)ethoxy)ethoxy)ethyl

(2,5-dioxopyrrolidin-1-yl)carbonate (7): A mixture of

diethylphosphonate polyether alcohol 6 (0.5 g, 1.6 mmol), N,N-

disuccinimidyl carbonate (2.04 g, 8 mmol), triethylamine

(1.1 mL, 8 mmol), and anhydrous acetonitrile (4.5 mL) was

stirred at room temperature for 12 h. The mixture was concen-

trated to an oil, which was distributed between dichloromethane

and water. The organic phase was dried and concentrated to a

yellow oil, which was then purified by silica-gel chromatog-

raphy. Elution with dichloromethane/methanol (98:2 to 95:5)

followed by pooling and concentration of product fractions

provided 0.64 g (87%) of 7 as a light brown oil: the 1H and
13C NMR are the same as previously reported for 7 made by a

different procedure [17]; MS m/z: 456.1 [M + H]+.

2-(2-(2-(2-(Diethoxyphosphoryl)ethoxy)ethoxy)ethoxy)ethyl

(5-(5-((3aS ,4S ,6aR)-2-oxohexahydro-1H-thieno[3,4-

d]imidazol-4-yl)pentanamido)pentyl)carbamate (8): A solu-

tion of in situ synthesized 5-(biotinamido)pentaneamine, tri-

fluoroacetic acid salt, 12 (see below) in 2 mL of DMF was

treated with triethylamine (0.4 mL) at 0 °C and stirred at room

temperature for 10 min. Diethyl phosphonate polyether succin-

imidyl carbonate 7 (145 mg, 0.31 mmol) was then added and

the solution was stirred at room temperature overnight. The

reaction mixture was distributed between ethyl acetate and

brine, and the organic phase was dried. Concentration left a

brown oil, which was purified by silica-gel chromatography

eluting with dichloromethane/methanol/NH4OH (92:8:0.5 to
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90:10:1). Product fractions were pooled and concentrated to

leave 324 mg (76%) of 8 as a pale white solid: 1H NMR (500

MHz, CDCl3) δ 6.66 (br s, 1H), 6.61 (br s, 1H), 6.03 (br s, 1H),

5.42 (br s, 1H), 4.46 (t, J = 6 Hz, 1H), 4.26 (t, J = 6 Hz, 1H),

4.14–4.12 (m, 2H), 4.06–4.02 (m, 4H), 3.64–3.58 (m, 12H),

3.15–3.06 (m, 7H), 2.84 (dd, J = 5 Hz, 13 Hz, 1H), 2.69 (d, J =

13 Hz, 1H), 2.13 (t, J = 7.3 Hz, 2H), 2.10–2.05 (m, 2H),

1.63–1.59 (m, 4H), 1.45–1.37 (m, 6H), 1.29–1.25 (m, 6H);
13C NMR (125 MHz, CDCl3) δ 173.4, 164.2, 156.6, 70.5, 70.4,

70.1, 69.6, 65.0, 63.7, 61.8, 61.7, 61.6, 60.2, 55.7, 40.6, 40.5,

39.2, 35.8, 29.5, 28.9, 28.2, 28.0, 27.4, 26.3, 25.7, 23.9, 16.4,

16.3; MS m/z: 669.2 [M + H]+.

2-(2-(2-(2-(Ethoxy(hydroxy)phosphoryl)ethoxy)ethoxy)eth-

oxy)ethyl (5-(5-((3aS ,4S ,6aR)-2-oxohexahydro-1H-

thieno[3,4-d]imidazol-4-yl)pentanamido)pentyl)carbamate

(9): A mixture of lithium azide (200 mg, 4.1 mmol), diethyl

phosphonate polyether carbamate 8 (150 mg, 0.22 mmol), and

2 mL of DMF was stirred at 95 °C for 18 h. DMF was removed

under vacuum to leave a yellow oil, which was diluted with

water and loaded onto a column of Amberlite–IR120 (H+) resin.

The column was eluted with DI water and the collected eluate

was evacuated at 30 mm/Hg with stirring for 30 min at rt (to

draw off hydrazoic acid) and then lyophilized to leave a crude

yellow residue, which was purified by flash chromatography.

Gradient elution with dichloromethane/methanol/NH4OH

(70:30:2 and then 80:20:1) followed by pooling and concentra-

tion of product fractions left 0.125 g (87%) of 9 as a colorless

solid: 1H NMR (500 MHz, CD3OD) δ 4.53–4.50 (m, 1H),

4.34–4.31 (m, 1H), 4.18 (t, J = 4.6 Hz, 2H), 3.95–3.89 (m, 2H),

3.76–3.62 (m, 12H), 3.28–3.18 (m, 3H), 3.12 (t, J = 7 Hz, 2H),

2.95 (dd, J = 4.9 Hz, 12.9 Hz, 1H), 2.73 (d, J = 12.9 Hz, 1H),

2.22 (t, J = 7.3 Hz, 2H), 1.97–1.91 (m, 2H), 1.80–1.37 (m,

12H), 1.26 (t, J = 7 Hz, 3H); 13C NMR (125 MHz, CD3OD) δ

174.5, 164.7, 157.3, 69.8, 69.7, 69.5, 69.2, 66.7, 63.4, 62.0,

60.2, 59.6, 55.6, 40.3, 39.7, 38.9, 35.5, 29.2, 28.7, 28.4, 28.1,

28.0, 25.6, 23.8, 15.9, 15.8; MS m/z: 641.2 [M + H]+.

2-(2-(2-(2-(Ethoxy(fluoro)phosphoryl)ethoxy)ethoxy)eth-

oxy)ethyl (5-(5-((3aS ,4S ,6aR)-2-oxohexahydro-1H-

thieno[3,4-d]imidazol-4-yl)pentanamido)pentyl)carbamate

(FP–PEG–biotin; 1): To a solution of monoethyl phosphonate

polyether carbamate 9 (46 mg, 0.072 mmol) in 1 mL of anhy-

drous dichloromethane at −42 °C was added (diethyl-

amino)sulfur trifluoride (DAST; 26.4 μL, 0.022 mmol). The

mixture was stirred for 30 min and quenched with water at

−42 °C. After stirring at room temperature for 10 min, the mix-

ture was extracted with dichloromethane (3×). The organic

phase was dried and concentrated to a yellow oil that was evac-

uated under high vacuum to leave 37 mg (80%) of 1, which was

used directly in biological studies: 1H NMR (500 MHz, CDCl3)

δ 6.38 (br s, 1H), 5.60 (br s, 1H), 5.36 (br s, 1H), 5.29 (br s,

1H), 4.51 (m, 1H), 4.40–4.21 (m, 5H), 3.90–3.55 (m,12H),

3.30–3.11 (m, 5H), 2.92 (dd, J = 4.9, 12.9 Hz, 1H), 2.74 (d, J =

12.9 Hz, 1H), 2.35–2.18 (m, 4H), 1.85–1.40 (m, 12H); 1.31 (t, J

= 6.0 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ 173.3, 163.9,

156.6, 70.5, 70.4, 69.6, 64.2, 63.7, 63.6, 63.5, 61.8, 60.2 55.7,

40.6, 39.2, 35.8, 29.5, 28.9, 28.1, 28.0, 26.8, 25.7, 24.9, 23.8,

16.4, 16.3; 19F NMR (282 MHz, CDCl3) δ −59.4, −63.2;
31P NMR (121 MHz, CDCl3) δ 32.8, 24.0; MS m/z: 643.2

[M + H]+.

tert-Butyl (5-(5-((3aS ,4S ,6aR)-2-oxohexahydro-1H-

thieno[3,4-d]imidazol-4-yl)pentanamido)pentyl)carbamate

(11): This compound was made by the procedure of Konoki et

al. [18] from tert-butyl (5-aminopentyl)carbamate (10; made by

the procedure of Kaur et al. [25]) and D-biotin. The 1H NMR

spectrum is the same as previously reported [18]; 13C NMR

(125 MHz, CDCl3) δ 173.3, 164.2, 156.2, 79.1, 61.8, 60.2, 55.8,

40.5, 40.3, 39.2, 36.0, 29.7, 29.1, 28.4, 28.2, 28.0, 25.8, 23.9;

MS m/z: 451.1 [M + Na]+.

N-(5-Aminopentyl)-5-((3aS,4S,6aR)-2-oxohexahydro-1H-

thieno[3,4-d]imidazol-4-yl)pentanamide (12): This com-

pound was made similar to the procedure of Konoki et al. [18].

To an ice-cold solution of tert-butyl 5-(biotinamido-

pentyl)carbamate (11; 136 mg, 0.32 mmol) in dichloromethane

(2.0 mL) was added dropwise trifluoroacetic acid (1.0 mL). The

cooling bath was removed and the mixture was stirred for 2 h.

The solution was concentrated in vacuo to a yellow oil, which

was used in the next step without further purification: 1H NMR

(300 MHz, CD3OD) δ 4.45 (dd, J = 8.0, 5.5 Hz, 1H), 4.26 (dd, J

= 7.5, 4.5 Hz, 1H), 3.15–3.11 (m, 3H), 2.90–2.85 (m, 1H),

2.67–2.61 (m, 3H), 2.16 (t, J = 7.5 Hz, 2H), 1.71–1.48 (m, 4H),

1.42–1.33 (m, 8H); MS m/z: 329.1 [M + H]+.

Supporting Information
Supporting Information File 1
Biology experimental details and digital NMR spectra for

synthesized compounds.

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

supplementary/1860-5397-9-12-S1.pdf]
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Abstract
High-throughput screening (HTS) previously identified benzimidazole 1 (JMN3-003) as a compound with broad antiviral activity

against different influenza viruses and paramyxovirus strains. In pursuit of a lead compound from this series for development, we

sought to increase both the potency and the aqueous solubility of 1. Lead optimization has achieved compounds with potent

antiviral activity against a panel of myxovirus family members (EC50 values in the low nanomolar range) and much improved

aqueous solubilities relative to that of 1. Additionally, we have devised a robust synthetic strategy for preparing 1 and congeners in

an enantio-enriched fashion, which has allowed us to demonstrate that the (S)-enantiomers are generally 7- to 110-fold more potent

than the corresponding (R)-isomers.
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Introduction
Myxoviruses are divided into two evolutionarily distinct yet

related families: the orthomyxoviridae, which is composed

largely of the influenza viruses, and the paramyxoviridae, which

includes respiratory syncytial virus (RSV), measles virus

(MeV), human parainfluenza virus (HPIV) and others [1].

Because myxoviruses are responsible for the majority of human

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:asun2@emory.edu
http://dx.doi.org/10.3762%2Fbjoc.9.23
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Scheme 1: Synthesis of anilino nitrobenzene 7a.

morbidity and mortality cases due to viral respiratory illness

globally, a therapeutic strategy that targets these viruses could

have a substantial impact on human health [2-5]. Although

antivirals typically seek to disable viral proteins, cellular host

proteins can also be targeted, as is the case with selzentry,

which inactivates the coreceptor (CCR5) for human immunode-

ficiency virus (HIV) entry [6]. The former approach is likely to

yield compounds with a narrow spectrum of antiviral activities,

and such inhibitors will certainly face the inevitable challenge

of resistance [7,8]. Our research group has been actively

engaged in the identification of small molecule inhibitors

against myxoviruses in recent years [8-12], with a particular

focus on the development of agents that target host-cell proteins

enabling viral reproduction. Advantages of this strategy include

a vastly expanded list of potential targets; a broader spectrum of

activity, because many of the relevant host proteins are shared

among related viruses; and, in principle, less susceptibility to

the development of resistance.

Using high-throughput screening, in combination with counter-

screening for detecting a broadened viral target spectrum that

extends to other pathogens of the myxovirus families, our

research group has been successful in identifying small-mole-

cule antiviral hits resident in host cells [13]. One such molecule

recently described is benzimidazole 1 [14] (Figure 1). Although

the compound is active in vitro against a number of different

para- and orthomyxoviruses, 1 has poor water solubility

(<15 μg/mL), which may contribute to its low oral bioavail-

ability [15]. Additionally, it was shown that the methyl group at

the stereogenic center alpha to the carbonyl is important for bio-

logical activity [8,12,14]. Compound 1 was previously prepared

as the racemate, but subsequently separated into enantiomers by

chiral HPLC. To enable large-scale preparation of the pure

isomers for further pharmacokinetic and animal studies, we

present here an asymmetric synthesis of 1 and its congeners

with improved aqueous solubility and antiviral potency.

Figure 1: Structure of first-generation lead compound 1.

Results and Discussion
Design. We previously reported a series of compounds with

antiviral activity against a number of myxoviruses [8,12,14].

Structure–activity relationship (SAR) studies suggested both the

2-chloro-4-methylanilide and the central α-thiopropionamide to

be moieties that confer good activity. Relatively unexplored in

our previous work was the importance of the p-methoxyphenyl

ring as well as the influence of the stereochemistry at the chiral

center. In the current work, we examine the replacement of the

p-methoxyphenyl ring with basic moieties that may increase

aqueous solubility while maintaining activity, and we also

developed synthetic routes to produce each enantiomer of these

compounds.

Synthesis. The compounds were prepared by modifications of

our previously reported routes. Briefly, nitroanilines 7 were

obtained by one of two routes: ortho-nitrobenzaldehyde (2) was

treated with N-methylpiperazine (3) in the presence of sodium

triacetoxyborohydride to give nitrobenzene 4, which was

reduced under hydrogenation conditions to provide aniline 5.

o-Fluoronitrobenzene (6) was coupled with the previously

formed aniline under SNAr conditions to furnish anilino

nitrobenzene 7a (Scheme 1). Alternatively, meta- and para-

nitrophenylethanols 8 were combined with o-fluoronitroben-

zene (6) to deliver o-nitroanilines 9. The hydroxy groups of 9
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Scheme 3: Asymmetric synthesis of (R)- and (S)-isomers by using two different approaches.

were activated as the p-nitrobenzenesulfonates 10 and displaced

with morpholine to give o-nitroanilines 7b and 7c (Scheme 2).

Hydrogenation was used to reduce o-nitroanilines 7 followed by

cyclization using thiocarbonyldiimidazole to yield benzothia-

zoles 11. In the case of the racemates, these were combined

with α-bromopropionamide 12 to afford racemic 14 (Scheme 3).

Scheme 2: Preparation of morpholinyl-o-nitroanilines.

To address the issue of stereochemical control, we developed

two strategies for preparing the compounds enantioselectively.

The first approach utilized commercially available (R)- or (S)-2-

bromopropionic acid (15) from the chiral pool in a two-step

sequence (Scheme 4a). The first step involved amide bond for-

mation of 2-bromopropionic acid (15) with 2-chloro-4-methyl-

aniline (16) by using HATU (O-(7-azabenzotriazol-1-yl)-

N,N,N',N'-tetramethyluronium hexafluorophosphate), a reagent

known to limit racemization in peptide coupling reactions [16].

The enantiomeric excesses of the starting materials were ca.

95%. No erosion of stereochemistry in the products 12 was

observed as determined by chiral HPLC. Recrystallization of 12

from ethanol did not increase the enantiomeric excess of the

α-bromoamide. Interestingly, the final product can be achieved

in both high yield and ee by adding the preformed potassium

salt of the 2-mercaptobenzimidazole 11 to (S)- or (R)-α-bromo-

propionamides 12. Using a substoichiometric amount of potas-

sium carbonate (0.9 equiv) in warm methanol, followed by

removal of solvents under vacuum, provided a convenient route

to the potassium salt of 11. The salt was suspended in anhy-

drous DMF and added dropwise to a cold (0 °C) solution of the

previously formed bromides, to give the desired products 1 and

14 in high yield (80–90%) with little to no loss in enantiomeric

excess. Isolating the potassium salt proved necessary, as

attempts at preforming the potassium salt in dry DMF, fol-

lowed by addition to the chiral α-bromoamide, led to ee’s of ca.

60%. Although both chiral acids are readily available from

commercial sources, their enantiomeric excesses seem to be

limited to ca. 95%. For these studies, ee’s >90% were suffi-

cient; if material with higher enantiopurity is needed, we note

that one recrystallization of (S)-1 from ethyl ether increases the

enantiomeric excess from 94% to 97.4%.

In an alternative approach that provides material with high

enantiomeric excess (>98% ee), we utilized the Mitsunobu reac-

tion of 2-mercaptobenzimidazoles with an amide obtained from

(L)-lactic acid (17). Using one equivalent each of 2-mercapto-
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Scheme 4: Preparation of chiral propionamides by HATU-mediated coupling (a) or thionyl chloride-mediated coupling (b).

benzimidazole and α-hydroxyamide 13 (prepared from thionyl

chloride-mediated coupling of (L)-lactic acid (17) and 2-chloro-

4-methylaniline (16) [17] (Scheme 4b)) in the presence of a

slight excess of triphenylphosphine and diethyl azodicarboxy-

late, we acquired the desired products 14 in good yield and ee.

This methodology is attractive because of the high ee that can

be obtained from the inexpensive and readily available (L)-

lactic acid (17). However, the enantiomeric (D)-lactic acid is

substantially more expensive, and as seen below, the products

arising from (L)-lactic acid are less active, making this route

less attractive than the route utilizing chiral α-bromopropion-

amides 12.

Crystal structures of (R)- and (S)-1 obtained by crystallization

from ethyl ether allowed us to unambiguously assign the

absolute configuration of each enantiomer. Shown in Figure 2

are the (S)-enantiomer (left, magenta) and (R)-enantiomer

(right, cyan) of 1. It is interesting to note that the hydrogen-

bond formed between the amide N–H and the unsubstituted

benzimidazole nitrogen in these crystal structures results in

pseudo seven-membered rings. Whether this conformation is

biologically relevant is unknown.

Structure–activity relationships
A small set of compounds was synthesized based on variations

of 1 by replacing the p-methoxyphenyl group with other substi-

tuted phenyl rings or heterocyclic rings. The compounds were

initially assayed in two screening assays: (1) a measles virus

cytopathic effect (CPE) reduction assay [12] and (2) a solu-

bility assay based on laser nephelometry [18]. Unfortunately,

compounds with the highest aqueous solubilities (>100 µg/mL)

had the poorest antiviral activity (i.e., 18a and 18e, Table 1). To

explore the possibility of increasing solubility by salt formation,

the L-tartaric acid salt and benzenesulfonic acid salts of the

most active compound 18f were synthesized (Figure 3) and

subjected to solubility testing. However, these salts failed to

Figure 2: Renderings of crystal structures of (S)- (left, magenta) and
(R)- (right, cyan) enantiomers of 1.

improve solubility compared with the parent. Several com-

pounds exhibited moderate antiviral activities but poor to

moderate aqueous solubilities (i.e., 1, 18b, 18d, and 18f,

Table 1). Since 14a, 14b, and 14c showed good antiviral activi-

ties, as well as moderate aqueous solubilities, we decided to

examine the broader antiviral activities of these compounds and

to determine what, if any, effect the stereocenter present in each

of these compounds may cause.

We were motivated by the results of these two assays to more

completely characterize the antiviral activities and solubility

parameters of the most promising compounds. We assayed the

compounds in three additional biological assays: (1) a firefly

luciferase minireplicon assay whose output is driven by infec-

tion with influenza A/sw/Texas/2009 (WSN); (2) an assay using

a renilla luciferase reporter embedded as an additional transcrip-

tion unit in the genome of a measles virus (MeV) recombinant;

and (3) a colorimetric assay that measures reduction of MTT
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Table 1: In vitro screening of analogues of 1.

Compd. MeVa (CPE, µM) Aqueous solubilityb

(µg/mL at pH 7.4)
Compd. MeVa (CPE, µM) Aqueous solubilityb

(µg/mL at pH 7.4)

1 3.1 <15 18f-tartrate NDc <15
18a >75 140 18f-benzene sulfonate ND <15
18b >0.29 19 18g 0.05d <15
18c >75 <15 14a 0.179 20
18d 4.9 22 14b 0.20 15
18e >75 120 14c 0.6 25
18f 0.27 <15

a50% inhibitory concentrations were calculated by using the variable-slope (four parameters) nonlinear regression-fitting algorithm embedded in the
Prism 5 software package (GraphPad Software). Values represent averages of four experiments; highest concentration assessed, 75 μM.
bDetermined through laser nephelometry; cND. Not determined. dVirus yield reduction assay was used.

Figure 3: L-Tartaric acid salt (18f-tartrate) and benzenesulfonic acid salt (18f-benzenesulfonate) of 18f.

(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)

as a surrogate for general cytotoxicity, reported here as CC50.

Additionally, the aqueous solubilities of the compounds were

measured by using laser nephelometry at pH 3.0, 5.0, and 7.4

(Table 2).

Analysis of the data reveals several trends. First, with the

exception of a single case in which enantiomer potencies are

similar (14c, ΔEC50 < 3-fold), six other comparisons reveal the

(S)-enantiomer to be more active than the (R)-form by 7 to 110-

fold. Although we do not know the identity of the specific bio-
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Table 2: Antiviral potencies and solubilities for 1 and analogues.

Compd. R EC50 (nM)a Solubility (µg/mL)b CC50 (nM)c

MeV WSN pH 3.0 pH 5.0 pH 7.4

1
(S)-1
(R)-1

31
37

880

13
5

160
<15 <15 <15

>50000
>50000
>50000

14b
(S)-14b
(R)-14b

13
11

210

0.3
1

110
158 33 15

>50000
>50000
>50000

14c
(S)-14c
(R)-14c

110
180
530

43
36

120
212 51 25

NDd

ND
ND

14a
(S)-14ae

(R)-14ae

41
68

470

8
4

120
>300 92 20

ND
25000

ND

a50% effective concentrations were calculated by using the variable-slope (four parameters) nonlinear regression-fitting algorithm embedded in the
Prism 5 software package (GraphPad Software). Values represent averages of four experiments; highest concentration assessed 75 μM.
bDetermined through laser nephelometry. cDetermined through MTT assay, highest concentration assessed 50 μM. dND: Not determined. eAssayed
as a 1:1 mixture of atropisomers. Details of the separation of the atropisomers will be discussed elsewhere.

logical target(s), the enantio-discrimination implies to us that

the molecules bind in a well-defined binding pocket that is able

to accommodate the S-enantiomer more readily than the (R)-

enantiomer.

We note that the activity trends for the (S)- and (R)-enan-

tiomers against the measles and WSN influenza strain are quali-

tatively similar. However, for antiviral potency differences

between the racemate and the (S)-enantiomer, the attenuation is

indistinguishable under the testing conditions. Accordingly, we

attribute the assay discrepancy to the inherent variability in the

assay system.

While the compounds appear to be active against both influenza

and measles virus, they are somewhat more active against the

influenza virus strain (WSN) than against the measles virus.

Among the compounds surveyed, (S)-14b is the most potent

compound, with EC50 values of 1–11 nM against the two

viruses. Because the CC50 values of the compounds are greater

than 50 µM, the upper limit of the assay, we assume that the

compounds are not generally cytotoxic, giving selectivity

indices (CC50/EC50) for the active enantiomers of at least

103–104.

We have also assayed the most active compounds in a human

parainfluenza viral (HPIV) titer assay based on plaque assay

titration. The values for (S)-1, (S)-14a, (S)-14b, and (S)-14c are

80, 13, 80, and 11 nM, respectively. These data further corrobo-

rate the broad-spectrum activity of these compounds.

Lastly, the solubilities of the compounds have been improved

relative to that of 1. At all pH values examined, the aqueous
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solubility of 1 was below the limits of detection of the neph-

elometry assay (i.e., <15 µg/mL). However, compounds bearing

basic amine functionalities have improved solubilities relative

to 1, particularly at acidic pH values, but also at pH 7.4.

Conclusion
We have extended our previously published work on host-

directed inhibitors of myxovirus replication by preparing

analogues that positively address the poor aqueous solubility of

1 (JMN3-003) while simultaneously improving its potency. The

compounds presented here furnish EC50 values as low as 1 nM

with aqueous solubilities ranging from 15–25 µg/mL at pH 7.4

to >300 µg/mL at pH 3.0. Additionally, we have developed two

complementary methods for the synthesis of each of the enan-

tiomers of the compounds discussed and have unequivocally

demonstrated that the (S)-enantiomer is more active in this

series than the (R)-enantiomer. Further work from our labora-

tories regarding the in vivo efficacy of these compounds is

underway.

Supporting Information
Contains detailed synthetic procedures and characterization

data for molecules described herein, a more detailed

description of the laser nephelometry assay, and data tables

for the crystal structures of (S)-1 and (R)-1.

Supporting Information File 1
Detailed synthetic procedures and characterization data.

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

supplementary/1860-5397-9-23-S1.pdf]
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Abstract
A variety of stable, small-molecule peptidomimetic ligands have been developed to elucidate the mechanism by which the

neuropeptide Pro-Leu-Gly-NH2 (PLG) modulates dopaminergic neurotransmission. Photoaffinity labeling ligands based upon PLG

peptidomimetics have been used to establish that PLG binds to the D2 dopamine receptor at a site that is different from the orthoste-

ric site, thus making PLG and its peptidomimetics allosteric modulators of the dopamine receptor. Through the design, synthesis

and pharmacological evaluation of conformationally constrained peptidomimetics containing lactam, bicyclic, and spiro-bicyclic

scaffolds, support was provided for the hypothesis that the bioactive conformation of PLG is a type II β-turn. In addition, studies

with peptidomimetics designed to mimic either a type VI β-turn or polyproline II helix conformation yielded molecules that were

able to modulate dopamine receptors because of their ability to place the carboxamide NH2 pharmacophore in the same topological

space as that seen in the type II β-turn. Extensive studies with the spiro-bicyclic PLG peptidomimetics also established that both

positive and negative modes of modulation were possible for the same series of peptidomimetics simply as a result of minor differ-

ences in the stereochemistry about the bridgehead carbon within the scaffold. This information was used to transform existing posi-

tive modulators into negative modulators, which demonstrated that small structural changes in the spiro-bicyclic dopamine receptor

modulators are capable of causing major changes in the modulatory activity of PLG peptidomimetics.

204

Review
There has been an increasing effort to identify molecules that

are able to act as allosteric regulators of specific G protein-

coupled receptors (GPCRs), since such ligands have the poten-

tial to serve as novel therapeutic agents that are able to provide

a means of fine-tuning receptor responses to orthosteric agonists

or antagonists. In recent years, the identification of allosteric
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modulators for GCPRs has increased significantly. The adeno-

sine, muscarinic, chemokine, dopamine, serotonin, calcium-

sensing, and metabotropic glutamate receptors are just some

examples of GPCRs for which allosteric modulators have been

reported [1,2].

The neuropeptide Pro-Leu-Gly-NH2 (PLG) has been shown to

be a positive allosteric modulator of the dopamine D2 receptor

[3]. PLG was initially isolated from brain tissue in the search

for hypothalamic releasing factors, wherein it was found to

inhibit the release of melanocyte stimulating hormone from the

pituitary gland [4]. Early on, however, it was found that PLG

also possessed significant neuropharmacological activity as a

modulator of dopaminergic neurotransmission within the CNS

[5], as illustrated by its ability to potentiate the behavioral

effects of L-DOPA [6], to enhance the affinity of dopamine

receptor agonists to dopamine receptors [7], and to prevent

neuroleptic drug-induced supersensitivity of post-synaptic

dopamine receptors [8]. The molecular basis behind this

enhancement of dopaminergic neurotransmission did not

become known until several decades later when photoaffinity-

labeling peptidomimetics of PLG were used to show that PLG

and its peptidomimetics act as allosteric modulators of the

dopamine D2 receptor [3,9]. This represents one of the few

examples where a known endogenous molecule has demon-

strated allosteric receptor-modulating activity, since most

allosteric modulators discovered to date are exogenous syn-

thetic molecules that have been identified through screening

protocols and then subsequently optimized through structural

modification [2].

Although PLG’s pharmacological profile suggested that this

compound would have potential in treating neurological

diseases such as Parkinson’s disease and tardive dyskinesia, the

peptide nature of PLG limits its potential as a drug [10,11].

Thus, efforts were initiated to design peptidomimetic analogues

of PLG in the hope of developing agents that would possess the

same activity as PLG, but have better pharmacokinetic prop-

erties. As described below, these efforts have led to peptidomi-

metics that have helped elucidate the bioactive conformation of

PLG, as well as the mechanism by which these compounds

positively modulate dopamine receptors. In addition, these

efforts have led to the discovery of peptidomimetics that nega-

tively modulate dopamine receptors.

PLG peptidomimetic design
Although several studies of structure–activity relationships on

PLG had been carried out early on [12-14], these studies did not

provide information about the conformation PLG adopts to

produce its pharmacological actions. NMR spectroscopic

studies [15] and computational studies [16] indicated that PLG,

although a flexible molecule, assumes turn conformations. The

X-ray crystal structure of PLG showed that it existed in a type II

β-turn [17]. We began our PLG peptidomimetic development

studies by trying to understand what is the bioactive con-

formation of PLG. Our working hypothesis was that PLG exists

in a type II β-turn conformation when it produces its effects. To

test this hypothesis, a series of conformationally constrained

analogues of PLG were designed that would restrict PLG in

such a conformation. The overall approach employed is summa-

rized in Figure 1 and it involved the incorporation of one or

more bridging units between the atoms of the peptide backbone,

thereby constricting one or more of the four torsion angles (Φ2,

ψ2, Φ3, and ψ3) that define the postulated turn structure of PLG.

Lactam PLG peptidomimetics
The first confomationally constrained analogues of PLG synthe-

sized incorporated the lactam approach developed by Frei-

dinger et al. [18] to provide PLG peptidomimetics of type A

(Figure 1). The lactam scaffold constrains the ψ2 torsion angle,

the value of which varies depending upon the nature of X. In

addition, the type of β-turn that is mimicked is dictated by the

chirality of C-3. Lactams 1, 2, 4–6, and 9 (Figure 2) were active

in enhancing the binding of the dopamine receptor agonist

2-amino-6,7-dihydroxy-1,2,3,4-tetrahydronaphthalene (ADTN)

to dopamine receptors, while 3, 7, and 8 were inactive [19,20].

The activity seen with 2 and the inactivity of 3 supported the

hypothesis that the bioactive conformation of PLG was a type II

β-turn, since the (R)-isomer of the γ-lactam mimics a type II

β-turn, while the (S)-isomer supports a type II’ β-turn structure.

Although an X-ray structure of 2 showed that the γ-lactam

constraint restricted the ψ2 torsion angle to 141.9°, i.e., a value

close to the 120° seen in an ideal type II β-turn [21], 2 did not

exist in a type II β-turn conformation in the crystal state. The

same dependence on chirality was seen with δ-lactam analogues

6 and 7. In contrast, in the case of the ε-lactam analogues 8 and

9, it is the lactam with the (S)-chirality that possesses the

activity. This was expected, as previous studies had shown that

the (R)-ε-lactam restricts the ψ2 torsion angle to around −168°,

while the (S)-ε-lactam restricts the ψ2 torsion angle to around

+168°. This positive ψ2 value is consistent with the positive ψ2

value required of an ideal type II β-turn [22].

In the series of lactam PLG peptidomimetics shown in Figure 2,

peptidomimetic 2 was found to be the most potent in enhancing

the binding of the dopamine receptor agonist ADTN to isolated

dopamine receptors. It was over a 1000-fold more potent than

PLG [19]. Like PLG, this enhanced binding of agonists to the

dopamine receptor produced by 2 was brought about by

increasing the affinity of agonists to the receptor and by shifting

the ratio of low- and high-affinity states of the dopamine

receptor to the high-affinity state, which couples to the



Beilstein J. Org. Chem. 2013, 9, 204–214.

206

Figure 1: PLG peptidomimetic design approach. The Φ2, ψ2, Φ3, and ψ3 torsion angles define the postulated β-turn structure of PLG and a–c repre-
sent bridging connections made between the designated atoms of the peptide backbone to generate the peptidomimetic analogues A–E of PLG.

Figure 2: Lactam-based PLG peptidomimetics.

G-proteins [23]. Studies carried out in cell lines transfected with

human dopamine receptor subtypes have shown that PLG and 2

enhance agonist binding to the D2S, D2L and D4 dopamine

receptor subtypes, whereas the D1 and D3 receptor subtypes are

unaffected [24]. Peptidomimetic 2 was also more potent than

PLG in in vivo assay systems, including (1) potentiation of

apomorphine-dependent rotational behavior in 6-hydroxy-

dopamine lesioned rats [25]; (2) protection against 1-methyl-4-

phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced degenera-

tion of the nigrostriatal dopaminergic pathway [26]; (3) antago-

nism of antipsychotic drug-induced vacuous chewing move-

ments in the rat model of human tardive dyskinesia [27]; and

(4) prevention of NMDA receptor antagonist (MK-801)-

induced deficits in social interaction in rats [28].

In the initial design of the γ-lactam PLG peptidomimetic 2, the

isobutyl side chain of the leucyl residue was not incorporated

into the structure, in order to simplify the synthesis. The potent

activity of γ-lactam peptidomimetic 2 indicated that the isobutyl

side chain was not an absolute requirement for modulating

dopamine receptors. The synthesis of analogues of 2 in which

lipophilic moieties were incorporated into the structure to

mimic the isobutyl side chain of the leucyl residue of PLG

yielded analogues 10–12 (Figure 2) with increased activity,

suggesting that the lipophilic side chain was enhancing the

binding of the compounds to the PLG binding site presumably

by accessing a hydrophobic binding pocket [29,30]. A similar

effect was seen with the substituted β-lactam analogue of PLG,

compound 13, developed by Palomo et al. [31].

Other scaffolds have been employed successfully to generate

PLG peptidomimetics. A β-amino acid approach to the Frei-

dinger lactams that employs the piperidin-2-one scaffold
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Figure 3: Lactam-based photoaffinity ligands of the PLG modulatory
site.

yielded the active PLG peptidomimetic 14 [32]. Another

example is the pyridine-based PLG peptidomimetics developed

by Saitton et al. [33,34] and illustrated by 15. Peptidomimetic

15 cannot adopt a type II β-turn, but rather exists in an extended

conformation. Thus, the activity seen with 15 is not consistent

with the postulated type II β-turn bioactive conformation

hypothesis that is supported by the lactam and other highly

conformationally constrained PLG peptidomimetics that have

been developed. It was suggested that 15 is interacting with the

PLG modulatory binding site in a different manner than 2 and

its analogues [33]. Possible support for such a hypothesis can be

seen in the different activity profiles of α,α-disubstituted glycine

analogues of PLG and the corresponding α,α-disubstituted

derivatives of lactam PLG peptidomimetic 2 [35]. In addition,

subsequent studies, as detailed below, have shown that confor-

mationally restricted molecules constrained in different confor-

mations, but capable of projecting the key pharmacophores in

the same relative area of space, produce active PLG peptidomi-

metics.

Design of photoaffinity labels to identify the
PLG modulatory site
γ-Lactam peptidomimetic 2 served as a useful platform on

which to build ligands that proved useful in delineating the

target at which PLG and its peptidomimetics act. A series of

potential photoaffinity ligands was developed by placing a

photoreactive moiety at different points about 2 (16–21,

Figure 3) [3,36]. These photoaffinity ligands were found to

retain the ability to modulate dopamine receptors to varying

degrees, thus indicating that the incorporation of the photoreac-

tive moieties did not have a significantly adverse effect on

ligand binding to the modulatory site. Cross-linking of photoaf-

finity ligands 21b and 21c with the modulatory site gave a

receptor preparation in which the dopamine receptor was modu-

lated by the covalently linked photoaffinity ligand [3]. A radio-

labeled form of photoaffinity ligand 16c was used to demon-

strate that the site at which PLG and its peptidomimetics act to

produce their dopamine receptor modulatory effects is located

on the dopamine receptor [9]. This represented the first direct

evidence that PLG and its peptidomimetics were acting as

allosteric modulators of the dopamine receptor.

Spiro and bicyclic PLG peptidomimetics
The incorporation of a bridging unit into lactam 2 from C-3 to

the adjacent amide bond nitrogen yields the spiro-based PLG

peptidomimetics of type B (Figure 1). The spiro lactam scaf-

folds restrict the Φ2 and ψ2 torsional angles of a β-turn and

depending upon the chirality of the central carbon atom these

constraints can either mimic a type II or type II’ β-turn [37-40].

The insertion of a thiomethylene bridging unit from lactam C-5

to the acetamide α-carbon provides the bicyclic PLG peptidomi-

metics of type C (Figure 1). The result is a thiazolidine ring

fused with the lactam ring. Although other types of bridging

units have been employed in developing bicycle-based peptido-

mimetics, the thiomethylene unit is quite attractive as the syn-

thesis into such systems is simplified, because the amino acid

cysteine can be used. This bicyclic constraint was initially

developed by Nagai and Sato [41]. In this constrained system, it

is the ψ2 and Φ3 torsion angles that are constrained to values

near those of an ideal type II β-turn as determined through

computational calculations [42].

Of these two constrained systems, the bicyclic PLG peptidomi-

metics 22 and 23 (Figure 4) provided derivatives with signifi-

cant dopamine-receptor-modulating activity [42]. As in the

lactam series, the biological activity of the bicylic derivatives

was enhanced by incorporating hydrophobic moieties of the

bicyclic ring system that would be in a position to access the

hydrophobic pocket believed to be interacting with the leucyl

side chain of PLG, peptidomimetics 24–26 (Figure 4) [43].

Figure 4: Bicyclic PLG peptidomimetics.
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Spiro-bicyclic PLG peptidomimetics
By combining the spiro and bicyclic constraints into a single

structure, spiro-bicyclic PLG peptidomimetics of type D

(Figure 1) were obtained. These highly restricted scaffolds

constrain three of the four torsion angles that define a turn

structure, Φ2, ψ2, and Φ3, making them among the best scaf-

folds at locking a peptide into a turn structure. The 5.5.5 spiro-

bicyclic scaffold of peptidomimetic 27 (Figure 5) was found to

mimic a type II β-turn as demonstrated through computational

studies [44]. Peptidomimetic 27 was shown to enhance the

binding of dopamine receptor agonists to the dopamine receptor

in a manner similar to that of PLG [45]. Subsequently, it was

shown that the 5.5.6 (28) and 5.6.5 (29) spiro-bicyclic scaffolds

also served as excellent mimics of a type II β-turn [46]. In fact,

peptidomimetics 28 and 29a were more active than 27 in

shifting the ratio of low and high affinity states of the dopamine

receptor to the high affinity state and in enhancing apomor-

phine-induced rotations in the 6-hydroxydopamine-lesion rat

model of Parkinson’s disease [46]. The results showed that

modifying the ring sizes of the spiro-bicyclic scaffolds had a

significant effect on the activity of the spiro-bicyclic

peptidomimetic and because of the highly restricted nature of

the spiro-bicyclic systems the results provided strong evidence

in support of the hypothesis that the bioactive conformation of

PLG was that of a type II β-turn.

Figure 5: Spiro-bicyclic PLG peptidomimetics.

The synthetic approach to the novel highly constrained spiro-

bicyclic turn mimics found in PLG peptidomimetics 27–29

relied on α-alkylaldehyde proline derivatives (34, Scheme 1) as

key starting materials [44,46]. These aldehyde intermediates

were obtained from L-proline via the highly moisture-labile

oxazolidinone 30 of Seebach's “self-regeneration of chirality”

methodology [47]. Stereoselective alkylation of 30 provided

alkylated oxazolidinone 31 and cleavage of this N,O-acetal

provided α-alkylated proline 32, which when Boc-protected

gave 33. The formation of 34a and 34b was accomplished by

initial esterification of 33a and 33b, respectively, followed by

oxidative cleavage of the double bond in each case with OsO4/

NaIO4 [46]. An efficient and reproducible conversion of 33b

into 34c was developed that consisted of the following three-

step route: (1) benzyl ester formation, (2) oxidative cleavage of

the double bond with OsO4/NaIO4, and (3) hydrogenolysis of

the benzyl ester [36,48].

Scheme 1: Synthesis of α-alkylaldehyde proline derivatives by
Seebach's “self-regeneration of chirality” methodology.

Although the Seebach methodology provides a highly stereose-

lective way to α-alkylated prolines, there are several shortcom-

ings to the originally developed protocols [47]. In the oxazolidi-

none formation reaction, these shortcomings include the need

for a large excess of the costly pivalaldehyde, long conden-

sation reaction times of 3–4 days, and issues surrounding the

isolation and handling of the moisture-sensitive oxazolidinone.

By replacing pentane (capable of forming a 2% azeotrope with

water) with hexanes (capable of forming a 6% azeotrope with

water) it was found that the reaction time could be significantly

reduced from several days to 12–18 hours and that the amount

of pivalaldehyde could be reduced from six to two equivalents

[49]. With respect to the N,O-acetal cleavage reaction, wherein

31 is converted to 32, the hydrolysis of 31 was originally

carried out under rigorous acidic conditions (aqueous HCl under
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Scheme 2: Synthetic approaches to the spiro-bicyclic scaffolds.

reflux) and purification of the resulting α-alkylated proline 32

required tedious ion-exchange chromatography [47]. It was

subsequently found that simply stirring a solution of the alky-

lated oxazolidinone 31 in a methanol/water solution with silica

gel (200–400 mesh, 60 Å) either at room temperature for

12 hours [50] or under reflux for 1 hour [49], followed by

simple filtration procedures, provided α-alkylated proline 32 in

analytically pure form and in excellent yield. Protection of the

amino group of 32 by using typical procedures gives lower

yields than what is normally observed for this type of amine

protection, probably due to steric factors resulting from the

presence of the new fully substituted carbon center that has

been introduced alpha to the amino group. However, Boc-

protected α-alkylated proline derivatives could be obtained in

yields greater than 90% through conversion of the α-alkylated

proline to its salt form with tetramethylammonium hydroxide in

CH3CN during the amine protection reaction [51].

The construction of the spiro-bicyclic scaffolds was accom-

plished through the condensation of α-alkylaldehyde proline

derivatives 34a–c with either D-cysteine or D-homocysteine

derivatives to give diastereoisomeric mixtures of thiazolidines

35, 37 and 38 and thiazines 36, respectively (Scheme 2). For-

mation of the lactam ring from the thiazine and thiazolidines to

generate the spiro-bicyclic systems was accomplished by two

different methods. In one approach, thermal cyclization of 35

and 36 followed by esterification gave the cyclized 5.5.5- and

5.5.6-spiro bicyclic products, 39 and 40, respectively [44,46]. In

this approach, only one of two possible diastereoisomeric prod-

ucts was obtained in each case. Thiazolidine 37 could not be

cyclized under these conditions to generate the corresponding

5.6.5 spiro-bicyclic system. Instead, the 5.6.5 spiro-bicyclic

system was obtained by activation of the free carboxylic acid of

38 with Mukaiyama’s reagent (2-chloro-1-methylpyridinium

iodide (CMPI) [52]) followed by in situ lactam formation [46].

Under these advantageous kinetic conditions, two diastereoiso-

mers of the 5.6.5 spiro-bicyclic system, 41 and 42, were

obtained in a 1:1 ratio. The two diastereoisomers vary only in

the stereochemistry at C-8’a.

PLG peptidomimetics mimicking type VI
β-turn and polyproline II helix conformations
Early SAR studies on PLG showed that when the glycinamide

residue was substituted with both L-and D-prolinamide

residues, active dopamine receptor modulating peptides 43 and

44 (Figure 6) were obtained [13]. Likewise, triproline analogues

of PLG, peptides 45 and 46, in which the C-terminal residue

was either L-or D-prolinamide gave active compounds [53].

These results presented a paradox. It was expected that only

those PLG analogues possessing a D-prolyl residue at the

C-terminal end would show activity, as only those analogues

would be capable of assuming the postulated type II β-turn

bioactive conformation of PLG. Since the prolyl analogues

possessing a C-terminal L-prolyl residue would not be able to

assume a type II β-turn, the fact that they were active was not

consistent with the hypothesis that the bioactive conformation

of PLG is a type II β-turn. It was speculated that the prolyl

derivatives with the C-terminal L-prolyl residue are capable of

adopting a conformation that places key pharmacophore

moieties in the same relative topological space that these

moieties occupy in the peptidomimetics constrained to a type II

β-turn [36,48,49].

Figure 6: Prolyl PLG analogues.

Analysis of possible conformations that the homochiral prolyl

peptides could assume indicated two possibilities, as depicted in
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Figure 7. In one case, the presence of a prolyl residue intro-

duces the possibility of a cis-amide bond at the C-terminus with

the result being a type VI β-turn conformation. To test this

hypothesis, Germanas’ indolizidinone scaffold [54] was

employed as the type VI β-turn conformation mimic to design

47 and 48 (Figure 7A) [49,55]. A second possibility was that

triproline 45 could assume a polyproline II helix conformation,

wherein all the Pro–Pro amide bonds are in a trans-configur-

ation. For testing this hypothesis, the spiro-bicyclic peptidomi-

metics 49a and 49b were designed to mimic the polyproline II

helix conformation (Figure 7B) [48,56]. These two spiro-

bicyclic peptidomimetics are C-3’ epimers of the spiro-bicyclic

type II β-turn mimics 29a and 29b.

Figure 7: (A) Type VI β-turn mimics. An ethylene bridge connection in
43 and 45 between the α-carbon of the second residue and the
α-carbon of the C-terminal prolyl residue that is in a cis-amide bond
configuration yields spiro-bycyclic PLG peptidomimetics 47 and 48
constrained in a type VI β-turn conformation. (B) Polyproline II helix
mimics. An ethylene bridge connection in 45 between the α-carbon of
the second prolyl residue and the δ-carbon of the C-terminal prolyl
residue that is in a trans-amide bond configuration, and the replace-
ment of the γ-CH2 with S yields spiro-bicyclic PLG peptidomimetics
49a and 49b in a polyproline II helix conformation.

In the retrosynthetic analysis of spiro-bicyclic type VI β-turn

mimic 48, a disconnection at the lactam bond in the indolizidi-

none core was envisioned, which would give rise to a

symmetric unit of two prolines linked enantioselectively via a

two-carbon linkage at their α-carbons [55]. Such an approach

proved successful, as shown in Scheme 3. The ethylene-linked

biproline derivative 50 was readily converted to spiro-bicyclic

52 under conditions wherein the CMPI-activated ester of Boc-

Pro-OH was coupled to 50 to give the acylated biproline inter-

mediate 51, which when heated cyclized to 52 [55]. The steri-

cally congested nature of the spiro indolizidinone scaffold, due

in part to its boat-shaped conformation, was illustrated by the

observation that when 50 was converted to spiro indolizidinone

53, this material could not be efficiently acylated with Boc-Pro-

OH under a variety of coupling conditions. Instead, 53 had a

propensity to convert to the diketopiperazine 54. Also, the

methyl ester of 52 resisted direct amidation under a variety of

standard conditions. Rather, 52 had to be hydrolyzed to the acid

and then coupled to NH3 with 2-(1H-7-azabenzotriazol-1-yl)-

1,1,3,3-tetramethyluronium hexafluorophosphate (HATU) as

the coupling reagent in order to provide the primary carbox-

amide intermediate, which could be deprotected to give 48.

Scheme 3: Synthesis of spiro-bicyclic type VI β-turn mimic 48.

The lithium enolate of Seebach’s oxazolidinone 30 served as

the starting material for the stereoselective synthesis of

ethylene-linked biproline derivative 50. The nature of the bis-

electrophile proved to be crucial to the outcome of the alkyl-

ation reaction (Scheme 4). The alkylation of 30 with either

symmetric (1,2-dibromoethane) or asymmetric (1,2-dibromo-1-

phenylethane) vicinal dihalides resulted in the efficient dimer-

ization of 30 to afford the biprolyl oxazolidinones 56 and 57,

which served as precursors to the corresponding novel (R,R)-
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α,α’-biproline 58 and meso-α,α’-biproline 59 [57]. In contrast,

the reaction of the more electrophilic alkylating agent glycol

bistriflate with the enolate of 30 provided the desired dimer 55,

which after acid hydrolysis of the dimer followed by Fischer

esterification yielded 50 [55].

Scheme 4: Biproline formation from Seebach’s oxazolidinone.

The type VI β-turn PLG peptidomimetics 47 and 48 and the

spiro-bicyclic polyproline II helix PLG peptidomimetic 49a

were shown to possess positive dopamine-receptor modulatory

activity as demonstrated by their ability to enhance the binding

of the dopamine receptor agonist N-propylnorapomorphine

(NPA) to dopamine D2 receptors [48,49]. These results provide

evidence for the hypothesis that the homochiral prolyl peptides

43 and 45 are able to adopt either a type VI β-turn or a polypro-

line II helix as their bioactive conformation. It is postulated that

these highly constrained molecules are able to produce a modu-

latory response because each can present the necessary topolog-

ical arrangement of key pharmacophore moieties in a manner

similar to that of PLG peptidomimetics that are restricted to a

type II β-turn conformation. A comparison of the Φ, ψ, and ω

torsion angles of the type II β-turn, the type VI β-turn, and the

polyproline II helix conformational types indicates that they

each possess similar torsion angles at their N-termini, but they

differ at their C-termini. However, they all place the carbox-

amide NH2 pharmacophore in the same relative position in

space [48,49].

Peptidomimetic negative modulators of the
D2 dopamine receptor
Biological evaluation of the C-8’a epimer of the type II β-turn

PLG peptidomimetic 29a, spiro-bicyclic 29b, and of the C-8’a

epimer of the polyproline II helix PLG peptidomimetic 49a,

spiro-bicyclic 49b, revealed that the 29b and 49b diastereoiso-

mers were not positive modulators of the D2 dopamine recep-

tors, but rather were negative modulators of the receptor as they

decreased the binding of the dopamine receptor agonist

N-propylnorapomorphine to the receptor [48]. The fact that all

four peptidomimetics were capable of displacing a PLG

peptidomimetic radioligand in a competitive binding assay indi-

cated that the positive and negative modulators are interacting

with the same allosteric site on the D2 dopamine receptor. The

structural difference between 29a and 29b and between 49a and

49b is the chirality at the C-8’a bridgehead carbon atom. This

difference, it was postulated, has an effect on the conformation

adopted by the thiazolidine ring within the spiro-bicyclic scaf-

fold. In particular, modelling studies suggested that the pucker

of the thiazolidine ring in negative modulators 29b and 49b

caused the C-2’ carbon to occupy a different area of topolog-

ical space than this carbon occupies in the positive modulators

29a and 49a [48].

It was speculated that the different conformational effects

between the negative and positive allosteric modulators trans-

lated into different conformational changes when these ligands

bound to the allosteric binding site. This in turn produced

different conformational effects at the orthosteric site where the

dopamine receptor agonists bind. To test this hypothesis, the

syntheses of β-dimethyl derivatives of 29a, 29b, 49a, and 49b,

i.e., spiro-bicyclic peptidomimetics 60–63 (Figure 8), respec-

tively, were carried out [58].

In the case of the positive allosteric modulators, 29a and 49a,

we postulated that by placing the dimethyl groups on the C-2’

carbon of the thiazolidine ring to give the corresponding

analogues 60 and 61, we would be placing steric bulk in the

same region of topological space occupied by the C-2’ carbon

in the different pucker conformation of the negative modulators

29b and 49b. It was predicted that the dimethyl substitution on

a positive allosteric modulator would convert it into a negative

allosteric modulator. The dimethyl analogues, 60 and 61
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Figure 8: Positive and negative allosteric modulators of the D2
dopamine receptor based on the 5.6.5 spiro-bicyclic scaffold.

showed significant negative modulatory activity, as demon-

strated by their ability to negatively affect the binding of the

dopamine receptor agonist NPA to the D2 receptor and to shift

the EC50 value for [3H]NPA binding to dopamine D2 receptors

by 2.7- and 2.8-fold, respectively, compared to the control [58].

Thus, both compounds decreased the affinity of the agonist

NPA to the D2 dopamine receptor. The results supported the

proposition that the introduction of dimethyl groups into the

structure of the positive modulators resulted in molecules that

resembled the conformational characteristics of the unsubsti-

tuted negative allosteric modulators.

The introduction of dimethyl groups into the structure of the

negative modulators 29b and 49b gave analogues 62 and 63, re-

spectively. These analogues also exhibited negative allosteric

modulatory activity, albeit at a lower level than the unsubsti-

tuted peptidomimetics. Molecular models of 49b and 63, for

example, show that the thiazolidine C-2’ carbons of these two

molecules overlay quite well, but that the methyl groups of 63

now occupy topographical space outside that occupied by the

thiazolidine C-2’ carbon of 49b. It was speculated that this may

produce adverse steric effects and that this may be responsible

for the observed weaker activity seen with 62 and 63.

Conclusion
The development of PLG peptidomimetic probes has proved

valuable in helping to elucidate the structural and molecular

mechanism by which an endogenous neuropeptide, PLG, modu-

lates dopaminergic neurotransmission. This knowledge will be

useful in developing novel central nervous system (CNS) drugs

to treat conditions in which the dopamine receptors are directly

implicated (i.e., Parkinson’s disease, schizophrenia, Gilles de la

Tourette syndrome, etc.) [59-61]. Within the context of

G-protein coupled receptors, this work illustrates the potential

value of receptor modulation as a means of perturbing tradi-

tional ligand–receptor interaction [62,63] and it demonstrates

that this can be a successful platform for understanding bio-

logical function with peptidomimetic probes.
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Abstract
The hydrochloride of the racemic amino acid (2-(7-hydroxycoumarin-4-yl)ethyl)glycine, which can serve as a fluorescent probe in

proteins, and two halogen derivatives of it, were synthesized by using a new synthetic protocol in five steps. It is less costly and

relatively easy to prepare this kind of fluorescent amino acid with the new synthetic method. Furthermore, it can be applied to

synthesize other derivatives of the coumarin amino acid with some specific properties.

254

Introduction
Since α-L-(2-(7-hydroxycoumarin-4-yl)ethyl)glycine (1a,

Figure 1), a fluorescent non-natural amino acid, was geneti-

cally incorporated at a defined site in proteins in living organ-

isms for the first time by Schultz and co-workers [1] there have

been more and more applications related to it [2-8]. Compound

1a is of great interest to scientists because the 7-hydroxy-

coumarin moiety has a high fluorescence quantum yield and a

large Stokes shift. Its excellent fluorescence properties make it a

great candidate to substitute green fluorescent protein (GFP) in

the application of fluorescent labeling of living cells. Compared

with GFP, compound 1a is small, and can be incorporated at

any defined site in proteins; whereas GFP is large, which will

cause significant perturbation, and can only be fused to the C-

or N-terminus of the target protein [9]. The coumarin amino

acid 1a (Figure 1) is sensitive to both pH and solvent polarity,

which makes it a good probe to investigate protein functionali-

ties and biological processes related to them. The following

examples are several applications of it. Shan and co-workers

used compound 1a to form a FRET pair with the dye BODIPY-

Fl to study the dynamics of protein–protein interactions [2].

Wang and co-workers genetically incorporated 1a to a position

near to amino acids, which can be phosphorylated to investi-

gate how phosphorylation affects the fluorescence properties of

1a, and the variation in the fluorescence intensity can be used to

probe the phosphorylation status of certain amino acids [3].

Chapman and co-workers studied the FtsZ protein with geneti-

cally incorporated 1a [4]. The fluorescence of 1a was utilized to

study the assembling of FtsZ in vivo, especially how the Z-ring

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:xhu@moon.ibp.ac.cn
mailto:jwang@ibp.ac.cn
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is formed by FtsZ. This cannot be achieved by using GFP

labeling technique since GFP is relatively insensitive to the pH

and the solvent polarity of the solution. Many more examples of

the usage of 1a have also been reported [5-8]. Due to the high

importance of 1a, there has been a great need for a highly effi-

cient and practical protocol for its synthesis.

Figure 1: The chemical structure of a series of fluorescent amino
acids. (1a) α-(2-(7-hydroxycoumarin-4-yl)ethyl)glycine; (1b) α-(2-(6-
fluoro-7-hydroxycoumarin-4-yl)ethyl)glycine; (1c) α-(2-(6-chloro-7-
hydroxycoumarin-4-yl)ethyl)glycine.

There are two major different approaches available in the litera-

ture to synthesize compound 1a. Approach 1 was reported by

Schultz and co-workers, and it was the first synthetic protocol

to provide 1a as an enantiomerically pure amino acid in L-con-

figuration [1]. In this approach, N-α-Cbz-L-glutamic acid

α-benzyl ester was first converted into the side-chain β-keto

ester and then it was reacted with resorcinol in methanesulfonic

acid to afford 1a. The biggest shortcoming of this approach is

that the purification of the final product requires a costly prepar-

ative reversed-phase HPLC system. Other drawbacks of this ap-

proach include that the reactant Z-Glu-OBzl is expensive, and it

is difficult to characterize some of the intermediates formed.

Approach 2 was designed by Braun and Dittrich to provide an

alternative path for the synthesis of 1a [10]. It started from a

coumarinylacetic acid, which was then reduced to an alcohol by

borane-dimethyl sulfide. After the phenolic hydroxy group was

protected with a tert-butyl(dimethyl)silyl group, the alcohol was

converted into a bromide and was used to alkylate a glycine

enolate synthon to afford an imine. All the protecting groups

were then removed and racemic amino acid 1a was afforded.

This approach prevents the tedious and costly HPLC purifica-

tion step used in approach 1. However, it can only provide com-

pound 1a as a racemic mixture, and some reagents used are not

readily available. Due to the great importance of coumarin

amino acid, we designed a new synthetic protocol for com-

pound 1a and two further halogen derivatives (1b and 1c). This

new approach avoids some of the problems discussed above. It

has a good overall yield and only requires reagents that are rela-

tively cheap or easy to prepare. Compounds 1b and 1c have

different sensitivities to pH and solvent polarity, and can serve

as new fluorescent probes in a variety of applications.

Results and Discussion
Scheme 1 gives an outline of the new protocol used to synthe-

size compound 1. First, the coumarin ring with a 4-chloro-

methyl group (compound 3) was formed through Pechmann

condensation [11] from ethyl 4-chloroacetoacetate and resor-

cinol or its 6-halogenated derivatives (3a, 77.4% yield; 3b,

78.0%; 3c, 70.0%). By suspending compound 3 in triethyl phos-

phate with a catalytic amount of sodium iodide and heating the

mixture under reflux, phosphonate 4 was prepared and used

directly in the next step without purification. Compound 4 was

first treated with sodium hydride or other bases and then reacted

with formaldehyde to form terminal alkene 5 through a

Horner–Wadsworth–Emmons reaction [12] (two-step overall

yields are 27%, 53% and 55% for 3a to 5a, 3b to 5b and 3c to

5c, respectively, if sodium hydride was used). In the presence of

potassium tert-butoxide and a catalytic amount of tetrabutylam-

monium bromide, alkene 5 reacted with diethyl acetamidomalo-

nate (DEAM) [13] to form malonate 6 in high yield (6a, 73.1%

yield; 6b, 86.0%; 6c, 86.0%). It was then heated under reflux in

aqueous HCl solution (12 M) to completely remove the

protecting groups to afford the racemic coumarin amino acid 1

(1a, 95% yield; 1b, 83%; 1c, 84.3%).

This is a short and practical approach for the synthesis of

coumarin amino acid 1. The Pechmann condensation was

chosen to assemble the coumarin ring, since the yield is high

and derivatives with substituents at the 5-, 6- or 8-position can

be prepared [14-16]. In this paper, we report the synthesis of

6-fluoro and 6-chloro derivatives of compound 1a through

Pechmann condensation. The functional group introduced at

these positions will further improve the fluorescent property of

the coumarin amino acids, or add new chemical handles to the

coumarin ring for some specific investigations. The

Horner–Wadsworth–Emmons reaction was applied to install the

terminal alkene at the 4-position. Compared with the Wittig

reaction, the Horner–Wadsworth–Emmons reaction has a

significant advantage: The resulting phosphate byproduct can

be readily separated, whereas the byproduct triphenylphosphine

oxide generated in the Wittig reaction is difficult to remove

[17]. The effect of the base used in the Horner–Wads-

worth–Emmons reaction on the reaction yield was investigated

(Table 1). Three different bases including sodium hydride, 1,8-

diazabicycloundec-7-ene (DBU) and potassium tert-butoxide

(KOt-Bu) were used, and the reactions were carried out at 25 °C

for 5 h. DBU gave the best yield in the synthesis of 5a, 5b or

5c, whereas there was no reaction at all when KOt-Bu was used.

This indicates that KOt-Bu is not basic enough to deprotonate
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Scheme 1: Synthetic route to fluorescent amino acids 1a, 1b and 1c.

Table 1: Effect of different bases on the yield of compounds 5a, 5b
and 5ca.

Compound NaH DBU KOt-Bu

5a 27% 45% No reaction
5b 51% 59% No reaction
5c 45% 55% No reaction

aReaction temperature: 25 °C; reaction time: 5 h; solvent: THF; equiv
of compound 4/equiv of base = 1/5.

the α-hydrogen of phosphonate 4 at 25 °C. However, when the

reaction temperature was raised to 55 °C, the deprotonation

happened and compound 5 was afforded with good yield (Ta-

ble 2). This indicates that the reaction temperature has a signifi-

cant effect on the Horner–Wadsworth–Emmons reaction. Since

the coumarin ring could be opened under basic conditions, espe-

cially at high temperature [18], we need to choose proper base

and reaction temperature to get the optimized yield of terminal

alkene 5. Based on the experimental results, DBU is the best

Table 2: Effect of temperature on the yield of compounds 5a, 5b and
5ca.

Compound 25 °C 55 °C

5a No reaction 52%
5b No reaction 47%
5c No reaction 48%

aBase: KOt-Bu; reaction time: 5 h; solvent: THF; equiv of compound 4/
equiv of base = 1/5.

base among the three, and the reaction can be carried out at

room temperature to obtain a relatively good yield. Alkylation

of DEAM is widely used to synthesize α-amino acids [13],

which was also applied here to prepare the coumarin amino

acids. Through Michael addition reaction of DEAM to terminal

alkene 5, malonate 6 was formed in high yield, and it was fol-

lowed by the total hydrolysis of compound 6 with concentrated

aqueous HCl solution to afford the coumarin amino acid 1. We

found that the hydrolysis needed a high concentration of
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Figure 2: Coomassie-stained SDS-PAGE (left) of TAG38 mutant
thioredoxin (indicated by the black arrow) expression in the presence
and absence of 1 mM 1a. The right panel shows the fluorescence
image of wild-type and TAG38 mutant thioredoxin.

aqueous HCl solution (12 M) and a relatively long reaction time

(10 h) to reach completion.

Though this new protocol also affords the coumarin non-natural

amino acids in racemic form, similar to approach 2, it has some

advantages that make it practical for the preparation of these

fluorescent amino acids. First, the overall yields of the products

are good compared with the two approaches reported, and all

the reagents are commercially available and relatively cheap.

Second, a tedious HPLC purification step is not necessary and

only flash chromatography is required. Last, but most impor-

tant, derivatives with a substituent at the 6-position can be

prepared, which greatly expands the usage of this synthetic

protocol. Coumarin non-natural amino acids with a substituent

at the 5- or 8-position can also be prepared and a respective

study is ongoing in our laboratory.

The L-enantiomer was proved to be able to be incorporated into

a protein exclusively from the racemic mixture. In the presence

of the synthetase CouRS and MjtRNATyr
CUA, in E. coli [1], an

amber codon was substituted for Ile-38 in thioredoxin-1 (TRX-

TAG38), and protein expression was carried out in the LB

medium with the addition of 1 mM of racemic coumarin amino

acid 1a. The protein expression was also carried out without 1a

as a negative control. The synthetase/tRNA pair could uniquely

specify 1a in response to the TAG codon, which made the

expression of TRX-TAG38 possible. The protein was then puri-

fied and analyzed by the SDS-PAGE gel (Figure 2). It showed

that the full length protein (12.9 kDa) was only expressed in the

presence of 1a; even the final product was racemic. Since

thioredoxin has no intrinsic fluorescence, the fluorescent band

corresponding to mutant thioredoxin in the right panel of

Figure 2 must come from incorporated 1a. The L-enantiomer is

assumed to be accepted exclusively from the racemic mixture

since there is not any report indicating that D-amino acids exist

Figure 3: Absorbance of compounds 1b and 1c at 360 nm as a func-
tion of pH value. (A) Absorption spectrum of 50 μM compound 1b in
200 mM sodium phosphate buffer (pH 5.8–8.0), 200 mM sodium
acetate buffer (pH 3.7–5.6) or 50 mM Tris-HCl buffer (pH 8.2–8.9). (B)
Absorption spectrum of 25 μM compound 1c in 200 mM sodium phos-
phate buffer (pH 5.8–8.0) or sodium acetate buffer (pH 3.7–5.6).

in proteins. A related report proved that in the incorporation of a

non-natural amino acid into a protein, the L-enantiomer is

accepted exclusively from the racemic mixture [19]. Neverthe-

less, crystallization of the TAG38 mutant thioredoxin is under

way to obtain the X-ray crystal structure of it, which will give

direct proof of the exclusive incorporation of the L-enantiomer

of 1a.

6-Halogenated derivatives were also synthesized with this new

protocol; these derivatives should have similar extinction coef-

ficients and quantum yields as compound 1a, according to the

literature [20,21]. However, their pKa values are significantly

different from those of 1a, as shown in Table 3. The pKa values

are calculated from the absorbance at 360 nm at different pH

values illustrated in Figure 3, by using the Henderson–Hassel-

balch equation. The halogenation of 1a at the 6-position

decreases the pKa value, which makes compounds 1b and 1c
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Table 3: pKa values of compounds 1a, 1b and 1c and their corres-
ponding wavelengths of maximum emission.

Compound pKa Wavelength of maximum emission

1a 7.8 456 nm
1b 6.6 448 nm
1c 6.3 452 nm

Figure 4: Effect of the pH value of the solution on the fluorescence
emission spectra of compounds 1b and 1c. (A) Fluorescence emis-
sion spectrum of compound 1b. (B) Fluorescence emission spectrum
of compound 1c.

good substitutes for 1a in fluorescent labeling and other investi-

gations in biological systems. Screening for the synthetase/

tRNA pair for 1b and 1c is under way. Fluorescent emission

spectra of 1b and 1c at different pH values were both acquired

(Figure 4). The fluorescence intensities of these two com-

pounds are greatly enhanced upon increasing pH value of the

solutions. This fluorescence property can be used to monitor the

pH value of some acidic organelles, which may be difficult or

even impossible for other investigating technologies. For the

6-fluorinated compound 1b, its 19F NMR is another important

property suitable for probing the biological system. Coupling

the fluorescent emission spectrum with its 19F NMR spectrum,

it will provide a very powerful means in biological investi-

gations and analysis with small molecules.

Conclusion
In summary, a new protocol for the synthesis of several fluores-

cent coumarin non-natural amino acids in good yields was

designed. This protocol only requires relatively cheap reagents

and five reaction steps in total. The separation and purification

processes are much easier and an HPLC purification step is

unnecessary. Thus, it is more economical and less tedious

compared with previously reported protocols. 6-Halogenated

coumarin non-natural amino acids have different fluorescence

properties and other functionalities, which makes them good

probes for various biological studies. That a series of related

coumarin non-natural amino acids can be prepared with this

synthetic protocol is its most important advantages. Other

derivatives with a 5- and 8-substituent are being synthesized

and their fluorescence properties will be studied. The drawback

of this protocol is that we cannot obtain the pure L-enantiomer,

and only a racemic mixture was synthesized. However we

proved that the L-enantiomer can be incorporated into protein

exclusively, which indicated that the racemic product is good

enough for biological studies. Nevertheless, pursuit of a syn-

thetic protocol affording the pure L-enantiomer is still our next

goal.

By the chemical synthesis and genetic encoding of the fluores-

cent non-natural amino acids, fluorescent groups can easily be

incorporated at defined sites of proteins directly in living organ-

isms. The fluorescent group wouldn’t cause significant pertur-

bations on proteins due to its small size, thus, it greatly extends

the scope of fluorescence imaging techniques. Compound 1a

has a pKa of 7.8 and only its conjugate base is fluorescent. This

limits its usage in the fluorescence imaging in vivo, such as in

the study of receptor-mediated endocytosis. The protein

involved in the endocytosis needs to be translocated from cyto-

plasm, which has a pH around 7, to the endosomes and lyso-

somes, which have pH values around 5 [22]. Since the fluores-

cence of compound 1a is relatively weak at acidic conditions,

compound 1b and 1c with lower pKa are important and thus

synthesized. They will be more fluorescent in an acidic environ-

ment, which makes them better probes for endocytosis than

compound 1a. With the new synthetic protocol, compound 1b

and 1c now can be prepared in a straightforward manner. The

remaining unsolved problem in our work is on the molecular

biology side, the focus of which is the screening of the specific

aminoacyl-tRNA synthetases capable of recognizing 1b or 1c.

Once we get the synthetases, compound 1b and 1c will be very

useful probes of organellar pH and pH-dependent cellular
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processes. More coumarin amino acids with specific properties

can also be prepared by using our new synthetic protocol, which

makes it an important one in this research area.

Supporting Information
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Abstract
A concise synthesis of benzimidazole-substituted β-amido-amide LLW62 is presented. The original synthesis of compounds related

to LLW62 was developed on Rink resin as part of a “one-bead, one-compound” combinatorial approach for on-bead screening

purposes. The current synthesis is carried out in solution and is amenable to scale-up for follow-up studies on LLW62 and investi-

gations of related structures. The key step involves the use of a β-amino acid-forming three-component reaction (3CR), the scope of

which defines its role in the synthetic strategy.
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Introduction
Library syntheses and high-throughput screening can often be

combined to enable the discovery of new small-molecule probes

that modulate biological phenomena [1]. Although the use of

solid-phase, split-pool combinatorial synthesis for the prepar-

ation of solutions of small-molecule libraries has declined, the

use of these compounds for on-bead screening has resulted in

recent screening innovations [1,2]. The Lam and Kurth groups

have published several “one-bead, one-compound” (OBOC)

library syntheses of heterocyclic structures for a variety of

screening endeavors [3-12]. Some of these compounds were

identified as inhibitors of p21, which is a protein that modu-

lates the activity of cyclin kinases [13-15]. One function of p21

is that it acts downstream of p53 to repair DNA-damaged cells

and may function to convey anti-apoptotic activity to cancer

cells (Figure 1) [13]. As such, an inhibitor of p21 could sensi-

tize malignant cells to DNA-damaging chemical and radiation

therapy by subverting this p21-mediated DNA repair process

[14-17]. In this study, we developed a synthesis of LLW62 (1,

Figure 2), which is a complex benzimidazole-substituted

β-amido-amide similar in structure to inhibitors of p21 that

were reported previously to support studies of this compound as

a biological probe [14,15].
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Figure 2: Retrosynthetic analysis of LLW62 (1) from acid 7 (A) or aldehyde 11 (B).

Figure 1: p21 determines the fate of DNA-damaged [13] cells.

The synthesis of 1 emanates from a one-pot, three-component

reaction (3CR) of an arylaldehyde, malonic acid (5), and ammo-

nium acetate, which assembles the β-amino acid core (Figure 2)

[14,15,18]. In the reported synthesis of 1, a protected β-amino

acid core was attached to Rink-amide resin and carried through

to 1 by a series of elaboration and tagging steps [14,15]. Syn-

thetic intermediates in this route were not characterized, and 1

was ultimately purified by high-performance liquid chromatog-

raphy and partially characterized by matrix-assisted laser

desorption/ionization mass spectrometry [14]. In the current

synthesis, we set out to develop a concise and scalable solution-

phase route to 1 and provide characterization data for 1 and all

intermediate compounds.

In our retrosynthetic analysis, we envisioned 1 coming from

acylation of benzimidazole 3 with isocyanate 2 (Figure 2). We

initially sought to avoid nitration, protection and deprotection

steps and access this intermediate by performing a late-stage

3CR with benzimidazole 4, which would be available from

nitrile 6 or acid 7 (Figure 2, A). Although synthesis of 4

proceeded without difficulty from acid 7, this route was unsuc-

cessful at a late stage for a reason that we describe below. We

next envisioned benzimidazole 3 emanating from β-amino ester

10, which could be accessed in a few steps starting with an

early stage 3CR of aldehyde 11, malonic acid (5), and ammoni-

um acetate (Figure 2, B). Gratifyingly, 10 was converted to the

requisite benzimidizole 3 in three steps and carried through to 1.

Results and Discussion
Our initial target was benzimidazole 4, which we envisioned

originating from nitrile 6 or acid 7, each of which is commer-

cially available (Figure 2). We first attempted to synthesize 4

from 6, which would lead to the shortest possible synthesis of 1.

Nitrile 6 was treated with N-(3-aminopropyl)pyrrolidine (8) to

produce aniline 12 in 81% yield (Scheme 1) [19]. This com-

pound was reduced to aniline 13 in 79% yield and converted to

the benzimidizole 14 in 63% yield with aldehyde 9 under oxida-

tive conditions. The resultant nitrile proved to be extremely
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insoluble and difficult to handle. Several reduction conditions

were attempted to produce benzimidazole 4 with no success. In

addition, attempts to use the nitrile in a Blaise-type reaction or

similar nucleophilic addition were also unsuccessful (not

shown). Although nitrile 6 would have provided the shortest,

most direct entry into the requisite β-amino core structure, we

turned our attention to another route to 4.

Scheme 1: Attempted synthesis of aldehyde 4 from nitrile 6.

Acid 7 was immediately more promising as a starting material

for benzimidazole 4. Commercially available 7 was converted

to methyl ester 15 in 90% yield, due to its ease of handling

(Scheme 2) [20]. Next, SNAr displacement of the fluoride of 15

by N-(3-aminopropyl)pyrrolidine (8) proceeded in high yield,

99%, to give aniline 16 [20]. Reduction of the nitro group was

nearly quantitative and subsequent benzimidazole formation

with Oxone furnished benzimidazole 17 in 47% yield over two

steps [20,21]. The ester of 17 was smoothly reduced to the

alcohol 18, in 74% yield, and immediately oxidized to the alde-

hyde 4, in 87% yield. Unfortunately, 4 produced none of the

desired β-amino acid 3 under several different variants of the

3CR with malonic acid (5) and ammonium acetate. Tan and

Weaver demonstrated previously that the β-amino acid forming

3CR works best for electron-rich aldehydes and poorly for elec-

tron-deficient aldehydes [18]. Thus, we suspected that aldehyde

4 may be too electron poor for the 3CR to work efficiently. Our

suspicions were supported by attempting 3CRs on aldehydes 19

and 20, each of which has a single nitro group, and neither was

successful in this transformation.

An early-stage 3CR enabled the use of the least electron-poor

aldehyde in this key step (Scheme 3). Heating of 4-fluorobenz-

aldehyde (11), malonic acid and ammonium acetate under

reflux proceeded smoothly, as previously described, to furnish

β-amino acid 21 in 73% yield [18]. Methylation of 21 (80%)

followed by nitration of 22 (67%), boc protection of 23 and

SNAr displacement of the fluoride in 24 with amine 8 (71%

over two steps), and finally reduction of the nitro group of 25

Scheme 2: (A) Synthesis of 4 from acid 7 and (B) attempted β-amino
acid-forming 3CRs.

(63%) provided aniline 26 as our key intermediate for forming

the benzimidazole core of 1. We next attempted to produce 27

under the higher yielding oxidative conditions described for the

formation of nitrile containing benzimidazole 14. The yield for

this reaction was significantly lower, less than 50%, compared

to the reaction to produce 14, and we observed some transesteri-

fication of the methyl ester with butanol to produce a mixture of

27 and the butyl ester of 27 as the major products (not shown).

We thus turned to using Oxone, and benzimidazole formation

proceeded in acceptable yield (44%) from aniline 26 to furnish

27. Benzimidazole 27 was then saponified under basic condi-

tions to give acid 28 (86%) [21]. Installation of the primary

amide of 1 was then achieved in a single pot by treatment of 28

with ethyl chloroformate to make the mixed anhydride fol-

lowed by displacement with ammonia gas to produce 29 in 65%

yield [22]. Final Boc deprotection of 29 with TFA (87%) and

subsequent acylation of the free amine of 30 with isocyanate 2

(75%) provided the desired compound 1 in 11 total steps and

3% overall yield.
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Scheme 3: Synthesis of LLW62 by using an early stage 3CR.

Conclusion
We have completed a solution-phase synthesis of 1 and thus

provided a common route to related compounds that may

emerge from future on-bead screening experiments. The key

step was the 3CR to form the β-amino acid core structure.

Although the electronic requirements of this reaction limit it to

electron-rich, or at least not excessively electron poor, aromatic

aldehydes, application of this transformation early in the syn-

thesis ultimately proved successful. Although this route is not

suitable for large-scale production of 1, multigram quantities of

this compound and benzimidazoles of comparable complexity

are easily accessible for early stage studies of these compounds

in vitro and in vivo using model organisms.

Supporting Information
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Abstract
The attachment of biotin to a small molecule provides a powerful tool in biology. Here, we present a systematic approach to iden-

tify biotinylated analogues of the Hsp90 inhibitor PU-H71 that are capable of permeating cell membranes so as to enable the

investigation of Hsp90 complexes in live cells. The identified derivative 2g can isolate Hsp90 through affinity purification and, as

we show, represents a unique and useful tool to probe tumor Hsp90 biology in live cells by affinity capture, flow cytometry and

confocal microscopy. To our knowledge, 2g is the only reported biotinylated Hsp90 probe to have such combined characteristics.
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Introduction
Heat shock protein 90 (Hsp90) is a molecular chaperone that

functions to properly fold proteins to their active conformation

through its ATPase activity [1]. These client proteins include

many that are involved in malignant cell transformations (i.e.,

HER2, EGFR, mutant ER, HIF1α, Raf-1, AKT, mutant p53).

As a result of this, as well as the ability to block multiple

signaling pathways through inhibition of a single target, Hsp90

has become one of the most pursued molecular targets for anti-

cancer therapy [2,3]. As a testament to this, there are numerous

ongoing clinical trials evaluating Hsp90 inhibitors from a
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variety of chemotypes [4]. Although there are potentially

numerous ways to block the activity of Hsp90, the most

successful to date, as exemplified by its exclusivity in mode of

action by those advanced to clinical trials, has been the ATP-

competitive inhibitors that bind to the N-terminal nucleotide

binding pocket [4,5].

Hsp90 belongs to the family of GHKL (G = DNA gyrase

subunit B; H = Hsp90; K = histidine kinases; L = MutL)

ATPases, which is distinguished by a unique bent shape of its

nucleotide binding pocket [6]. This distinctive shape has

enabled for the design of highly selective ATP-competitive

inhibitors of Hsp90. Through the efforts of multiple drug-

discovery groups, many classes of inhibitors have been identi-

fied [3,5,7,8]. While much is known about the general types of

structures that inhibit Hsp90 and their structure–activity rela-

tionship, less is understood about Hsp90 tumor biology. As a

result we and others have been actively engaged in the syn-

thesis of chemical tools designed to probe the function of Hsp90

in transformed systems [9-11]. One class of Hsp90 inhibitors of

interest is the purine scaffold, including its representative

PU-H71 (1a). This agent, currently in clinical investigation for

cancer, binds to the N-terminal nucleotide binding pocket of

Hsp90 [12].

We have shown that PU-H71 selects for tumor Hsp90 species,

and therefore labeled derivatives of PU-H71 may be used to

specifically dissect, in a tumor-by-tumor manner, the abun-

dance and the functions of the oncogenic Hsp90 [13,14].

Specifically, these tools, which may selectively retrieve only

those Hsp90 complexes that are “available” for inhibition, will

allow for a better characterization of the “oncogenic Hsp90”,

both with regards to its onco-client protein content and the

nature of its distinct post-translational modifications. This is in

contrast to immunoprecipitation of Hsp90, which we have

shown to identify and isolate both “oncogenic Hsp90” (i.e.,

PU-H71-binding) and “housekeeping Hsp90” (i.e., PU-H71

nonbinding) complexes.

The attachment of biotin to a small molecule provides a

powerful tool in biology. As research tools, biotin-labeled

chemical tools have the potential to extend the study of single

targets to a particular class of molecules or even to an entire

proteome. In addition, the development of biotinylated chem-

ical tools that penetrate live cells and, thus, are designed both to

probe and to modulate the activity of biomolecules in live bio-

logical systems, allows for a type of “live biochemistry and

biology” that can complement traditional biochemical and bio-

logical approaches by promoting molecular characterization of

biomolecules both in vitro and within their natural biological

contexts.

In one application, biotinylated probes may be subjected to

streptavidin-containing beads to identify potential direct and

indirect interactors of the small molecule through affinity

capture. Streptavidin binds to biotin in the strongest noncova-

lent interaction known, with Kd ~1 × 10−14 M. As we have

already shown with PU-H71 attached directly onto beads, its

ability to bind to Hsp90 in client-protein-bound complexes may

be used to identify and analyze the drivers of oncogenic trans-

formations on a tumor-by-tumor basis [13]. Therefore, we

believe that there is considerable value in preparing biotiny-

lated analogues of PU-H71 (1a) with the ability to permeate cell

membranes so as to enable the investigation of oncogenic

Hsp90 complexes in live cells. In contrast to PU-H71 beads,

which are limited to cell homogenates, these compounds may

be further used to investigate Hsp90 complexes in live cells,

which represents a more physiologically relevant state. These

tools also have use in flow cytometry and microscopy, whereby

fluorescently labeled antibodies to biotin are used, as we

describe below.

Results and Discussion
Design and synthesis of biotinylated purine
scaffold Hsp90 probes
Geldanamycin (GM) is a benzoquinone ansamycin first isolated

from a fermentation broth of Streptomyces hygroscopicus [15]

and was the first reported Hsp90 inhibitor [16]. It has played a

paramount role as a probe molecule to investigate Hsp90

biology, and in fact the attachment of GM to solid support

enabled the identification of Hsp90 as the target of its anti-

cancer activity through affinity purification [16]. Biotinylated

GM has also been synthesized and has been proposed as a tool

to identify proteins other than Hsp90 that GM may directly bind

to [17]. Since the available evidence suggests GM cannot effi-

ciently trap Hsp90 in client-bound complexes [13,18], it appears

that GM–biotin is of limited use beyond identifying potential

direct interactors. In contrast, PU-H71 (1a) is highly selective

for Hsp90 and furthermore can efficiently bind to and trap

Hsp90 in client-bound complexes allowing for the identifica-

tion of global tumor Hsp90 proteomes by mass spectrometry

[13].

We therefore set out here to design a series of biotinylated

analogues derived from the purine scaffold Hsp90 inhibitor

PU-H71 (1a) with the purpose of identifying compounds

capable of permeating cancer-cell membranes, binding selec-

tively to intracellular oncogenic Hsp90 in live cancer cells, and

able to trap and isolate Hsp90 bound to tumor-specific onco-

client proteins. Because the biotin tag enables pull-down experi-

ments through subsequent binding to streptavidin or avidin, a

further requirement for our probe is that the linker be of suffi-

cient length to enable the concomitant binding to Hsp90 and
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Figure 1: Design of the biotinylated Hsp90 probes based on PU-H71 (1a).

streptavidin. Thus, in the design of these probes, the type of

linker, as well as its length, was systematically altered so as to

identify compounds that demonstrate such combined properties

(Figure 1).

As such we have prepared a number of biotinylated analogues,

derived from 1a and 1b, containing linkers of various lengths (1

to 17 atoms) and hydrophobicities (polyethylene-, amide- and/

or alkyl-containing). In addition, an amine-linked biotin

analogue 2a, which we have reported previously [9], was also

prepared for comparison purposes. This differs from the others

by the presence of an ionizable amine in the linker region.

Although 2a is a potent Hsp90 binder, it is less effective at

capturing Hsp90 complexes and has poor cancer-cell perme-

ability (Figure 2) and was therefore of limited use and served as

a further impetus for the synthesis of the novel probes described

here.

A critical factor in the design of biotinylated purine-scaffold

Hsp90 probes is the site of attachment of biotin. From previous

work including X-ray crystal structure [19], extensive SAR

[20,21], and docking experiments [9], the N9-position of the

purine scaffold was shown to be an ideal site for attachment

since it is directed towards the solvent. Furthermore, the amino

group of 1a or the desisopropyl analogue 1b provided a con-

venient handle with which to attach biotin directly or via a

linker through an amide bond. We chose to make analogues of

both 1a and 1b because the isopropyl group in 1a may result in

considerable effects on cell-permeability properties due to its

increased lipophilicity, while having little effect on the affinity

for Hsp90. While it is essential that the linker be of sufficient

length to enable the concomitant binding to Hsp90 and strepta-

vidin, it is also important that it is not exceedingly long for two

reasons. First, the possibility and extent of nonspecific binding

increases with longer linkers. Second, longer linkers result in a
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Figure 2: Analysis of the affinity and selectivity of the biotinylated probes for Hsp90. (a) K562 cancer cells were treated for 24 h with DMSO (vehicle),
PU-H71 (1 µM) or indicated biotinylated probes (5, 10 and 20 µM) and the effect of these agents on Raf-1 steady-state levels was analyzed by
Western blot. β-Actin was used as a protein loading control, because its levels remain unchanged following Hsp90 inhibition. The affinity of these
agents for Hsp90 as present in a cancer-cell homogenate and their effect on K562 cell growth are presented under the immunoblot figure. Values
were determined as indicated in the Experimental section. (b) and (c) K562 lysates or (d) K562 cells were incubated for 4 h with the indicated concen-
trations of the indicated probes. Live cells were permeabilized prior to the affinity purification step. After washing with high-salt lysis buffer (b,c) or lysis
buffer (d), protein complexes purified on streptavidin agarose beads were visualized by Coomassie blue staining. (d) For the indicated experimental
conditions, protein complexes were also identified by immunobloting (see Raf-1). MW marker = molecular weight marker. D-Biotin was used to test for
background binding of the streptavidin agarose beads. (e) Binding of probes (5 µM) to Hsp90 is competitively blocked by cell pre-treatment with
PU-H71 (1a, 5 µM). (f) Experiment set-up as in (d). Affinity purified Hsp90 in complex with its regulatory co-chaperones Hsp70 and HOP was
analyzed by Western blot. (g) K562 lysates were incubated overnight with the indicated probes (50 µM). Affinity purified proteins were identified by
Western blot.

higher molecular weight of the compound, which can adversely

affect their permeability across cell membranes.

The synthesis of the biotinylated molecules is shown in

Scheme 1 and in each case occurs in a single step from 1a or

1b. 2b and 2c were prepared from 1a or 1b, respectively, in

99% and 56% yield by DCC coupling with D-biotin under soni-

cation (Scheme 1, step a). 2d–2i were prepared by reaction of

1a or 1b with three different commercially available

N-hydroxysuccinimide (NHS) active ester containing biotin
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molecules (Scheme 1, steps b–d). Whereas reactions with 1b

occurred at rt and were complete after 1 h giving the desired

products in good yield (72–88%), reactions with 1a required

heating at 35 °C and were incomplete after 6 h as evidenced by

recovery of a significant amount of unreacted starting material.

The yields of isolated products ranged from 29–41%. 2d and 2e

were prepared from EZ-Link® NHS-LC-Biotin (Scheme 1, step

b). 2f and 2g were prepared from EZ-Link® NHS-LC-LC-

Biotin (Scheme 1, step c). 2h and 2i were prepared from

EZ-Link® NHS-PEG4-Biotin (Scheme 1, step d). 2a was

prepared as reported previously [9], by amination of the corres-

ponding bromide with EZ-Link® Amine-PEO3-Biotin.

Scheme 1: Reagents and conditions: (a) D-biotin, DCC, DMAP,
CH2Cl2, sonicate; (b) EZ-Link® NHS-LC-Biotin, DIEA, DMF, 35 °C or
rt; (c) EZ-Link® NHS-LC-LC-Biotin, DIEA, DMF, 35 °C or rt; (d)
EZ-Link® NHS-PEG4-Biotin, DIEA, DMF, 35 °C or rt.

It should be noted that in each of the products (2b, 2d, 2f, 2h)

derived from 1a it was not immediately clear whether these

were a mixture of two compounds or rotamers, despite the

seeming unambiguity in the synthesis. While HPLC showed a

single homogeneous peak, the NMR spectrum was very compli-

cated. To settle this, 2d was prepared by an alternate synthesis

(Scheme 2). DCC coupling of 1a with 6-Boc-aminocaproic acid

yielded 3 following removal of the Boc group, which was

further reacted with D-biotin to give a product with identical

NMR and HPLC profile to 2d, confirming that a mixture of two

rotamers was present and not a mixture of two compounds.

Additionally, intermediate 3 also demonstrates a complex NMR

spectrum indicative of the presence of two rotamers. All of this

shows that, unlike the proton, the isopropyl group is bulky

enough to hinder rotation of the tertiary amides and to enable

identification of two rotamers by NMR [22].

Biological evaluation of the biotinylated
Hsp90 probes
As indicated above, there are several requirements for a biotiny-

lated probe to be useful in dissecting Hsp90 tumor biology in

Scheme 2: Reagents and conditions: (a) 6-Boc-aminocaproic acid,
DCC, DMAP, CH2Cl2, rt; (b) TFA, CH2Cl2, rt; (c) D-biotin, DCC, DMAP,
CH2Cl2, sonicate.

live cells. First, the probe should retain selective and tight

binding to tumor Hsp90. Second, it should permeate live cells

and while inside the cell, should bind to the oncogenic Hsp90.

Upon cell permeabilization, the probe should retain Hsp90

binding and concomitantly bind to streptavidin allowing for

subsequent isolation of Hsp90. Third, if isolation of oncogenic

Hsp90 in complex with its tumor-specific client proteins is the

desired outcome, the probe should also trap and lock the Hsp90/

protein complex, so that it is maintained throughout the subse-

quent permeabilization and purification steps.

Requirement 1: Retain tight binding to tumor Hsp90
To ensure the biotinylated compounds still retained affinity for

tumor Hsp90, they were each evaluated in a fluorescence

polarization (FP) assay by using a cancer-cell homogenate (i.e.,

SKBr3 human breast cancer lysate). This assay measures

competitive binding to tumor cell Hsp90 complexes [23]. Each

compound retained a good affinity for Hsp90, with values

ranging from 30 to 150 nM (Figure 2a, Hsp90 binding). Two

general trends were observed. First, compared to the PU-H71

analogues, the desisopropyl analogues bound on average with

approximately 2-fold greater affinity (i.e., 2c versus 2b, 2e

versus 2d, 2g versus 2f, 2i versus 2h), despite the fact that both

1a and 1b bound Hsp90 with similar affinity (24.5 versus

26 nM for 1a and 1b, respectively). This is likely a result of

increased steric crowding of the bulky isopropyl group in

analogues of 1a. Second, in terms of the linkers, the carbon

series appeared to have a somewhat higher Hsp90 affinity than

the ethylene glycol series (i.e., 2d and 2f versus 2h; 2e and 2g

versus 2i). In sum however, all of the compounds retained good
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affinity for Hsp90, supporting our notion for the ideal site of

biotinylation, and were thus suitable for further analysis.

Requirement 2: Permeate live cancer cells and bind
to oncogenic Hsp90
Having shown that each of the prepared biotinylated molecules

retained good affinity for Hsp90, we next evaluated these com-

pounds in two functional read-outs that together measure that

the probe has entered a live cancer cell and once inside the cell,

has bound to a substantial fraction of oncogenic Hsp90 mole-

cules. Specifically, K562 is a human leukemia cell line depen-

dent on Hsp90 for survival [13]. Thus, in such cells, occupancy

of Hsp90’s regulatory pocket by small molecules results in inhi-

bition of its cancer-sheltering properties, leading to cell-growth

inhibition associated with degradation of Hsp90-chaperoned

onco-proteins. These, such as is the case for Raf-1 in K562

cells, become ubiquitinated and targeted for proteasomal de-

gradation leading to a decrease in their steady-state levels

(Figure 2a, Raf-1) [24].

While the biotinylated analogues displayed decreased potency

compared to 1a, it was clear from these results that some were

capable of entering live cells in such concentrations as to

substantially occupy the oncogenic Hsp90 sites (Figure 2a, for

derivatives 2b, 2c, 2e, 2g and 2d almost complete Raf-1 degrad-

ation associated with cell-growth inhibition in a similar concen-

tration range). Other derivatives, such as 2i, 2f and 2h failed to

exhibit such properties (Figure 2a).

From the results, several conclusions concerning linker length

and type can be drawn. In general, as the chain length increased,

the ability to enter into the cancer cell decreased. With regards

to linker nature, the polyethylene glycol linker containing

derivatives (i.e., 2a, 2h and 2i) performed poorest by this

measure. Unexpectedly, derivatives 2g and 2f both containing

the same 15-atom linker and differing only by the presence of H

(on derivative 2g) or iPr (on derivative 2f) exhibited distinct

behaviors, with only 2g appearing to be substantially taken up

by the cancer cell.

Requirement 3: Bind concomitantly to Hsp90 and
streptavidin
Having identified which compounds were capable or not of

permeating live cancer cells, we next wanted to determine

whether the chain length was optimal to maintain concomitant

binding to Hsp90 and streptavidin, so as to allow for isolation

and identification of Hsp90/onco-client complexes from cancer

cells. For this purpose, K562 lysates (Figure 2b and c) were in-

cubated with the biotinylated ligands and the complexes

captured on streptavidin beads. To test for the probe’s selec-

tivity, pull-downs were performed with increasing concentra-

tions of biotinylated derivatives (10, 25 and 50 µM; Figure 2c).

Additionally, affinity-purified complexes were washed with

high-salt buffer to remove Hsp90-bound co-chaperones and

client proteins (Figure 2b and c).

Of the new biotin derivatives, only 2h, 2f, 2g and 2i performed

better than 2a and isolated substantial amounts of Hsp90

(Figure 2b and c). We were unable to affinity purify Hsp90 with

derivatives 2b, 2c and 2e, indicating that while these com-

pounds entered the cancer cell and bound to intracellular Hsp90

(Figure 2a), the linker was of unfavorable length and did not

allow for concomitant binding to streptavidin through the biotin

end of the probe. Consequently, isolation of Hsp90 from the cell

homogenate failed with these biotinylated probes. As reported,

2a containing a 13-atom linker was a modest probe for affinity

purifications (Figure 2b and [9]), suggesting that for Hsp90, a

linker longer than 13-atoms, and more exactly of 15-atoms or

longer, was needed to maintain concomitant Hsp90 and strepta-

vidin binding.

Requirement 4: Trap Hsp90 in an onco-client-bound
conformation and isolate the endogenous Hsp90/
onco-client complexes from live cells
To test for the probes’ ability to isolate Hsp90 in secondary and

tertiary complexes, such as those containing onco-client

proteins, affinity purifications were also performed from live

K562 cancer cells (Figure 2d). In such a case, the biotinylated

tool is added to live cells where the compound binds to Hsp90

in an onco-client-bound conformation, locking and preserving

the endogenous Hsp90/protein complexes throughout the subse-

quent experimental steps (i.e., permeabilization). In contrast,

when adding a biotinylated tool to cell homogenates, one may

encounter two potential limitations. First, due to the dynamic

nature of the Hsp90/client protein interactions, the endogenous

complexes may be lost during the homogenization process and

thus, pull-downs from homogenates may miss important inter-

actors. Second, during homogenization, certain proteins may

lose their well-regulated conformation and potentially aggre-

gate. Such misfolded proteins are prone to be captured by chap-

erones resulting in “false positives” (i.e., nonendogenous Hsp90

client proteins). False positives increase the “background” on

the affinity resin, and the higher the background, the poorer the

identification of relevant endogenous Hsp90 complexes will be.

Therefore, while it is true that following the addition of the

biotinylated tool to cells, these are permeabilized or fixed/

permeabilized and thus no longer alive, the capture of the onco-

genic Hsp90 complexes takes place in the live cell.

Consequently, in live-cell experiments, cells were first incu-

bated with the biotinylated PU-H71 derivatives to trap and

maintain the onco-client complexed to Hsp90. Next, cells were
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ruptured into a physiological buffer containing molybdate. The

purpose of this step is to release the proteins from the cell yet

maintain the Hsp90/onco-client protein complexes intact.

Following capture of these complexes on the streptavidin beads,

complexes were applied to a denaturing gel, then probed by

both Coomassie stain (Figure 2d, top panel) and immunoblot

(Figure 2d, bottom panel Raf-1 blot). The Coomassie blue

stained gels of these pull-downs showed a single band at

approximately 90 kDa for derivatives 2g, 2i, 2d, 2f and 2h

(Figure 2d), which was competitively blocked by pretreatment

of cells with a soluble ligand (Figure 2e) indicating concomi-

tant binding to Hsp90 and streptavidin, and moreover

confirming selective and strong binding between these probes

and Hsp90.

Analogues of 1-atom linker (2b and 2c) and 8-atom linker (2d

and 2e) showed a faint band or no band at 90 kDa, a finding

similar to experiments performed in cell homogenates, indi-

cating that the linker was of inadequate length for the purpose

of affinity purification. Derivative 2d behaved erratically over

several experiments, showing either faint or no isolation of

Hsp90 (Figure 2d and not shown). We potentially attribute such

behavior to interbatch variability in the loading capacity and

nature of the streptavidin beads. 2d being of borderline charac-

teristics with regards to chain (i.e., eight atoms in length and

containing the sterically constraining iPr) and cancer-cell

permeability (Figure 2a) would fail to isolate Hsp90 in amounts

visible by Coomassie staining when low-capacity streptavidin

beads are used. As such, we advise against the use of this

derivative as a chemical tool. Most efficient at isolating Hsp90

in complex with an onco-client protein such as Raf-1 were

derivatives with 15-atom (2f and 2g) and 17-atom linkers (2h

and 2i) (Figure 2d, Hsp90 and Raf-1). From cells, 2g affinity

purifies Hsp90 in complex with its regulatory cochaperones,

Hsp70 and HSP-organizing protein (HOP) [1,2,13] (Figure 2f).

It is important to note that the affinity purification strength of

the biotinylated probes is weaker than that of directly solid-

support-linked PU-H71. This is likely a consequence of the

solid-support loading capacity. While direct attachment of a

ligand to the bead can result in high local concentrations of

ligand, the attachment of ligand indirectly by means of biotin-

streptavidin is limited by the concentration of streptavidin avail-

able on the solid support. It is obvious that much lower numbers

of bulky streptavidin molecules can be attached on any solid

support when compared to a low-molecular-weight ligand, such

as PU-H71. Therefore, for isolation and identification of entire

Hsp90 proteome isolations by mass spectrometry, as we

recently reported [13], the beads containing PU-H71 directly at-

tached by a covalent link remain the most efficient probe, and

we continue to recommend their use for such purposes.

Interestingly, when tested for Hsp90 paralogue-selectivity, we

noted for the 2g, 2i, 2f and 2h derivatives a substantial prefer-

ence for the affinity purification of the cytosolic Hsp90 over the

endoplastic reticulum (ER) paralogue, Grp94 (Figure 2g). This

is a surprising finding, because PU-H71 is a pan-Hsp90

inhibitor that binds equally well to the cytosolic and the ER

paralogues (Chiosis G, personal communication). We tested the

affinity of 2g, 2i, 2f and 2h for the two paralogues, and identi-

cally to the parent ligand PU-H71, we determined little prefer-

ence for Hsp90 over Grp94 (45 versus 451 nM for 2g; 83 versus

226 nM for 2i; 98 versus 210 nM for 2f; 137 versus 313 nM for

2h). These findings indicate that the selectivity profile was

unlikely imparted by the ligand. More likely, the ligand binds to

both Hsp90 and Grp94 in the cell extract; however, isolation of

the Grp94 complex on the streptavidin beads fails because of

the inappropriate nature of the linker. Such was the case for

probes 2b and 2c (see above), which, although they both bound

effectively to Hsp90, could not concomitantly bind Hsp90 and

streptavidin, and thus isolation of Hsp90 from extracts failed

with such probes.

Potential uses of the biotinylated Hsp90 probes
Having shown that the probes bind to tumor Hsp90, we went on

to demonstrate several potential uses for probe 2g. In addition

to affinity-purification of oncogenic Hsp90 from distinct

tumors, the biotinylated probes are useful to measure the drug-

accessible tumor Hsp90 by both flow cytometry and

microscopy techniques. We exemplify here such use in the

K562 leukemia cells in the determination of cell-surface

(Figure 3a) and intracellular (Figure 3b and c) Hsp90 by flow

cytometry and by fluorescent microscopy (Figure 3c). For the

measurement of intracellular Hsp90, the use of digitonin was

effective in allowing the entry of the antibiotin antibody for

probe detection (Figure 3b). Both digitonin and saponin can be

used to reversibly open cellular pores and allow antibody entry,

thus allowing for retention of cell viability, if this is desired

[25]. Staining with CD45, a plasma membrane protein, was

used as a positive control for detection of cell-surface Hsp90

(Figure 3a and b). The contribution to the signal of endogenous

levels of biotin in the cell was accounted for by the use of cells

stained with a fluorescently labeled antibiotin antibody (control,

Figure 3).

Conclusion
In our continuing efforts to develop tools that may be used to

better understand tumor Hsp90 biology, we have prepared a

series of biotinylated analogues of the purine scaffold Hsp90

inhibitor PU-H71 (1a) and its desisopropyl analogue 1b. The

goal of this study was to optimize probe 2a [9] and develop

analogues capable of efficiently permeating the cancer cell

membrane so that they may be used as tools to investigate onco-
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Figure 3: Use of probe 2g to detect oncogenic Hsp90 by flow cytometry (a) and (b) and by microscopy (c). For (b) and (c) cells were permeabilized
with digitonin. DMSO, cells treated with vehicle only; control, cells treated with vehicle and stained with antibiotin-PE for flow cytometry and antibiotin-
FITC for fluorescent microscopy; 2g, cells treated with probe 2g and stained with antibiotin-PE for flow cytometry and antibiotin-FITC for fluorescent
microscopy. MFI, mean fluorescence intensity. CD45 is a plasma-membrane protein. For microscopy, nuclei were stained with DAPI. (a) and (b) right
panels; quantification of repeat experiments (n = 2).

genic Hsp90 and its complexes from live cells by affinity

capture, flow cytometry and microscopy.

Of all probes, we found only 2g to be very effective at both

permeating cancer cell membranes and binding to and isolating

Hsp90 onco-protein complexes from live cells (Figure 2a and d;

red boxes), and its use is thus indicated for such applications.

Probes 2i, 2f and 2h remain of a yet uncharacterized category

(Figure 2a and d; green boxes). Unlike probe 2g, probes 2i and

2h, and to some degree 2f, failed to substantially degrade Raf-1

at concentrations as high as 20 µM (Figure 2a). When incu-

bated at such concentrations with live cells, a step followed by

permeabilization of cells and complex capture on streptavidin

beads, Hsp90 bound to Raf-1 was however isolated with these

probes (Figure 2d). While apparently a paradoxical finding, one

must note that 2h and 2i have in common the long 17-atom

linker. It is possible that such compounds are prone to being

trapped in the lipid bilayers of the plasma membrane, and thus,

significant amounts become available for binding to intracel-

lular Hsp90 only after the cell-permeabilization step (such as is

performed in Figure 2d). Alternatively, it is plausible that these

compounds get into the cell and become available for binding to

the oncogenic Hsp90 complex in the live cell. The long chain

however, characteristic of these probes, may interfere with
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recruitment of an E3 ligase to the Hsp90/onco-client complex,

and proteasomal degradation of the client protein may be

impeded as a result. We are conducting follow-up experiments

to investigate such hypotheses; however, these studies are

outside the scope of this manuscript.

In conclusion, our work identifies 2g as a probe for endogenous

oncogenic Hsp90 and its protein clientele in live cells. The

probe shows good affinity for tumor Hsp90 as demonstrated by

FP, and good permeability as demonstrated by the two pheno-

typic read-outs of oncogenic Hsp90 inhibition (i.e., cytotoxicity

and the ability to down regulate an Hsp90 onco-client protein in

the relevant cancer cell background). 2g can isolate Hsp90

through affinity purification from both cancer cell homogenates

and live cells and is capable of trapping Hsp90 in an onco-

client-bound conformation facilitating the isolation of such

complexes and their analysis and identification through clas-

sical biochemical techniques (i.e., Western blot). The probe, as

we demonstrate here, is also of use in detecting and analyzing

tumor Hsp90 by flow cytometry and microscopy. To our knowl-

edge, 2g is the only reported biotinylated Hsp90 probe to have

such combined characteristics, and thus represents a unique

useful tool to investigate Hsp90 tumor biology.

Experimental
General
1H NMR spectra were recorded on a Bruker 500 or 600 MHz

instrument. Chemical shifts were reported in δ values in parts

per million (ppm) downfield from TMS as the internal standard.
1H data were reported as follows: chemical shift, multiplicity

(s = singlet, d = doublet, t = triplet, q = quartet, br = broad, m =

multiplet), coupling constant (Hz), integration. High-resolution

mass spectra were recorded on a Waters LCT Premier system.

Low-resolution mass spectra were obtained on a Waters

Acquity Ultra Performance LC with electrospray ionization and

SQ detector. High-performance liquid chromatography analyses

were performed on a Waters Autopurification system with

PDA, MicroMass ZQ, and ELSD detector, and a reversed-phase

column (Waters X-Bridge C18, 4.6 × 150 mm, 5 µm) using a

gradient of (a) H2O + 0.1% TFA and (b) CH3CN + 0.1% TFA,

5 to 95% b over 13 minutes at 1.2 mL/min. All reactions were

performed under argon protection. EZ-Link® NHS-LC-Biotin,

EZ-Link® NHS-LC-LC-Biotin, EZ-Link® NHS-PEG4-Biotin,

and EZ-Link® Amine-PEO3-Biotin were purchased from Pierce

(Rockford, Il). 1a [20], 1b [10] and biotinylated analogue 2a [9]

were prepared as previously described.

Synthesis of probes
(2b). 1a (30 mg, 0.059 mmol), D-biotin (19 mg, 0.078 mmol),

DCC (24 mg, 0.117 mmol) and a catalytic amount of DMAP in

CH2Cl2 (1 mL) were sonicated for 9 h. The reaction mixture

was concentrated under reduced pressure and the resulting

residue was purified by preparative TLC (CH2Cl2/MeOH-NH3

(7 N), 10:1) to give 43.2 mg (99%) of 2b. 1H NMR (600 MHz,

CDCl3, 2 rotamers) δ 8.22 (s, 1H), 7.22 (s, 0.6H), 7.21 (s,

0.4H), 6.87 (s, 0.6H), 6.76 (s, 0.4H), 6.25 (br s, 0.6H), 6.16 (br

s, 0.4H), 5.96–5.88 (m, 2H), 5.85 (br s, 0.6H), 5.78 (br s, 0.4H),

4.63–4.54 (m, 0.6H), 4.45–4.32 (m, 1.6H), 4.25–4.21 (m, 0.4H),

4.19–4.11 (m, 1.4H), 4.07–4.00 (m, 0.6H), 3.95–3.88 (m, 0.4H),

3.22–2.97 (m, 2.4H), 2.84–2.78 (m, 1H), 2.77–2.69 (m, 0.6H),

2.68–2.62 (m, 1H), 2.27–2.22 (m, 0.6H), 2.05–1.94 (m, 1.4H),

1.89–1.74 (m, 1.4H), 1.72–1.43 (m, 3H), 1.40–1.16 (m, 3.6H),

1.06–1.00 (m, 4H), 0.97 (d, J = 6.7 Hz, 2H); MS (ESI) m/z:

739.2 [M + H]+; HRMS–ESI (m/z): [M + H]+ calcd for

C28H36IN8O4S2, 739.1346; found, 739.1353; HPLC: tR = 9.83.

(2c). 1b  (9.1 mg, 0.0193 mmol), D-biotin (7.1 mg,

0.0290 mmol), DCC (8 mg, 0.0386 mmol) and a catalytic

amount of DMAP in CH2Cl2 (1 mL) was sonicated for 5 h. The

reaction mixture was concentrated under reduced pressure and

the resulting residue was purified by preparative TLC (CH2Cl2/

MeOH-NH3 (7 N), 10:1) to give 7.5 mg (56%) of 2c. 1H NMR

(600 MHz, CDCl3/MeOH-d4) δ 7.97 (s, 1H), 7.17 (s, 1H), 6.86

(s, 1H), 5.84 (s, 2H), 4.27–4.23 (m, 1H), 4.09–4.05 (m, 1H),

4.03 (t, J = 7.2 Hz, 2H), 3.02 (t, J = 6.4 Hz, 2H), 2.97–2.90 (m,

1H), 2.67 (dd, J = 4.9, 12.8 Hz, 1H), 2.49 (d, J = 12.8 Hz, 1H),

2.01 (t, J = 7.5 Hz, 2H), 1.83–1.75 (m, 2H), 1.54–1.34 (m, 4H),

1.27–1.18 (m, 2H); MS (ESI) m/z: 697.1 [M + H]+; HRMS–ESI

(m/z): [M + H]+ calcd for C25H30IN8O4S2, 697.0876; found,

697.0904; HPLC: tR = 9.00.

(2d). 1a (15 mg, 0.0292 mmol), EZ-Link® NHS-LC-Biotin

(14.6 mg, 0.0321 mmol) and DIEA (7.5 mg, 10.2 µL,

0.0584 mmol) in DMF (0.5 mL) was heated at 35 °C for 6 h.

The reaction mixture was concentrated under reduced pressure

and the resulting residue was purified by preparative TLC

(CH2Cl2/MeOH-NH3 (7 N), 10:1) to give 10.3 mg (41%) of 2d.

In addition, 6.9 mg of unreacted 1a was recovered to give an

actual yield of 77%. 1H NMR (500 MHz, CDCl3, 2 rotamers) δ

8.29–8.26 (m, 1H), 7.29 (s, 0.4H), 7.28 (s, 0.6H), 6.87 (s, 0.4H),

6.85 (s, 0.6H), 6.76 (br s, 0.4H), 6.74 (br s, 0.6H), 6.63–6.51 (br

s, 2H), 6.00–5.96 (m, 2H), 5.68 (br s, 0.4H), 5.58 (br s, 0.6H),

4.64–4.56 (m, 0.4H), 4.52–4.45 (m, 1H), 4.36–4.28 (m, 1H),

4.27–4.20 (m, 2H), 4.09–4.01 (m, 0.6H), 3.32–3.08 (m, 5H),

2.94–2.86 (m, 1H), 2.76–2.69 (m, 1H), 2.37–2.31 (m, 1H),

2.22–1.96 (m, 4H), 1.96–1.89 (m, 1H), 1.80–1.30 (m, 12H),

1.16–1.10 (m, 4H), 1.09–1.04 (m, 2H); MS (ESI) m/z: 852.3 [M

+ H]+; HRMS–ESI (m/z): [M + H]+ calcd for C34H47IN9O5S2,

852.2186; found, 852.2206; HPLC: tR = 8.82.

(2e). 1b (16.9 mg, 0.0359 mmol), EZ-Link® NHS-LC-Biotin

(17.9 mg, 0.0394 mmol) and DIEA (9.3 mg, 12.5 µL,
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0.0718 mmol) in DMF (0.5 mL) was stirred at rt for 1 h. The

reaction mixture was concentrated under reduced pressure and

the resulting residue was purified by preparative TLC (CH2Cl2/

MeOH-NH3 (7 N), 10:1) to give 20.8 mg (72%) of 2e. 1H NMR

(500 MHz, CDCl3) δ 8.22 (s, 1H), 7.52 (t, J = 5.6 Hz, 1H), 7.36

(s, 1H), 7.03 (s, 1H), 6.66 (t, J = 5.5 Hz, 1H), 6.25 (br s, 2H),

6.03 (s, 2H), 4.52–4.47 (m, 1H), 4.33–4.28 (m, 1H), 4.25 (t, J =

6.8 Hz, 2H), 3.25–3.17 (m, 4H), 3.17–3.11 (m, 1H), 2.90 (dd, J

= 5.0, 12.9 Hz, 1H), 2.79–2.63 (m, 1H), 2.24 (t, J = 7.4 Hz,

2H), 2.19–2.13 (m, 2H), 2.02–1.94 (m, 2H), 1.74–1.58 (m, 6H),

1.56–1.48 (m, 2H), 1.46–1.31 (m, 4H); MS (ESI) m/z: 810.3 [M

+ H]+; HRMS–ESI (m/z): [M + H]+ calcd for C31H41IN9O5S2,

810.1717; found, 810.1703; HPLC: tR = 8.00.

(2f). 1a (15 mg, 0.0292 mmol), EZ-Link® NHS-LC-LC-Biotin

(18.2 mg, 0.0321 mmol) and DIEA (7.5 mg, 10.2 µL,

0.0584 mmol) in DMF (0.5 mL) was heated at 35 °C for 6 h.

The reaction mixture was concentrated under reduced pressure

and the resulting residue was purified by preparatory TLC

(CH2Cl2/MeOH-NH3 (7 N), 10:1) to give 8.2 mg (29%) of 2f.

In addition, 9.6 mg of unreacted 1a was recovered to give an

actual yield of 81%. 1H NMR (500 MHz, CDCl3/MeOH-d4, 2

rotamers) δ 8.18 (s, 0.4H), 8.16 (s, 0.6H), 7.31 (s, 1H), 6.98 (s,

0.6H), 6.95 (s, 0.4H), 6.90–6.80 (m, 2H), 5.98 (s, 2H),

4.55–4.47 (m, 0.4H), 4.47–4.41 (m, 1H), 4.27–4.23 (m, 1H),

4.22–4.16 (m, 2H), 4.03–3.95 (m, 0.6H), 3.34–3.31 (m, 0.6H),

3.24–3.19 (m, 1.4H), 3.17–3.07 (m, 5H), 2.89–2.82 (m, 1H),

2.70–2.64 (m, 1H), 2.32–2.25 (m, 1H), 2.16–1.94 (m, 7H),

1.70–1.18 (m, 18H), 1.09 (d, J = 6.7 Hz, 4H), 1.03 (d, J = 6.8

Hz, 2H); MS (ESI) m/z: 965.5 [M + H]+; HRMS–ESI (m/z): [M

+ H]+ calcd. for C40H58IN10O6S2, 965.3027; found, 965.3010;

HPLC: tR = 8.73.

(2g). 1b (16.6 mg, 0.0352 mmol), EZ-Link® NHS-LC-LC-

Biotin (22.0 mg, 0.0387 mmol) and DIEA (9.1 mg, 12.3 µL,

0.0704 mmol) in DMF (0.5 mL) was stirred at rt for 1 h. The

reaction mixture was concentrated under reduced pressure and

the resulting residue was purified by preparative TLC (CH2Cl2/

MeOH-NH3 (7 N), 10:1) to give 27.8 mg (86%) of 2g. 1H NMR

(500 MHz, CDCl3/MeOH-d4) δ 8.12 (s, 1H), 7.60 (m, 1H), 7.30

(s, 1H), 7.09 (m, 1H), 6.98 (s, 1H), 5.97 (s, 2H), 4.44–4.38 (m,

1H), 4.24–4.20 (m, 1H), 4.17 (t, J = 7.1 Hz, 2H), 3.18–3.04 (m,

7H), 2.83 (dd, J = 5.0, 12.9 Hz, 1H), 2.64 (d, J = 12.8 Hz, 1H),

2.16 (t, J = 7.5 Hz, 2H), 2.12–2.03 (m, 4H), 1.96–1.88 (m, 2H),

1.66–1.18 (m, 18H); MS (ESI) m/z: 923.4 [M + H]+;

HRMS–ESI (m/z): [M + H]+ calcd for C37H52IN10O6S2,

923.2558; found, 923.2595; HPLC: tR = 7.95.

(2h). 1a (15 mg, 0.0292 mmol), EZ-Link® NHS-PEG4-Biotin

(18.9 mg, 0.0321 mmol) and DIEA (7.5 mg, 10.2 µL,

0.0584 mmol) in DMF (0.5 mL) was heated at 35 °C for 6 h.

The reaction mixture was concentrated under reduced pressure,

and the resulting residue was purified by preparatory TLC

(CH2Cl2/MeOH-NH3 (7 N), 10:1) to give 9.3 mg (32%) of 2h.

In addition, 9.0 mg of unreacted 1a was recovered to give an

actual yield of 81%. 1H NMR (500 MHz, CDCl3/MeOH-d4, 2

rotamers) δ 8.18 (s, 0.4H), 8.16 (s, 0.6H), 7.32–7.30 (m, 1H),

6.98 (s, 0.6H), 6.96 (s, 0.4H), 5.98 (s, 2H), 4.56–4.49 (m, 0.4H),

4.46–4.39 (m, 1H), 4.27–4.22 (m, 1H), 4.21–4.15 (m, 2H),

4.07–3.99 (m, 0.6H), 3.71–3.66 (m, 2H), 3.61–3.51 (m, 12H),

3.50–3.45 (m, 2H), 3.38–3.29 (m, 2H), 3.25–3.16 (m, 2H),

3.12–3.07 (m, 1H), 2.88–2.81 (m, 1H), 2.68–2.63 (m, 1H),

2.63–2.57 (m, 1.2H), 2.47–2.41 (m, 0.8H), 2.18–1.98 (m, 4H),

1.70–1.52 (m, 4H), 1.41–1.32 (m, 2H), 1.08 (d, J = 6.7 Hz, 4H),

1.02 (d, J = 6.8 Hz, 2H); MS (ESI) m/z: 986.5 [M + H]+;

HRMS–ESI (m/z): [M + H]+ calcd for C39H57IN9O9S2,

986.2765; found, 986.2757; HPLC: tR = 8.53.

(2i). 1b (17.6 mg, 0.0374 mmol), EZ-Link® NHS-PEG4-Biotin

(24.2 mg, 0.0411 mmol) and DIEA (9.7 mg, 13 µL,

0.0704 mmol) in DMF (0.5 mL) was stirred at rt for 1 h. The

reaction mixture was concentrated under reduced pressure and

the resulting residue was purified by preparative TLC (CH2Cl2/

MeOH-NH3 (7 N), 10:1) to give 31.0 mg (88%) of 2i. 1H NMR

(500 MHz, CDCl3) δ 8.29 (s, 1H), 7.51 (t, J = 5.8 Hz, 1H), 7.32

(s, 1H), 7.03 (t, J = 5.3 Hz, 1H), 6.90 (s, 1H), 6.79 (s, 1H), 6.57

(br s, 2H), 6.01 (s, 2H), 5.97 (s, 1H), 4.53–4.48 (m, 1H),

4.35–4.25 (m, 3H), 3.79 (t, J = 6.1 Hz, 2H), 3.68–3.59 (m,

12H), 3.57 (t, J = 5.1 Hz, 2H), 3.46–3.40 (m, 2H), 3.24–3.18

(m, 2H), 3.18–3.12 (m, 1H), 2.90 (dd, J = 5.0, 12.8 Hz, 1H),

2.75 (d, J = 12.7 Hz, 1H), 2.54 (t, J = 6.0 Hz, 2H), 2.20 (t, J =

7.4 Hz, 2H), 2.01–1.40 (m, 2H), 1.79–1.59 (m, 4H), 1.48–1.38

(m, 2H); MS (ESI) m/z: 944.4 [M + H]+; HRMS–ESI (m/z): [M

+ H]+ calcd for C36H51IN9O9S2, 944.2296; found, 944.2307;

HPLC: tR = 7.82.

6-Amino-N-(3-(6-amino-8-(6-iodobenzo[d][1,3]dioxol-5-

ylthio)-9H-purin-9-yl)propyl)-N-isopropylhexanamide (3).

1a (50 mg, 0.0975 mmol), 6-Boc-aminocaproic acid (29 mg,

0.127 mmol), DCC (40.2 mg, 0.195 mmol) and a catalytic

amount of DMAP in CH2Cl2 (1.5 mL) was stirred at rt

overnight. The reaction mixture was concentrated under

reduced pressure, and the resulting residue was partially puri-

fied by preparative TLC (CH2Cl2/MeOH-NH3 (7 N), 12:1) to

give a residue, which was dissolved in TFA/CH2Cl2

(0.4:1.6 mL) and stirred for 20 min at rt. The reaction mixture

was concentrated under reduced pressure and the resulting

residue was purified by preparative TLC (CH2Cl2/MeOH-NH3

(7 N), 10:1) to give 55 mg (90%) of 3. 1H NMR (500 MHz,

CDCl3, 2 rotamers) δ 8.38–8.34 (m, 1H), 7.35 (s, 0.4H), 7.33 (s,

0.6H), 6.98 (s, 0.4H), 6.93 (s, 0.6H), 6.05–6.01 (m, 2H), 5.72

(br s, 2H), 4.69–4.63 (m, 0.4H), 4.29 (t, J = 7.2 Hz, 2H),
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4.10–4.02 (m, 0.6H), 3.31–3.25 (m, 1.2H), 3.20–3.14 (m, 0.8H),

2.80–2.70 (m, 2H), 2.37 (t, J = 7.5 Hz, 1.2H), 2.15–2.06 (m,

2H), 2.01–1.89 (m, 0.8H), 1.70–1.62 (m, 1.2H), 1.58–1.48 (m,

2H), 1.45–1.36 (m, 2H), 1.24–1.16 (m, 0.8H), 1.14 (d, J = 6.7

Hz, 3.6H), 1.09 (d, J = 6.9 Hz, 2.4H); MS (ESI) m/z: 626.2 [M

+ H]+; HRMS–ESI (m/z): [M + H]+ calcd for C24H33IN7O3S,

626.1410; found, 626.1411; HPLC: tR = 7.92.

(2d).  3  (50 mg, 0.0798 mmol),  D-biotin (25.3 mg,

0.1037 mmol), DCC (32.9 mg, 0.1596 mmol) and a catalytic

amount of DMAP in CH2Cl2 (2 mL) was sonicated for 6 h. The

reaction mixture was concentrated under reduced pressure and

the resulting residue was purified by preparative TLC (CH2Cl2/

MeOH-NH3 (7 N), 10:1) to give 31.9 mg (47%) of 2d. MS

(ESI) m/z: 852.3 [M + H]+; HPLC: tR = 8.82.

Biological evaluation of probes
Hsp90 competition assay. For the competition studies, fluores-

cence polarization (FP) assays were performed as previously

reported [9,23]. Briefly, FP measurements were performed on

an Analyst GT instrument (Molecular Devices, Sunnyvale, CA).

Measurements were taken in black 96-well microtiter plates

(Corning # 3650) where both the excitation and the emission

occurred from the top of the wells. A stock of 10 µM GM-cy3B

was prepared in DMSO and diluted with Felts buffer (20 mM

Hepes (K), pH 7.3, 50 mM KCl, 2 mM DTT, 5 mM MgCl2,

20 mM Na2MoO4, and 0.01% NP40 with 0.1 mg/mL BGG). To

each 96-well were added 6 nM fluorescent GM (GM-cy3B),

3 µg SKBr3 lysate (total protein), and test compound (initial

stock in DMSO) in a final volume of 100 µL Felts buffer. Com-

pounds were added in triplicate wells. For each assay, back-

ground wells (buffer only), tracer controls (free, fluorescent GM

only) and bound GM controls (fluorescent GM in the presence

of SKBr3 lysate) were included on each assay plate. GM was

used as positive control. The assay plate was incubated on a

shaker at 4 °C for 24 h and the FP values in mP were measured.

The fraction of tracer bound to Hsp90 was correlated to

the mP value and plotted against values of competitor concen-

trations. The inhibitor concentration at which 50% of bound

GM was displaced was obtained by fitting the data. All experi-

mental data were analyzed using SOFTmax Pro 4.3.1 and

plotted using Prism 4.0 (Graphpad Software Inc., San Diego,

CA).

Western blotting. The K562 cell line was purchased from the

American Type Culture Collection (Manassas, VA) and

cultured in Roswell Park Memorial Institute (RPMI) supple-

mented with 10% fetal bovine serum, 1% L-glutamine, 1%

penicillin and streptomycin. Cells were plated for 24 h prior to

treatment for the indicated times with DMSO (vehicle) or with

the indicated compounds. Protein extracts were prepared in

50 mM Tris pH 7.4, 150 mM NaCl and 1% NP-40 lysis buffer.

Protein concentrations were measured by using the BCA kit

(Pierce) according to the manufacturer's instructions. Protein

lysates (50 μg) were resolved by SDS-PAGE, transferred onto

nitrocellulose membrane and incubated with an anti-Raf-1 anti-

body from rabbit (1:500, sc-133, Santa Cruz) or anti-β-actin

from mouse (1:2,500, A1978, Sigma-Aldrich). Membranes

were then incubated with the corresponding peroxidase-conju-

gated secondary antibody (1:3,000 dilution) and visualized by

the ECL detection reagent (Amersham).

Chemical precipitation from cells. K562 cells were treated

with the indicated compounds for 4 h, after which cells were

collected and washed three times with PBS. Protein extracts

were prepared by sonicating cells in 20 mM HEPES, pH 7.3,

50 mM KCl, 5 mM MgCl2, 20 mM Na2MoO4, 0.01% NP40

lysis buffer. Streptavidin agarose beads (40 μL) (Thermo Scien-

tific) were washed three times with the lysis buffer and added to

500 μg of the total cellular protein extract diluted in lysis buffer

to a final volume of 120 μL. Samples were incubated at 4 °C for

1 h, washed five times with the lysis buffer (or high salt buffer

containing 1 M NaCl added to the lysis buffer) and applied to

SDS-PAGE. Gels were stained with Coomassie blue (BioRad)

according to the manufacturer's instructions.

Competitive binding. K562 cells were pretreated with PU-H71

(5 μM) for 30 min, followed by treatment for 4 h with the indi-

cated biotinylated probe (5 μM). Cells were washed three times

with PBS and sonicated in Felts buffer. Protein (500 μg) was

added to streptavidin beads, and samples were incubated for 1 h

at 4 °C. Affinity-purified protein was washed and then applied

to SDS-PAGE.

Chemical precipitation from cell lysates. K562 cells were

sonicated in 20 mM HEPES, pH 7.3, 50 mM KCl, 5 mM

MgCl2, 20 mM Na2MoO4, and 0.01% NP40 lysis buffer

containing added protease inhibitors. Affinity beads were

prepared by addition of the biotinylated probes to the strepta-

vidin agarose resin (40 μL) (Thermo Scientific), which was first

washed three times with the lysis buffer. Following incubation

at 4 °C for 1 h, the obtained Hsp90 affinity beads were washed

three times with lysis buffer to remove any unbound materials.

The protein extract (500 μg) was then added to the probe-bound

beads, and samples were incubated at 4 °C overnight. Following

five washes with lysis buffer, the protein isolates were subjected

to SDS-PAGE.

Growth inhibition assay. The effect of compounds on cell

growth was evaluated with the Alamar Blue assay [26]. In

summary, K562 cells were plated at 20,000 cells/well on Costar

96-well plates. Treatment with the probes added at the indi-
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cated concentrations in triplicate wells was performed on the

subsequent day and lasted for 72 h. The Alamar Blue reagent

resazurin (440 μM stock) was added at the end of the treatment

to result in a final concentration of 50 μM. Plates were read 6 h

later by using the Analyst GT instrument (Fluorescence inten-

sity mode, excitation 530 nm, emission 580 nm, with 560 nm

dichroic mirror). Results were analyzed in SoftMax Pro. The

percentage of cell growth inhibition was calculated by

comparing fluorescence readings obtained from treated versus

control cells, accounting for the initial cell population (time

zero). The IC50 was calculated as the drug concentration that

inhibits cell growth by 50%.

Flow cytometry analysis. Live cells. K562 cells were

pretreated for 4 h with the indicated biotinylated probe, washed

and stained on ice with CD45-Allophycocyanin (APC) (eBio-

science) in PBS/5% FBS for 30 min. Cells were then washed

and stained on ice with 0.125 µg of Anti-Biotin-PE in PBS/5%

FBS for 45 min, followed by 4',6-diamidino-2-phenylindole

(DAPI) (1 µg/mL) staining. Mean fluorescence intensity (MFI)

of phycoerythrin (PE) was determined in DAPI negative viable

cells. Digitonin permeabilized cells. K562 cells were

pretreated for 4 h with the indicated biotinylated probes, washed

and stained on ice with CD45-APC in PBS/5% FBS for 30 min.

CD45 is expressed on the cell surface of all hematopoietic cells

excluding mature erythrocytes and platelets. Cells were then

fixed for 30 min with Cytofix buffer (BD Biosciences), washed

and permeabilized with digitonin (10 µg/mL), followed by

washing and staining with 0.125 µg of anti-Biotin-PE in the

presence of digitonin for 30 min. Cells were then stained with

DAPI (1 µg/mL). Cells were washed and then analyzed by flow

cytometry (LSR-II, BD Biosciences).

Fluorescence microscopy. K562 cells were treated with 10 μM

2g or DMSO (control) at 37 °C for 4 h. Cells were then

collected, washed twice with PBS and attached to a chamber

slide by centrifugation at 1,000 rpm at 4 °C for 5 min. Cells

were then fixed with 4% paraformaldehyde in PBS at room

temperature for 15 min and then washed twice with PBS. Cells

were permeabilized with 50 μg/µL digitonin (Gold Biotech-

nology special grade Cat# D-180-250) in PBS at room tempera-

ture for 15 min. Cells were washed twice with PBS and incu-

bated in 10% BSA in PBS at room temperature for 1.5 h. Cells

were then washed twice with PBS and incubated with Anti-

Biotin-FITC antibody (Sigma cat# F6762), diluted 1:50 in PBS,

at room temperature for 1 h. Cells were then washed twice with

PBS and stained with DAPI in ProLong Gold anti-fade reagent

(Life Technologies cat# P36935) at which point a cover slip

was attached to the chamber slide. Slides were visualized using

a Leica SP5 Upright point-scanning confocal microscope at an

objective of 40× oil (x = 2048, y = 2048, z = 1).
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Abstract
Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disorder with few therapeutic options. While several gene

mutations have been implicated in ALS, the exact cause of neuronal dysfunction is unknown and motor neurons of affected

individuals display numerous cellular abnormalities. Ongoing efforts to develop novel ALS treatments involve the identification of

small molecules targeting specific mechanisms of neuronal pathology, including glutamate excitotoxicity, mutant protein

aggregation, endoplasmic reticulum (ER) stress, loss of trophic factors, oxidative stress, or neuroinflammation. Herein, we review

recent advances in the discovery and preclinical characterization of lead compounds that may ultimately provide novel drugs to

treat patients suffering from ALS.

717

Introduction
Amyotrophic lateral sclerosis (ALS), also known as Lou

Gehrig’s disease, is a progressive neurodegenerative disease

that leads to the dysfunction and death of motor neurons in both

the motor cortex and spinal cord. This adult-onset disorder leads

to paralysis and eventual death, most commonly by asphyxia-

tion. Symptoms typically include muscle weakness and wasting,

cramps, poor reflexes, twitching, and speech problems [1]. Few

treatment options exist for this fatal disease, which typically

results in death within 2–5 years of diagnosis [2]. Currently,

riluzole (1), a compound which reduces glutamate excitotoxi-

city, is the only FDA approved drug for the treatment of ALS.

However, its benefits are meager, as it has no effects on disease

symptoms and only extends lifespan for an average of 2–3

months [3].

World-wide, the incidence of ALS is 1–2 in 100,000 individ-

uals with about 90% of cases being sporadic (sALS) and 10%

of all cases characterized as familial (fALS) [4]. Several gene

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:ncosford@sanfordburnham.org
http://dx.doi.org/10.3762%2Fbjoc.9.82
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Figure 1: FDA-approved riluzole (1) and other ALS drugs currently in phase III clinical trials (2–6).

mutations have been identified that contribute to this disorder

with 20% of fALS cases being linked to mutations in the

copper/zinc (Cu-Zn) superoxide dismutase 1 (SOD1) gene [4].

Many cellular pathologies have been characterized in ALS,

including, but not limited to glutamate toxicity, protein

misfolding and aggregation, endoplasmic reticulum (ER) stress,

loss of trophic factors, oxidative stress, inflammation, disrupted

protein trafficking, and mitochondrial dysfunction [5]. Thera-

peutic development has been based around the targeting of

these mechanisms of cellular dysfunction.

Currently, several drugs are in phase III clinical trials for the

treatment of ALS (comprehensively reviewed in Glicksman,

2012 [3] and Dunkel et al., 2012 [5]). These drugs include

dexpramipexole (2), a mitochondrial stabilizer; arimoclomol

(3), a heat-shock protein (hsp) coinducer; olesoxime (4), a mito-

chondrial pore modulator; ceftriaxone (5), an inducer of the

glial glutamate transporter (GLT1, EAAT2); and edaravone (6),

a free-radical scavenging agent (Figure 1). Our focus in this

review is to primarily highlight novel small molecules in the

discovery and preclinical development stages for the treatment

of ALS and to discuss their relevance in the context of current

advances in the field.

Review
Animal models of ALS
The discovery of genetic mutations in fALS has led to the

development of transgenic mouse models and cell-culture

systems to study this disorder. The most common of these

mouse models carries the SOD1 G93A mutation where glycine

is substituted for alanine at position 93 in the superoxide dismu-

tase 1 protein [6,7]. Other related mutations in SOD1 include

H46R, A4V, and G85R. These mutations are not believed to

reduce the function of the SOD1 protein; however, they have

been hypothesized to cause selective motor-neuron death

through a toxic gain of function [8]. Mutant isoforms of the

SOD1 protein form intercellular aggregates leading to disrup-

tion of the proteasome, ER stress, mitochondrial dysfunction,

and other cellular deficits and damage [8]. SOD1 mutant mice

display prominent motor-neuron degeneration and have many

of the hallmarks of human ALS, including progressive hind-

limb weakness, increasing weight loss, and eventual paralysis

and death [8]. Recently, additional genes have been implicated

in ALS, such as TARDBP, which encodes for the trans-acti-

vating response (TAR) DNA-binding protein 43 (TDP-43),

FUS/TLS, which encodes the RNA-binding protein fused in

sarcoma, and VAPB, a gene encoding the vesicle-associated

membrane-protein-associated protein B/C, and animal models

based on mutations in these genes have been developed [8].

Despite obvious parallels with human ALS, to date these trans-

genic mouse models have proven ineffective in producing

potential drug therapies [6]. Many drugs that show efficacy in

mouse models have been unproductive in patient trials. Further-

more, riluzole [6-(trifluoromethoxy)-2-aminobenzothiazole],

the only FDA approved compound for ALS, produced only very

modest effects on disease progression in SOD1 G93A trans-

genic mice when administered prior to symptom onset [4].

These results highlight the limitations of these animal models in

drug development and question how effective these models are

in therapeutic discovery.

Reduction in glutamate toxicity
Riluzole (1), the only currently approved treatment for attenu-

ating disease progression in ALS patients, both inhibits the

release of glutamate and noncompetitively inhibits postsynaptic

NMDA and AMPA receptors [6]. However, riluzole demon-

strates variable drug exposure in addition to highly differential

serum concentrations among ALS patients following oral

administration [9]. This variability correlates with the heteroge-
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neous patient expression of the cytochrome P450 (CYP)

isoform CYP1A2, which provides the primary mechanism of

riluzole metabolism [10,11]. Given this variability in metabo-

lism within the patient population, recent studies have focused

around creating riluzole prodrugs that would exhibit higher

stability in vivo [11]. For example, McDonnell et al. [11], iden-

tified and evaluated a group of 23 riluzole prodrugs for their

potential use in the treatment of glutamate toxicity in ALS and

other disorders. Potential drug candidates were prepared

through the conversion of the exocyclic amine to single alpha

amides, carbamates, succinamides, or amide linkages from

γ-aminobutyric acids (Figure 2). It is expected that these com-

pounds would be cleaved by amidases or esterases found in

plasma to generate riluzole. The stability of these analogues was

tested in simulated gastric fluid, simulated intestinal fluid, and

in liver microsomes to determine whether the drugs would enter

the plasma intact. Further, the liberation of riluzole from the

prodrugs was evaluated in plasma. One compound, an

O-benzylserine derivative of riluzole (Figure 2, 1b), was identi-

fied as a candidate prodrug appropriate for in vivo testing, due

to its stability in in vitro intestinal and microsomal assays and

its ability to withstand metabolism by CYP1A2 [11]. Further

development of this prodrug may allow for consistent riluzole

plasma levels and thus more efficacious treatment among ALS

patients.

Figure 2: Riluzole (left) and prodrugs developed by McDonnell et al.
[11].

The modest success of riluzole in ALS treatment and the role of

glutamate excitotoxicity in numerous disease states have moti-

vated further drug development focused on the modulation of

glutamate signaling. In particular, evidence for an essential role

of glutamate toxicity in ALS has come from the analysis of

cerebrospinal fluid (CSF) from ALS patients, which shows a

three-fold increase in glutamate and N-acetyl-aspartyl gluta-

mate (NAAG, Figure 3) levels relative to controls [12,13].

Furthermore, exposure of CSF extracted from ALS patients

kills healthy motor neurons in culture [14]. Together, these data

point to an excess of glutamatergic signaling in ALS and

suggest that decreasing glutamate levels may have therapeutic

benefits in ALS patients. The actions of glutamate, the primary

excitatory neurotransmitter in the nervous system, are termi-

nated by the uptake of glutamate away from the synapse by

numerous glutamate transporters [15]. In particular, the Na+-

dependent excitatory amino acid transporter 2 (EAAT2), which

is present on glial cells surrounding the neuronal synapse [12],

is predominantly involved in the clearance of glutamate from

the synapse. Thus, activators of EAAT2 have the potential to

reduce glutamate toxicity in vivo and attenuate the disease

progression of ALS.

Figure 3: Neurotransmitters N-acetyl-aspartyl glutamate (NAAG, top)
and D-serine (bottom).

As EAAT2 expression is highly regulated at the translational

level, one strategy for increasing EAAT2 activity is to use small

molecules to increase the translation of EAAT2 mRNA [6].

This strategy, employed by Colton et al. [6], prompted the

screening of a library of 140,000 compounds by using an

ELISA-based assay for EAAT2 protein expression. This screen

resulted in 293 hits for compounds increasing EAAT2 expres-

sion. Of these, three were selected as lead compounds for

further optimization based on their potency and lack of cellular

toxicity, although it should be noted that the structures of the

hits were not disclosed [6]. Additionally, the EAAT2 protein

induced by these lead compounds was found to be functional

and exhibit appropriate cellular localization [6].

Using these identified lead compounds, Xing et al. [16] per-

formed chemical optimization to develop additional analogues

for potential use as therapeutic agents. Structure–activity

relationship (SAR) studies revealed that the thioether and

pyridazine moieties were essential molecular components for

increasing EAAT2 protein levels [16]. Of the analogues devel-

oped, several thiopyridazine derivatives (Figure 4) were found

to increase EAAT2 levels greater than six-fold over endoge-

nous levels in primary astrocyte (PA)-EAAT2 cells (an astro-

cyte cell line stably expressing mRNA for EAAT2) at concen-

trations of less than 5 µM. Additionally, one derivative was

found to increase EAAT2 levels 3–4-fold at only 0.5 µM [16].

These compounds will prove useful for evaluating the potential

of EAAT2 activators in animal models of ALS and in the study

of other diseases where glutamate toxicity plays an essential

role.
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Figure 4: Thiopyridazines developed to increase EAAT2 protein levels.

Figure 5: Compounds shown to reduce SOD1 expression.

In addition to dysregulation of glutamate levels in ALS patients,

recent studies have also detected elevated levels of D-serine

(Figure 3), an activator/co-agonist of the N-methyl-D-aspartate

(NMDA) ionotropic glutamate receptor, in the spinal cord of

both ALS patients and transgenic mice carrying the SOD1

G93A mutation [17,18]. This increase in D-serine corre-

sponded with a reduction of D-amino acid oxidase (DAO) in

SOD1 mutant mice, the enzyme responsible for the metabolism

of D-amino acids including D-serine. Interestingly, a new muta-

tion in the D-amino acid oxidase (DAO) gene has been recently

characterized to contribute to fALS [19]. This R199W DAO

mutation inhibits the function of DAO, increases ubiquitin-

containing aggregates, and reduces cell viability when

expressed in neuroblastoma-spinal cord (NSC)-34 cells, a motor

neuron cell line [19]. Since D-serine serves as a co-agonist at

the glycine site of the NMDA glutamate receptor, increases in

D-serine are likely to contribute to glutamate excitotoxicity in

ALS patients. These data suggest that reducing D-serine levels

through activation of DAO or reduction of serine racemase

(SR), the enzyme responsible for D-serine synthesis, may be

therapeutically beneficial [20]. Furthermore, drugs modulating

NMDA receptor signaling may also prove beneficial to ALS

treatment.

The contribution of improper glutamate regulation to ALS

pathology is further highlighted by studies demonstrating

abnormal metabotrophic glutamate (mGlu) receptor expression

in ALS patients. Elevated levels of Group I, II, and III mGlu

receptors have been reported in astrocytes of ALS patients,

while a decrease in the levels of Group II mGlu receptors has

been detected in neurons of the spinal cord in these patients

[21]. Furthermore, T-lymphocytes in ALS patients display

reduced mGlu2 receptor levels as compared to controls [22].

These data substantiate the role of glutamatergic dysfunction in

ALS and indicate that non-neuronal cells may be affected [22].

Targeting SOD1 mutations
Due to the role of SOD1 mutations in fALS and the reproduc-

tion of human ALS pathology in mouse models carrying mutant

SOD1 genes, one strategy to attenuate ALS pathology is to

develop small molecules that reduce SOD1 protein levels.

Support for targeting SOD1 protein expression has come from

animal studies demonstrating that the reduction of SOD1

protein levels in motor neurons causes these cells to become

resistant to ALS-induced cellular death [23]. In order to iden-

tify small molecules that downregulate the transcription of

SOD1, Murakami et al. [24] developed a high-throughput

screening assay using an H4 human astrocytoma cell line

expressing a SOD1 luciferase reporter construct. Following a

screen of a library of 9600 small molecules, 325 compounds

were identified as hits, with 2 compounds demonstrating

selectivity in downregulating SOD1 protein levels without

discernible cellular toxicity following secondary assays [24].

One of these compounds was chosen for further analysis

due to its considerably lower 50% effective concentration

(EC50). Interestingly, this selected hit compound, 3-(1H-

benzo[d]imidazol-2-yl)-6-chloro-4H-chromen-4-one (052C9, 7;

Figure 5), was found to reduce phosphorylation of the transcrip-

tion factor Nrf2, a known activator of cellular stress genes as

well as an upregulator of SOD1 transcription [24].

A similar high-throughput screen was performed by Wright et

al. [25], who assayed 30,000 small molecules for SOD1 tran-

scriptional repression by employing a PC12 (phenochromacy-

toma) cell line stably expressing the human SOD1 promoter

flanked by green fluorescent protein (GFP) [25]. This screening
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Figure 6: Families of compounds (named in italics) capable of reducing SOD1-induced cellular toxicity and mutant SOD1 protein aggregation. Top:
selected compounds identified in high-throughput screening. Bottom: advanced compounds.

strategy identified 20 compound hits, for which the activity was

confirmed through secondary assays and analyzed for cytotoxi-

city. Compound 7687685 (8; Figure 5) was demonstrated to

both reduce endogenous SOD1 protein levels in human cells

and also repress several other genes implicated in ALS

including FUS and TARDBP [25]. However, in in vivo studies

performed in SOD1 G93A transgenic mice, compound 8 exhib-

ited only a small (5%) reduction of SOD1 protein levels in

spinal-cord extracts. Due to the toxicity of the compound when

administered in higher doses, compound 8 is unlikely to be

useful for the treatment of ALS patients, although this screening

strategy may prove relevant for the development of further

small molecule inhibitors [25].

Conflicting data have arisen surrounding the ability of the anti-

malarial compound pyrimethamine (9; Figure 5) to reduce

SOD1 protein levels. Lange et al. [26] identified a dose-depen-

dent reduction in SOD1 expression in cultured human cells and

performed a phase I pilot study in 16 ALS patients. This study

analyzed blood and CSF samples of patients treated with the

drug for 18 weeks and determined that SOD1 levels were

significantly reduced in CSF and in leukocytes of these individ-

uals [26]. However, Wright et al. [27] were unable to confirm

these results in either cultured cells or in mice treated with

pyrimethamine. In contrast, these studies found that the concen-

trations of pyrimethamine required to reduce transcriptional

activity from the SOD1 promoter by 42% caused a 68% reduc-

tion in cellular viability, thus leading to the conclusion that the

reduction in SOD1 levels was due to nonspecific cytotoxicity.

In other cell types, as well as in animal studies, pyrimethamine

was unable to reduce SOD1 protein levels as compared to

controls [27]. These conflicting results are likely due to differ-

ences in how SOD1 protein levels were assessed as well as due

to differences between human and mouse fluid samples. Further

studies will be required to determine the effects of

pyrimethamine treatment on SOD1 protein expression and more

importantly assess whether or not it is able to attenuate ALS

pathology.

Mutations in SOD1 lead to cellular toxicity not through loss of

function of the SOD1 protein, but rather through a toxic gain of

function, whereby SOD1 mutants aggregate in intercellular

inclusions leading to cellular dysfunction. Due to this mecha-

nism of SOD1-induced cellular death, compounds that reduce

the aggregation of SOD1 protein may be able to protect cells

from damage. Benmohamed et al. [28] developed a screening

strategy to analyze the ability of small molecules to reduce

mutant SOD1 aggregates in a cell-culture model [28]. Using

PC12 cells transfected with an inducible SOD1 G93A construct

[29], a library of over 50,000 small-molecule compounds was

initially screened for the ability to enhance cellular viability in

the presence of the mutant SOD1 protein [28]. Hits from this

screen were then subjected to several counter screens including

a mutant SOD1 aggregation assay that utilized a cell line

expressing a SOD1 G85R mutant protein [29] coupled to

yellow fluorescent protein (YFP). Following incubation with

the selected compounds, the SOD1 G85R YFP cells were

imaged using a high throughput fluorescent microscopy system

and analyzed for the number of SOD1 aggregates per cell [28].

This screening strategy, combined with chemoinformatic

methodologies used to cluster structurally similar compounds,

allowed the researchers to identify three distinct chemical series

that were selected for optimization based on their ability to

reduce both cellular toxicity and mutant SOD1 protein aggrega-

tion: arylsulfanyl pyrazolones (ASP, 10), cyclohexane-1,3-

diones (CHD, 11), and pyrimidine 2,4,6-triones (PYT, 12;

Figure 6).

The ASP derivatives were subjected to structural optimization

and the resulting compounds were then evaluated in pharmaco-

kinetic (PK) assays. Two ASP compounds, which demon-

strated activity in cell viability and SOD1 aggregation assays,
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were found to have low microsomal stability and poor brain

accumulation, respectively [30]. Metabolic profiling and further

chemical modification were performed to increase the stability

and potency of ASP derivatives, and this ultimately led to

replacement of the thioether with an ether linkage and the

identification of a new aryloxanyl pyrazolone (AOP) scaffold

exemplified by compound 13 [31]. The new AOP analogues

were optimized and tested in cell-viability assays in primary

neurons, as well as aggregation assays in SOD1 mutant-

expressing cells. Compound 13 displayed high activity in these

assays as well as a promising pharmacokinetic profile including

good penetration of the blood–brain barrier (BBB) and was

further tested in a SOD1 G93A transgenic mouse model.

Mutant mice treated with compound 13 by intraperitoneal (i.p.)

injection at 20 mg/kg daily, starting at 6 weeks of age,

displayed a 13.3% increase in lifespan as compared to controls

[31], suggesting that the AOP scaffold is potentially suitable for

therapeutic development for the treatment of ALS. Several

important findings in the development of pyrazolone com-

pounds included the identification of an N1-benzyl substituted

pyrazolone, which displayed enhanced potency along with the

discovery that the N2-H group participates in hydrogen-bond-

donating interactions with the biological target [32].

SAR around the CHD scaffold 11 determined that 3,5-ditri-

fluoromethyl analogue 14 had the highest potency of these

derivatives. Additionally, 14 possessed favorable PK, demon-

strating high plasma stability and oral bioavailability, as well as

high brain accumulation [33]. Due to its advantageous pharma-

cological properties, 14 was tested in SOD1 G93A transgenic

mice to determine whether it was able to extend lifespan and

alleviate symptoms in a mouse model of ALS. However, this

compound demonstrated no therapeutic benefit. Additional

studies demonstrated that 14 exhibited poor activity in primary

cortical neurons due to low penetration of neuronal cells [33].

Further SAR around this series led to new chiral CHD

analogues, such as compound 15 (Figure 6), with higher

neuronal permeability and potency. Additionally, these com-

pounds were found to be active in the cytotoxicity screen per-

formed in SOD1 G93A-PC12 cells and displayed favorable PK

profiles. Importantly, compound 15 exhibited a 90% increase in

activity in primary cortical neurons [34]. Because of these

favorable properties, this analogue was tested in SOD1 G93A

transgenic mice that were treated daily by i.p. administration

with 30 mg/kg of CHD derivative compound 15 starting at 6

weeks (prior to symptom presentation). A 13% increase in

lifespan was observed in treated animals as compared to

controls [34].

SAR studies with PYT scaffold 12 were also successful in iden-

tifying an analogue with properties suitable for use as a novel

therapeutic for ALS. Modifications to the PYT backbone were

made and subsequent compounds were tested in both the previ-

ously described cytotoxicity assay as well as the SOD1 aggre-

gation assay. Compound 16 was found to be highly active in

both of these assays and additionally demonstrated high potency

and low toxicity, as well as excellent solubility and plasma

stability [35]. Further studies indicated that compound 16 was

able to cross the BBB and exhibited good oral bioavailability

[35].

An alternative strategy to prevent the aggregation of SOD1 was

employed by Ray et al. [36], who designed small molecules to

stabilize the SOD1 native dimer, theorizing that SOD1

monomerization was required for aggregate formation [36].

Examination of the mutant SOD1 A4V dimer interface detected

hydrophobic cavities that could be filled to enhance protein

stability. When these cavities were filled by genetic mutagen-

esis of the SOD1 protein, enhanced dimer stability was detected

[36]. An in silico screen was performed to identify compounds

with the potential to bind at the dimer interface and the top 100

hits were screened in an SOD1 A4V aggregation assay. Fifteen

compounds inhibited the aggregation of SOD1 A4V proteins

and were successfully found to prevent the aggregation of other

SOD1 mutants, G85R and G93A [36].

However, when tested for SOD1 protein binding in the pres-

ence of human blood plasma, these compounds performed

poorly, binding with higher affinity to blood proteins than to

SOD1, suggesting that these compounds may have significant

off-target activity [37]. Docking calculations were performed to

model the inhibitors at the dimer interface and a database of

small molecules was screened to identify molecules that satis-

fied the docking constraints [37]. Twenty new compounds were

identified and analyzed for inhibition of SOD1 A4V aggrega-

tion as well as binding to SOD1 in the presence of human

plasma. Six of these compounds (Figure 7) tested positively in

these assays [37], indicating that they may be excellent starting

points for therapeutic development for ALS.

Targeting TDP-43
While SOD1 mutations are frequently studied, these mutations

account for about 20% of familial ALS and only 2–3% of all

ALS cases [2]. Recent studies have focused on creating small

molecules that target other mutant proteins associated with

ALS. Trans-activating response (TAR) DNA-binding protein 43

(TDP-43) is a nucleotide-binding protein important for gene

transcription and mRNA splicing, transport, and stabilization

[38]. Mutations in the TARDBP gene, which encodes TDP-43,

are responsible for up to 6.5% of fALS [1]. In the neurons of

ALS patients, TDP-43 protein is decreased in the nucleus and

accumulates in cytoplasmic inclusions where it can sequester
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Figure 7: Compounds identified by Nowak and co-workers [37] in silico that selectively bind SOD1 over human plasma and inhibit A4V-SOD1 aggre-
gation.

Figure 8: 4-Aminoquinolines developed by Cassel and co-workers [43] for disruption of oligonucleotide/TDP-43 binding.

cytoplasmic RNAs in stress granules [39-41]. One approach to

alleviate the pathology caused by mutant TDP-43 is to identify

small molecules that inhibit the binding of TDP-43 to

nucleotides. Cassel et al. [42] developed a high-throughput

screening assay whereby TDP-43 nucleotide binding could be

assessed. A screen of 7360 compounds yielded a series of small

molecules that disrupt oligonucleotide binding to TDP-43

protein [42]. Later, this series of 4-aminoquinoline derivatives

(Figure 8) was tested for its ability to regulate TDP-43 [43].

TDP-43 expression levels must be appropriately regulated by

the cell as either overexpression or deletion of TDP-43 causes

cellular death. Caspases 3 and 7 can mediate the reduction of

TDP-43 protein levels through cleavage of TDP-43 and subse-

quent clearance of the cleaved products by the proteasome [44].

Cleavage-resistant mutations in TDP-43 are highly toxic to the

cell [44]. Cassel et al. [43] hypothesized that the 4-aminoquino-

line series identified in their HTS screen may increase the rate

of caspase cleavage of TDP-43 and thus affect its cellular accu-

mulation. In this study, several 4-aminoquinoline derivatives

(Figure 8) were found to bind to TDP-43, decrease its associ-

ation with oligonucleotides, and increase caspase-mediated

cleavage of the protein [43]. Furthermore, treatment of H4 cells

with these compounds modestly reduced intercellular levels of

TDP-43 [43] as well as histone deacetylase 6 (HDAC-6) and

autophagy-related protein 7 (ATG-7), proteins known to be

regulated by TDP-43 [45,46]. Since reduction of TDP-43 levels

in motor neurons may prove to be beneficial to ALS treatment,

further development and validation of this series of small mole-

cules may prove valuable for future therapeutic development.

Another mechanism to attenuate the toxicity of TDP-43 is to

prevent its aggregation into intercellular inclusions. In a study

by Parker et al. [38], treatment of SH-SY5Y cells with paraquat

to induce cellular stress through mitochondrial inhibition led to

the formation of TDP-43 aggregates in the cytoplasm. The

formation of TDP-43-containing cellular inclusions was

dependent on the activation of stress-induced kinases such as

c-Jun N-terminal kinase (JNK). Treatment of cells with

bis(thiosemicarbazonato)copper complexes (Cu(II)(btsc)s;

Figure 9), reduced stress-induced kinase activity and prevented

TDP-43 aggregation [38]. Cu(II)(btsc)s have previously been

demonstrated to have neuroprotective effects in mouse models

of neurodegeneration [47] and elicited similar results in cells

overexpressing TDP-43. These data suggest that Cu(II)(btsc)s,

such as compound 17, may be beneficial in the treatment
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Figure 10: Pharmacological inducers of autophagy.

Figure 9: Cu(II)(atsm), an example of a Cu(II)(btsc) copper complex.

of ALS by modulating kinase activity and reducing protein

aggregation.

The removal of dysfunctional proteins and organelles from the

cell can occur by the process of autophagy, whereby autophago-

somes engulf cellular material, which is then degraded by the

lysosome [48]. One strategy to reduce TDP-43-containing cyto-

plasmic inclusions is to induce autophagy by using known phar-

macological activators (Figure 10), such as tamoxifen (18),

carbamazepine (19), spermidine (20), or rapamycin (21).

Studies using these compounds to enhance autophagy in disease

models with TDP-43 proteinopathies have discovered a clear-

ance of cytoplasmic TDP-43, as well as a reduction in caspase

activation and cellular death corresponding with an upregula-

tion of autophagic markers [48]. Transgenic mice overex-

pressing TDP-43 in the forebrain display deficiencies in cogni-

tion as early as 2 months of age and impairment of motor func-

tion at 6 months of age. Treatment of these mice with 10 mg/kg

rapamycin by i.p. three times weekly increased their perfor-

mance in the Morris water maze test at 3 months of age and

enhanced rotarod performance at 6 months of age [48].

Together, these data indicate that enhancement of autophagy

may reduce cellular death and behavioral dysfunction asso-

ciated with TDP-43 mutations.

Modulation of trophic factors
One pathological characteristic of ALS is the loss of trophic

factors that promote the health and stability of motor neurons.

Compounds that increase growth factor-induced neuronal

support have been tested in both cellular and mouse models of

ALS with moderate success. For example, in a study performed

by Shimazawa et al. [49] a small molecule (SUN N8075, 22,

Figure 11), which is currently in clinical trials for the treatment

of stroke, protected SH-SY5Y cells against pharmacologically

induced ER stress-mediated cell death. Further investigation

into the mechanism of action of this compound revealed that 22

potentiated the upregulation of VGF nerve growth factor

inducible protein (VGF) in response to cell stress [49]. This

potentiation enhanced the activation of cellular survival signals

and reduced caspase cleavage. However, siRNA targeting VGF

abolished the protective response to 22, indicating that VGF

upregulation was central to the activity of this compound [49].

The importance of VGF in ALS disease progression has been

supported by studies of ALS patients, which report a reduction

in VGF levels in the CSF of individuals with ALS as compared

to control samples from healthy individuals [50]. To determine

if 22 could successfully treat ALS symptoms in animal models,

transgenic mice carrying the human SOD1 G93A mutation were

treated subcutaneously (s.c.) with 30 mg/kg 22 starting at 10

weeks of age and continuing for the lifespan of the animal.

Treated animals displayed delayed disease onset and progres-

sion as established by rotarod performance. Additionally,

animals treated with 22 exhibited a mean increase in lifespan by

10.9%. The effects of 22 were replicated in a transgenic rat

model of ALS, where this compound again displayed modest

effects on delaying motor function decline and increasing

survival [49].
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Figure 11: Compounds used to evaluate the effects of trophic factors on ALS disease progression.

Figure 12: Compounds identified as neuroprotective.

A novel study by Van Hoecke et al. [51] has implicated the

Ephrin/Eph system in determining motor neuron susceptibility

to degeneration in ALS. Ephrins and their cognate receptors

(Eph) are important in nervous-system development where they

assist with axonal pathfinding and repulsion. In adults these

signaling molecules have been demonstrated to play essential

roles in synapse formation and plasticity [52]. In this study,

Hoecke et al. [51] used a zebrafish model of ALS to determine

modifying factors that could influence disease progression and

identified the mammalian EPHA4 gene as a potential disease

modifier. To confirm these genetic data, 4-(2,5-dimethyl-1H-

pyrrol-1-yl)-2-hydroxybenzoic acid (23) was used to inhibit

EphA4 in mutant zebrafish. This treatment resulted in the

rescue of SOD1-induced axonopathy in zebrafish overex-

pressing a mutant SOD1 isoform. Further studies were per-

formed by genetically reducing EPHA4 gene dosage in mice

carrying the hSOD1 G93A mutation. Mice with reduced EphA4

displayed prolonged survival of motor neurons coupled with

increased motor performance and lifespan. Rat models of ALS

were also employed in this comprehensive study. Rats

expressing SOD1 G93A were treated with Epha4 blocking

peptide through intracerebroventricular (i.c.v.) injection. Rats

injected with blocking peptide exhibited delayed disease onset

and prolonged survival. In studies of ALS patients, patients

with lower levels of EphA4 protein correlated with later disease

onset and individuals carrying mutations in the EPHA4 gene

displayed increased survival rates [51]. Finally, studies were

performed in zebrafish expressing mutant TDP-43 protein. Inhi-

bition of Epha4 through pharmacologic or genetic methods also

rescued axonal deficiencies in this ALS model.

Together these studies suggest that pathways induced by trophic

factors that affect growth, development and survival of neuronal

cells, are essential components of ALS disease progression.

Therapeutics that increase the expression of a prosurvival

factor, such as VGF, or inhibit the action of a repressive

signaling molecule, such as Epha4, may have a profound effect

on patient outcome. Further studies are needed to determine the

effects of enhancing VGF or antagonizing Epha4 on other

cellular pathways before these treatments have the potential for

human testing.

Neuroprotective compounds
An alternative approach for the treatment of ALS is the

use of known neuroprotective or neurogenic compounds

(Figure 12). In a screen of a chemically diverse compound
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library, Pieper et al. identified an aminopropyl carbazole, P7C3,

which was found to increase adult hippocampal neurogenesis in

an in vivo assay [53]. Further optimization of this compound

through structure–activity relationship (SAR) analysis led to the

development of an analogue, P7C3A20 (24), which has a

replacement of the hydroxy group at the chiral center of the

linker with a fluorine atom and an addition of a 3-methoxy

group to the aniline ring [53]. This compound demonstrated

higher potency and was found to protect spinal cord neurons

from death in mice expressing the SOD1 G93A mutation. When

delivered at the disease onset, 24 demonstrated a reduction in

symptom progression as characterized by rotarod tests, and

examination of walking gait and stride length [54]. While these

data suggest that the use of this compound and its derivatives in

treating neurodegenerative disease may be promising, further

optimization is required to improve efficacy and solubility as

well as reduce toxicity.

Studies using DL-3-n-butylphthalide (25), a compound

approved for use in stroke patients in China, have reported that

the treatment of transgenic SOD1 G93A mice can improve

motor symptoms and increase lifespan. Oral administration of

this compound at 60 mg/kg daily prior to symptom presentation,

resulted in no delay in onset of hindlimb weakness, but

decreased the progression of motor dysfunction as tested by

rotarod [55]. When DL-3-n-butylphthalide treatment was initi-

ated following disease onset, SOD1 G93A mice displayed

increased survival of motor neurons in the spinal cord and a

reduction in astrocyte and microglial activation. Furthermore,

transgenic animals treated with this compound increase the

expression of the Nrf2 transcription factor, which promotes the

expression of anti-inflammatory and prosurvival genes [55].

In a novel approach to inducing neuroprotection, Eitan et al.

[56] used triaryl compound 4,4',4''-(ethane-1,1,1-triyl)tris(2,6-

diethoxyphenol), designated AGS-499 (26), to increase telom-

erase expression in neuronal cells. Telomerase is a protein com-

plex that maintains the length and integrity of telomeres in

developing and dividing cells. In differentiated neurons, telom-

erase activity is typically absent [57]; however, some studies

have indicated that some brain regions maintain active telom-

erase into adulthood [58,59]. Brain injury results in an increase

in telomerase activity and transgenic mice overexpressing

telomerase reverse transcriptase (TERT), an essential compo-

nent of the active telomerase enzyme, displayed a marked resis-

tance to neurotoxicity [60].

Treatment of mice with 26 resulted in an increase in telomerase

activity in the forebrain, spinal cord, and brainstem and

protected neurons from NMDA-induced toxicity [56]. SOD1

G93A mutant mice injected with 26 displayed a 14.6% reduc-

tion in the progression of neurological symptoms as analyzed

by limb assessment as well as a 16.4% increase in lifespan [56].

These benefits were mediated by a marked increase in motor

neuron survival in the spinal cord. Furthermore, treatment of

both rodent motor neuron cultures and human cells with 26

increased TERT levels and protected cells from oxidative stress

[56].

An alternative strategy to inducing neuroprotection is to inhibit

the signaling molecules that antagonize cellular survival and

promote neuron death in disease models. Glycogen synthase

kinase-3 (GSK-3) is an essential signaling molecule involved in

many cellular processes including glycogen metabolism, cell-

cycle regulation, cellular proliferation, and apoptosis. However,

studies using tissue samples from ALS patients report that they

display elevated GSK-3 levels in the spinal cord [61]. Increased

GSK-3 activity has also been reported in the motor neurons of

SOD1 G93A mutant mice [62]. Using a GSK-3 inhibitor that

crosses the BBB (27), Koh et al. [63] examined the effects of

reducing GSK-3 activity in mouse models of ALS. SOD1 G93A

mice were injected with 27 intraperitoneally at 60 days old.

Treated mice displayed delayed symptom onset, reduction in

motor deficits as measured by rotarod test, and increased motor

neuron survival in the spinal cord. Further investigation deter-

mined that the inhibition of GSK-3 in SOD1 G93A mice led to

a decrease in cleaved caspase-3 and cytosolic cytochrome c in

the spinal cord [63], indicating that the inhibition of GSK3 may

be neuroprotective in this disease model. Furthermore, treat-

ment of SOD1 G93A with GSK-3 inhibitors reduced markers of

inflammation in the spinal cord [63], suggesting a reduction in

glial reactivity.

Reduction in oxidative stress and inflamma-
tion
Another hallmark of ALS is chronic neuronal exposure to

oxidative stress and inflammation and thus several treatment

strategies are focused on the reduction of these cellular patholo-

gies. One mechanism to reduce oxidative stress in neurons is to

upregulate signaling through the NF-E2-related factor 2/antioxi-

dant response element (Nrf2/ARE) pathway, which is respon-

sible for the upregulation of antioxidant and prosurvival genes.

Neymotin et al. [64] tested two related compounds, 2-cyano-

3,12-dioxoolean-1,9-dien-28-oic acid-ethylamide (CDDO-EA,

28, Figure 13) and CDDO-trifluoroethylamide (CDDO-TFEA,

29), synthetic triterpenoid analogues derived from oleanolic

acid [64] for their ability to activate Nrf2/ARE signaling in cell

culture and mouse models of ALS. NSC-34 cells expressing

SOD1 G93A were treated with 29 and activation of Nrf2 was

tested. In response to treatment, the expression of Nrf2 and the

Nrf2 regulated genes, NQO-1 (NAD(P)H quinine oxidoreduc-

tase), HO-1 (heme oxygenase-1), and glutathione reductase
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Figure 13: Compounds developed to reduce oxidative stress and inflammation.

were significantly increased. Furthermore, primary rat neurons

treated with 29 displayed an increased nuclear translocation of

Nrf2 [64]. Oral treatment of transgenic SOD1 G93A mice with

either 28 or 29 resulted in an increase in Nrf2 expression and

nuclear localization. The levels of Nrf2-regulated antioxidant

genes were also elevated in the spinal cords of treated mice as

analyzed by RT-PCR. Importantly, treatment of SOD1 G93A

mice with 28 or 29 resulted in reduced weight loss, decreased

motor decline and increased lifespan [64].

Using a virtual screening system to discover oxidative-stress-

reducing agents, Kanno et al. [65] identified a small molecule,

N-(5-(2-pyridyl)(1,3-thiazol-2-yl))-2-(2,4,6-trimethyl-

phenoxy)acetamide, termed CPN-9 (30). Compound 30 was

initially tested for protection against pharmacologically induced

oxidative stress and was determined to be highly cytoprotective

in HeLa cells. When tested against a variety of cell-stress

inducers, 30 only protected against cellular death induced by

oxidative-stress pathways [65]. To determine the mechanism by

which 30 selectively protects against oxidative damage, the

expression of stress-activated proteins HO-1 and p21/CDKN1A

was tested. Both stress-induced proteins showed increased

expression, and activation of the Nrf2 transcription factor also

increased. Compound 30 was demonstrated to induce ARE

promoter activity in SH-SY5Y cells by using a luciferase

reporter assay [65]. These data demonstrate that 30 confers

resistance to oxidative stress by upregulation of the Nrf2/ARE

transcriptional pathway.

Due to its success at inhibiting cellular death in cultured cells,

30 was then tested in transgenic mice expressing the hSOD1

H46R mutant gene. Following chronic administration of 30

following symptom onset, disease progression was attenuated as

determined by feet clasping and rearing behavior. Mice treated

with 30 performed better in functional assays, including rotarod

testing and footprint analysis where treated animals showed

reduced gait abnormalities. Furthermore, treatment with CPN-9

diminished motor neuron loss in the spinal cord and extended

survival following disease onset [65].

Further studies aimed at reducing oxidative stress in ALS

models were performed by Tanaka et al. [66], who utilized a

dopamine D4 receptor antagonist, L-745,870 (31), to selec-

tively inhibit oxidative-stress-induced cell death. Compound 31

was previously determined to upregulate neuronal apoptosis

inhibitory protein (NAIP/BIRC1), a cytoprotective protein that

ameliorates oxidative-stress-induced cellular death [67]. Intra-

gastric administration of 31 to SOD1 H46R mice, prior to

symptom onset, was discovered to delay symptom onset as

determined by limb movement, rearing activity, and foot

clasping behaviors. Additionally, treatment with 31 delayed

weight loss and motor dysfunction as examined by a balance-

beam test. Spinal-cord tissue from treated and untreated SOD1

H46R mice was examined for motor-neuron loss and markers of

microglial activation. Treated animals displayed reduction in

both loss of neurons as well as decreased activation of

microglial cells [66]. Additionally, SOD1 H46R mice were
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Figure 14: Probes used to elucidate the roles of distinct gene-expression profiles in ALS patients.

treated with 31 following the presentation of disease symptoms.

Mice treated with 30 exhibited prolonged survival rates as

compared to untreated animals [66].

Additional work from this group identified the dopamine D2

receptor agonist, bromocriptine (32), as an NAIP upregulating

compound that reduced oxidative stress through the upregula-

tion of antioxidant proteins, such as activating transcription

factor 3 (ATF3) and HO-1 [68]. In vivo studies where 32

was administered to SOD1 H46R mice following symptom

presentation revealed that 32 delayed disease progression as

determined by feet clasping and rearing behaviors as well as

improved motor function as analyzed by the balance-beam

test, vertical pole test, and footprint analysis. Furthermore,

treatment with 32 prolonged the post-onset survival of SOD1

H46R animals [68]. These studies indicate that the attenuation

of oxidative-stress pathways through the upregulation of

antioxidant genes can reduce disease progression in ALS

models.

Novel mechanisms
Histone deacetylase (HDAC) inhibitors: Several gene

analysis studies have discovered distinct gene expression

profiles in ALS patients [69,70], indicating that transcriptional

dysfunction may contribute to ALS pathology [71]. One mecha-

nism of eliciting changes in gene expression is through the

acetylation of histone proteins, which allows access of gene

sequences to transcriptional complexes. SOD1 G93A mice have

markedly reduced histone acetylation following disease onset as

compared to control animals [71,72], supporting a role for aber-

rant transcriptional activity in disease progression. Conse-

quently, histone deacetylase (HDAC) inhibitors were tested in

ALS mouse models [71,72]. Ryu et al. [71] treated SOD1 G93A

mice with 400 mg/kg sodium 4-phenylbutyrate (PBA, 33,

Figure 14) by i.p. injection both prior to, and following, disease

onset. Treated animals displayed increased performance on

rotarod tests, improved stride length, and extended lifespan as

compared to untreated animals [71]. Furthermore, astrogliosis

and neuron loss in the lumbar spinal cord were attenuated with

drug treatment [71], indicating that inhibition of HDACs was

neuroprotective in ALS models.

Yoo et al. [72] obtained similar results using the HDAC

inhibitor trichostatin A (34). Compound 34 was injected

intraperitoneally at 1 mg/kg, 5 days a week following symptom

onset in SOD1 G93A mice that had been crossed with a mouse

line expressing yellow fluorescent protein (YFP) under the

Thy1 promoter. These mice express YFP in motor neurons,

allowing for innervation at neuromuscular junctions (NMJ) to

be analyzed. Treatment with 34 increased histone acetylation in

the spinal cord and skeletal muscle of SOD1 G93A mice, which

corresponded with reduced motor neuron death and gliosis in

the spinal cord of these animals [72]. Additionally, NMJ inner-

vation was improved in mice treated with 34. Behavioral testing

demonstrated that rotarod performance and grip strength were

improved in treated animals. Compound 34 also modestly

prolonged lifespan [72].

Glial mitochondrial function: Although ALS is characterized

by motor neuron degeneration and death, glial cells have been

demonstrated to play essential roles in disease pathogenesis

[73]. Inhibition of SOD1 G93A expression specifically in astro-

cytes increased survival in mice carrying the SOD1 G93A

mutation [74], indicating the importance of glial cells to ALS

progression. SOD1 mutations in astrocytes promote decreased

mitochondrial function [75], an aberrant phenotype, and neuro-

toxicity [76]. Dichloroacetate (DCA, 35), a compound which

inhibits the pyruvate dehydrogenase enzyme, modulates mito-

chondrial activity [75]. Miquel et al. [75], treated SOD1 G93A

mice with 35 added at 500 mg/L to their drinking water. This
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treatment reduced astrocyte reactivity and motor neuron death,

as well as prolonged the lifespan of the treated animals by two

weeks.

Steroid treatment: Dihydrotestosterone (DHT, 36) treatment

increases muscle mass and has been demonstrated to be neuro-

protective [77]. Chronic diseases, such as ALS, which display

muscle wasting may benefit from androgen treatment. To deter-

mine whether DHT treatment can ameliorate symptoms in an

ALS mouse model, Yoo et al. [77] subcutaneously inserted a

silastic tube containing 36 into SOD1 G93A mutant male mice

at postnatal day 75. Weight and area of the gastrocnemius (GN)

and tibialis anterior (TA) muscles were taken at postnatal day

120. SOD1 G93A mice treated with DHT exhibited a 32%

increase in weight of the GN muscle and a 43% increase in TA

muscle as compared to untreated controls [77]. Additionally,

orchidectomized SOD1 G93A mice were evaluated and it was

discovered that the reduced androgen concentrations in these

animals exacerbated the loss in muscle weight. Cross-sectional

area measurement of the GN and TA muscle displayed similar

results. Compound 36-treated SOD1 G93A mice also displayed

increased muscle strength compared with untreated or orchidec-

tomized SOD1 G93A mice, as analyzed by a grip-strength

meter [77]. Interestingly, treatment with 36 increases the levels

of insulin-like growth factor (IGF) 1 and 2, which induces

myoblast growth and differentiation, while concomitantly

decreasing the expression of muscle RING finger 1 (MuRF-1),

a protein that can induce muscle atrophy [77]. The upregulation

of IGF-1 and -2 and downregulation of MuRF-1 corresponded

with modest increases in performance in functional tests,

including the rotarod test and gait analyses. Furthermore, axonal

loss and motor neuron death were slightly decreased in DHT-

treated SOD1 G93A animals compared with controls [77].

However, a conflicting study has found that androgens have

little effect on ALS mouse models [78]. SOD1 G93A trans-

genic rats were gonadectomized or treated with a neurosteroid,

dehydroepiandrosterone (DHEA, 37) prior to symptom onset.

Disease progression, symptom onset, and lifespan were not

affected by either 37 treatment or gonadectomy, suggesting that

steroids have little effect on ALS disease pathology [78]. These

conflicting results may be explained by the specific compounds

that were used or the analyses that were performed. Interest-

ingly, these studies employed different rodent models, with

females being present in the DHEA study, while the DHT study

was done exclusively with males. Sexual dimorphism has been

previously reported in animal models of ALS, with males and

females displaying differences in symptom onset and progres-

sion [78]. In ALS patients, women have fewer reported cases

than men [78] suggesting that this sexual dimorphism may be

replicated in humans.

Conclusion
ALS is a complex disorder that is characterized by multiple

cellular pathologies including glutamate excitotoxicity, protein

aggregation, ER stress, trophic factor deregulation, oxidative

stress, inflammation, and mitochondrial dysfunction. Although

some cases of ALS can be attributed to known gene mutations,

the cause of ALS remains largely undefined. Therefore, current

treatment strategies for ALS involve the targeting of specific

cellular dysfunctions.

As mutations in the SOD1 gene have been identified in 20% of

fALS patients, the creation of small molecules that specifically

target SOD1 has become a popular strategy for drug develop-

ment. Unfortunately, due to the relatively small patient popula-

tion with these specific mutations, this strategy alone may not

have a large impact on ALS disease treatment. However,

several new studies have focused on the prevention or reduc-

tion of SOD1 or TDP-43 aggregation. These studies may have

broad applications, as mutations that lead to improper protein

aggregation are a common feature in many neurological disor-

ders including ALS [79], Charcot Marie Tooth disease [80],

Alzheimer’s disease [81], and Huntington’s disease [82]. The

discovery of small molecules that prevent or clear protein

aggregates may prove to be valuable for the treatment of

multiple disorders.

Another common strategy for the treatment of ALS is the use of

compounds that elicit neuroprotection, either by upregulating

molecules that promote neuronal survival or by antagonizing

cellular pathways that result in neuronal death. While several of

these compounds have shown promising results in SOD1

mutant animal models, it remains to be seen whether these

strategies will prove effective in long-term human treatment

where neurons may be exposed to multiple cellular insults.

Although progress has been made towards the development of

improved ALS treatments, including several compounds in

phase III clinical trials, it remains to be seen whether these

treatments will prove to be efficacious in ALS patients. Various

screening approaches and targeted drug design, as outlined in

this review, have identified a number of small molecules that

will prove useful in the discovery and validation of novel

cellular targets for the treatment of ALS (Figure 15). Figure 15

illustrates the specific cellular target of each compound

discussed in this review. Additionally, Table 1 in the supporting

information lists each chemical structure, name, reference, and

mechanism of action. Future studies toward these targets will

begin to provide the necessary proof-of-concept for these alter-

native therapeutic approaches, lead to a greater understanding

of the pathogenesis of ALS, and may lead to novel therapeutics

with improved efficacy in ALS.
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Figure 15: Targets of potential therapeutics: This diagram illustrates the physiological targets of each compound discussed in the review and how
these compounds are believed to function in vivo.

Supporting Information
Supporting information features a table of each compound

discussed in the review. This table contains the chemical

structure, name, references and mechanism of action.

Supporting Information File 1
Table of compounds.

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

supplementary/1860-5397-9-82-S1.xls]
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Abstract
Activation of nuclear factor-kappa B (NF-κB) and related upstream signal transduction pathways have long been associated with

the pathogenesis of a variety of inflammatory diseases and has recently been implicated in the onset of cancer. This report provides

a synthetic and compound-based property summary of five pathway-related small-molecule chemical probes identified and opti-

mized within the National Institutes of Health-Molecular Libraries Probe Center Network (NIH-MLPCN) initiative. The chemical

probes discussed herein represent first-in-class, non-kinase-based modulators of the NF-κB signaling pathway, which were identi-

fied and optimized through either cellular phenotypic or specific protein-target-based screening strategies. Accordingly, the

resulting new chemical probes may allow for better fundamental understanding of this highly complex biochemical signaling

network and could advance future therapeutic translation toward the clinical setting.

900

Introduction
The Molecular Libraries Network was established in 2005 as an

academic pilot-scale (MLSCN) screening effort for exploring

potential new therapeutic targets stemming from the human

genome project. After initial successes in high-throughput

chemical screening (HTS), efforts in medicinal chemistry and

exploratory pharmacology were added in order to leverage and

advance the small-molecule compounds discovered within the

HTS process. The program then advanced a broader probe-
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production initiative (MLPCN) in 2008. This consortium

resulted in the harnessing of chemical biology resources from

four comprehensive centers and five specialty centers, which

focused on either medicinal chemistry or a specific technical

screening capability as an overall academic, collaborative scien-

tific network [1]. In general terms, the overall vision and NIH

mission encompasses the discovery of unique chemical tools

that will be useful to interested scientific investigators to assist

them with advancing basic in vitro and in vivo studies for

testing new hypotheses in disease modulation.

Within this report, the outcomes of two Sanford-Burnham

projects for chemical probe discovery are discussed, high-

lighting five examples of thematic small-molecule chemical

probes discovered through our center’s efforts. Within the realm

of immunology and inflammation research, many cellular path-

ways leading to the activation of NF-κB family of transcription

factors have been identified and several excellent reviews are

available [2-5]. In general, these pathways have been shown to

participate in host defense, immunity, and inflammation and

even have implications in cancer. Thus, dysregulation of NF-κB

activity contributes to numerous autoimmune and inflamma-

tory disease states. With this, the availability of new chemical

pathway probes will further enhance understanding of this com-

plex network.

The first project encompassed the synthesis and characteriza-

tion of three phenotypic probes designed to be selective modu-

lators of the NF-κB signaling pathway in either human embry-

onic kidney (HEK) 293, HEK 293T or pre-B leukemia 697

cells. The second project focused on two probes that are target-

oriented within the NF-κB pathway and are specific modulators

of the intracellular signaling protein, nucleotide-binding

oligomerization domain-1 (NOD1).

Within each project area first-in-class chemical probes were

identified and characterized as new research-tool compounds.

The synthetic routes for each probe, including their general

physicochemical and pharmacological properties, are summa-

rized in this report.

Results and Discussion
Phenotypic screening for noncanonical NF-κB pathway

selective inhibitors of IL-8 production in HEK 293, HEK

293T (ML029) and 697 pre-B cells (ML236 and ML237):

Most pathways for NF-κB activation converge on the IκB

kinases (IKKs), and more than nine signaling routes have been

identified [6]. While IKKs therefore represent attractive targets

for drug discovery programs, the selectivity envisioned for an

acceptable therapeutic index has remained elusive as inhibitors

of IKKs indiscriminately suppress all known NF-κB activation

pathways. Within this project, new probes were sought that

were not active via the currently known receptor-driven path-

ways and IκB kinases, but attenuated NF-κB transcriptional

activity as measured by a luciferase-based reporter gene assay

with validation using a panel of known receptor and kinase-

based counter screens [7].

Because activation of NF-κB is known to be initiated through

protein kinase C (PKC), we hypothesized that selectivity could

be possible by the fact that PKC activation occurs downstream

from cell membrane antigen and growth-factor receptors yet is

still upstream of IKKγ, potentially by inhibition of a new target

protein or novel protein–protein interaction. Using cell-based

HTS reporter gene assays, a series of chemical probes were

identified that selectively inhibit this unique PKC-induced

NF-κB pathway without modulating other NF-κB activation

pathways such as those including the cytosolic proteins

CARMA1, Bcl-10, MALT1, TRAF6 and Ubc13 [8].

The first probe identified within this series was the benzimida-

zole ML029 (4), which exhibited an IC50 of 0.07 μM in the

HEK 293 cell assay with corresponding well-defined

structure–activity relationships (SAR) through analogue syn-

thesis [9]. This probe was discovered after two separate

screening campaigns totaling ~110,000 compounds. At concen-

trations up to 8 μM, 4 failed to suppress PKCβ and PKCθ (the

PKC family members implicated in TCR/BCR signaling) and

IKKβ, while known PKC and IKK inhibitors and the broad-

spectrum kinase inhibitor staurosporine afforded potent inhibi-

tion [9-11]. Further selectivity profiling revealed that 4 inhib-

ited (>50% at 10 uM) only 3 out of the 353 kinases surveyed by

using a KINOMEscan™ (DiscoveRx) platform. None of these 3

(TLK1 (70% inhibition), Raf (57%), and JAK2 (53%)) are rele-

vant to NF-κB pathway regulation.

To prepare 4, a synthetic route (Scheme 1) was optimized in a

manner that allowed for the preparation of related analogues

[9]. The intermediate 1 was prepared through condensation of

4,5-dimethylbenzene-1,2-diamine with potassium ethyl xanthate

in ethanol under reflux. Bromination of 1 led to the key inter-

mediate 2-bromo-5,6-dimethylbenzimidazole (2), which reacted

smoothly with 3-aminopropanol to give the amine 3 in high

yield and purity after extraction. The solvent-free microwave

process employed was superior to traditional oil-bath thermal

heating, which tended to generate crude material requiring

extensive purification. Ultimately, probe 4 was prepared

(Scheme 1, Method A) in moderate yield by reaction of 3 with

α-bromo-3,5-di-tert-butyl-4-hydroxyacetophenone in n-butanol

under reflux. Importantly, formation of the tricyclic conden-

sation side product 5 was completely eliminated by performing

the reaction with sodium bicarbonate at 23 °C in methanol
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Scheme 1: Synthesis of ML029 (4).

Scheme 2: Synthesis of ML236 (8).

(Scheme 1, Method B). Thus, compound 4 was isolated as a

lyophilized white powder in 78% yield and >98% purity.

Deeper in vitro biological investigation using 4 as a chemical

probe showed that it was not active (>30 μM) in more physiolo-

gically relevant HEK 293T and 697 pre-B cell lines. Therefore,

an HTS campaign was initiated to identify compounds active in

these specific cell subtypes by using the established HTS

NF-κB reporter gene assay format. This included screening of a

larger (~330,600 compound) MLSMR collection to ensure iden-

tification of additional chemical scaffolds not previously avail-

able. From this campaign two new cell-active NF-κB inhibitors

were derived that were both selective against the NF-κB

pathway induced by known PKC activators (phorbol myristic

acetate (PMA)/ionomycin) and were selective toward the 697

pre-B cell line. It is interesting to note that no compounds

meeting probe selectivity criteria were identified within the

T cell (HEK 293T) specific assay. The first oxadiazole-based

probe ML236 (8) was potent (0.035 μM) in the 697 pre-B cell

line and >400-fold selective over both the NF-κB activation in

HEK 293T cells and against TNFα-mediated NF-κB activation.

In comparison, the second oxazole-based probe 12 is also potent

(0.2 μM) in the 697 pre-B cell line and >400-fold selective over

both the NF-κB activation in HEK 293T cells and against TNFα

mediated NF-κB activation as measured in our reporter gene

assay format.

Probe 8 was synthesized as shown in Scheme 2 [12]. Reaction

of 4-tert-butyl-cyanobenzene with hydroxylamine hydrochlo-

ride under microwave heating conditions resulted in the

hydroxyamidine 6. This intermediate was condensed with

succinic anhydride to provide the oxadiazole acid 7. Conver-

sion of 7 to the corresponding acid chloride and subsequent

amidation with excess methylamine afforded 8 in excellent
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Scheme 3: Synthesis of ML237 (12).

yield after normal phase chromatography. This route was

employed to make a variety of analogues and was generally

conducted efficiently without purification of any intermediates.

This enabled several analogues to be prepared in parallel, using

mass-directed reverse-phase preparative HPLC to recover the

pure isolates.

The second related probe, ML237, (12) was synthesized as

shown in Scheme 3 [12]. Commercially available 4-ethoxy-

benzaldehyde was condensed with diacetyl monoxime under

acidic conditions. The resulting oxazole N-oxide 9 was

converted to the chloromethyloxazole 10 via selective chlorina-

tion with phosphorous oxychloride in good yield. Addition of

thioglycolic acid led to the carboxylic acid 11, which was

coupled to cyclopropylamine to give 12 using a standard amida-

tion protocol. The compound was purified by normal phase

chromatography and was recovered as a white solid with a

sharply defined melting point. The route was also amenable

toward the preparation of related analogues. Generally, 9 was

used without purification and the entire route was conducted

efficiently without chromatographic purification of intermedi-

ates.

As a summary of project one, three novel chemical probes were

discovered and optimized within this initiative. Tractable and

efficient synthetic routes have been developed and are reported.

One HEK 293T and two 697 pre-B cell specific probes are now

available as research tools either through the Sanford-Burnham

Center or through commercial sources. These probes were iden-

tified from a phenotypic screen and thus the precise cellular

protein target is yet to be identified. Each probe performs in a

noncanonical manner and inhibits NF-κB activity outside of the

known, well-characterized pathways [7]. Determination of the

precise signaling mechanism is the subject of ongoing research

in our laboratories.

Discovering modulators of NF-κB signaling via selective

nucleotide-binding oligomerization domain-1 (NOD1) inhi-

bition (ML130 and ML146): The second program targeted

proteins in the mammalian innate immune system that confer

defense by detection of specific microbial ligands, or pathogen-

associated molecular pattern microbial sensors known to house

NOD1 (nucleotide-binding oligomerization domain-1 protein).

Dysregulation of the NOD signaling pathway is also strongly

associated with exacerbation of postinfection systemic disease

states; however, its upregulation at the gene level can enhance

systemic innate immunity [13]. The NOD1 cytosolic bacterial

sensor falls within this class of NF-κB transcription pathway

activators [14]. The NOD-like receptor (NLR) family report-

edly comprises a large number of proteins from both vertebrate

and invertebrate animal species, with >20 human proteins

recognized [15-21]. Some NLR proteins have been shown to

detect bacterial cell-wall components including lipopolysaccha-

rides and/or peptidoglycan (NOD1 or 2) along with those of

bacterial flagellin [22-25]. Importantly, the NOD1 protein

primarily recognizes Gram-negative bacteria, in contrast to the

more widely studied sensor NOD2, which participates in immu-

nity against Gram-positive bacteria. Additionally, NOD1 has

been associated with the induction of NF-κB activation,

caspase-1 activation and apoptosis [26-28]. Genetic mutations

in NOD are associated with numerous inflammatory conditions,

including Crohn’s disease and pancreatitis [29-34]. The identifi-

cation of probes relevant to the NOD family of NLR proteins

will improve understanding of the NOD1-mediated signaling

pathway and also may translate to the discovery of new thera-

peutics for inflammatory diseases.
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Scheme 4: Synthesis of ML130 (13).

Scheme 5: Synthesis of ML146 (17).

Probes ML130 (13) and ML146 (17) were identified as NOD1-

selective molecules from an HTS campaign involving

~290,000 compounds. Compound 13 (IC50 = 0.52 μM) and

compound 17 (IC50 = 1.54 μM) each inhibited γ-tri-DAP-stimu-

lated (a gamma-tri-diaminopimelic acid derivative and NOD1-

dependent signaling ligand) luciferase production in HEK

293T cells, which has endogenous NOD1 levels at submicro-

molar concentration as determined in a NF-κB-linked reporter

assay. Both probes selectively (>40-fold for 13, >8-fold for 17)

inhibited NOD1-dependent activation of the NF-κB pathway

without inhibiting MDP-stimulated (muramyl dipeptide and a

NOD2-dependent signaling ligand) signal transduction in

reporter cell lines containing either low or overexpressed NOD2

proteins. Probes 13 and 17 were also selective over the non-

NOD-stimulated NF-κB pathways (TNF-α, doxorubicin and

PMA/ionomycin) in these reporter assays. Both of the

probes, and their close analogues as discovered through

SAR studies, selectively inhibited IL-8 secretion and the bio-

logically relevant terminal effect of NOD1 (γ-tri-DAP)

dependent NF-κB activation. Additionally, they neither inhib-

ited NOD2-dependent nor TNF-α-dependent IL-8 secretion in

biologically relevant MCF-7 cells. While 13 is the more potent

and selective of these probes, 17 also met probe criteria and

represents a second bonafide scaffold for a NOD1-selective

probe.

ML130 (13) was synthesized as shown in Scheme 4 [35].

Commercially available 2-aminobenzimidazole was treated with

p-toluenesulfonyl chloride in the presence of pyridine to obtain

13. By performing the reaction at high concentration, it was

generally simple to purify the reaction mixture directly without

work up using normal-phase chromatography.

ML146 (17) was synthesized as shown in Scheme 5. Commer-

cially available 6-amino-1-methyluracil was brominated to give

14, which was reacted without purification with crotylamine

under microwave heating conditions to provide 15. Reaction of

15 with potassium ethyl xanthogenate, again under microwave

heating conditions, led to the bicyclic thiol 16. Without purifi-

cation, 16 was added to 1-bromo-3-phenylpropane in the pres-

ence of potassium carbonate to provide 17. Several analogues

were efficiently prepared without chromatographic purification



Beilstein J. Org. Chem. 2013, 9, 900–907.

905

Table 1: Calculated properties of probes.

Property 4 8 12 13 17

Molecular weight [g/mol] 465.6 287.3 346.4 287.3 370.4
Molecular formula C28H39N3O3 C16H21N3O2 C18H22N2O3S C14H13N3O2S C19H22N4O2S
XLogP3-AA 7.2 3.0 3.1 3.2 3.5
H-Bond donors 3 1 1 1 1
H-Bond acceptors 5 4 4 4 3
Polar surface area [Å2] 85.2 68.0 89.7 86.4 67.2
Heavy atom count 34 21 24 20 26

Table 2: Summary of in vitro ADME/T properties of probes.

Property 4 8 12 13 17

Aqueous solubility
(μM)
pH 5.0/6.2/7.4

90/1.1/1.5 92/101/103 112/133/160 7.0/5.9/7.0 1.5/1.8/1.7

PAMPA Pe (10−6 cm/s)a
Donor pH: 5.0/6.2/7.4
Acceptor pH: 7.4

299/710/441 751/755/746 513/541/59 491/562/382 1269/1516/1344

Hepatic microsome stabilityb

Human/mouse
(% remaining)

26/0.5 100/4.9 22.7/0 41.8/0.8 8.8/0.86

Hepatic toxicity
LC50 (µM) >50 >50 >50 >50 >50

aCompound at 50 μM (typical PAMPA Pe permeability classification: low 5 × 10−6, moderate 250 × 10−6, high 1000 × 10−6); bCompound at 1 μM,
60 min.

of intermediates, and the final compounds were purified by

normal-phase chromatography if necessary [12].

As a summary of the second project, two novel chemical probes

that are selective for NOD1 but not NOD2 signaling, were

discovered and optimized within the scope of the program.

Tractable and efficient synthetic methods have been employed

and are reported. Both NOD1 selective probes are now avail-

able as research tools either through the Sanford-Burnham

Center or through commercial sources.

Chemical probe physicochemical and
pharmacological properties
Overall, the project probes presented physicochemical prop-

erties consistent with those of well-recognized drug-like mole-

cules (Table 1). Molecular weights ranged from 287 to

465 g/mol. Calculated log P values were between 3.1 and 3.5

with the exception of 4, which had an exceptionally high

lipophilic value of 7.2 due to the presence of two tert-butyl

moieties on the phenyl ring. The probes all contain from one to

five H-bond donors and acceptors, and polar surface areas

ranging from 67 to 90 Å2. Based on current hit-to-lead trends

within the pharmaceutical industry, all probes discussed

provide qualified starting points for advanced lead-optimiz-

ation programs.

The probes were evaluated using known in vitro ADME/T

assays to understand their overall pharmacological properties

(Table 2). Probe 4 exhibited good solubility especially as the

pH decreased from 6.2 to 5, thereby mitigating the high calcu-

lated log P to some degree. Probes 8 and 12 also showed good

solubility. Probe 13 had moderate solubility, and 17 showed the

lowest solubility across the pH range but still approximately

equal to its IC50 value. The PAMPA (parallel artificial

membrane permeability assay) assay is used as an in vitro

model of passive, transcellular permeability. An artificial

membrane immobilized on a filter is placed between a donor

and acceptor compartment. In this test, the probes exhibited

good cell permeability overall. Although metabolic stability was

poor in the presence of murine microsomes, all five probes were

more stable in the presence of human hepatic microsomes. Most

notably, 8 showed no apparent instability when subjected to
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human hepatic microsomes after one hour of exposure. It is not

yet known whether it represents a species specific CPY450

inhibitor. Importantly, none of the probes showed evidence of

cytotoxicity in immortalized human hepatocyctes (Fa2N-4

cells) and in the NCI-60 cell line cytotoxicity panel with 10 and

50 μM test concentrations [36].

Conclusion
The high-throughput screening of cell-based phenotypic and

specific NOD1 protein-based assay targets within the NF-κB

pathway has generated a series of unique chemical probes that

are now available and useful for investigators to access and

utilize in future studies. The compounds are well characterized

using in vitro assay panels and are not pathway-associated

kinase-family inhibitors. Research efforts are ongoing to

improve molecular potency and properties to make each chem-

ical scaffold family suitable for advanced in vivo studies. Each

probe represents a low-molecular-weight, “rule of 5” compliant

starting point for target identification or lead optimization

efforts. In screening the MLSMR, and with subsequent

analogue synthesis, we have demonstrated that unique and

tractable hits can be identified by using the available NIH-

MLSMR compound collection.
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Abstract
Members of the marine Roseobacter clade can degrade dimethylsulfoniopropionate (DMSP) via competing pathways releasing

either methanethiol (MeSH) or dimethyl sulfide (DMS). Deuterium-labeled [2H6]DMSP and the synthetic DMSP analogue

dimethyltelluriopropionate (DMTeP) were used in feeding experiments with the Roseobacter clade members Phaeobacter

gallaeciensis DSM 17395 and Ruegeria pomeroyi DSS-3, and their volatile metabolites were analyzed by closed-loop stripping and

solid-phase microextraction coupled to GC–MS. Feeding experiments with [2H6]DMSP resulted in the incorporation of a deuterium

label into MeSH and DMS. Knockout of relevant genes from the known DMSP demethylation pathway to MeSH showed in both

species a residual production of [2H3]MeSH, suggesting that a second demethylation pathway is active. The role of DMSP degrad-

ation pathways for MeSH and DMS formation was further investigated by using the synthetic analogue DMTeP as a probe in

feeding experiments with the wild-type strain and knockout mutants. Feeding of DMTeP to the R. pomeroyi knockout mutant

resulted in a diminished, but not abolished production of demethylation pathway products. These results further corroborated the

proposed second demethylation activity in R. pomeroyi. Isotopically labeled [2H3]methionine and 34SO4
2−, synthesized from

elemental 34S8, were tested to identify alternative sulfur sources besides DMSP for the MeSH production in P. gallaeciensis.

Methionine proved to be a viable sulfur source for the MeSH volatiles, whereas incorporation of labeling from sulfate was not

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:j.dickschat@tu-bs.de
http://dx.doi.org/10.3762%2Fbjoc.9.108
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observed. Moreover, the utilization of selenite and selenate salts by marine alphaproteobacteria for the production of methylated

selenium volatiles was explored and resulted in the production of numerous methaneselenol-derived volatiles via reduction and

methylation. The pathway of selenate/selenite reduction, however, proved to be strictly separated from sulfate reduction.
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Figure 1: Roseobacter clade metabolites.

Introduction
The Roseobacter clade within the class of alphaproteobacteria is

found both in seawater and marine sediments and occurs often

in association with marine algae [1]. Genome data from

sequenced clade members revealed that pathways for the de-

gradation of aromatic compounds and sulfur metabolic path-

ways are widespread [2]. This is reflected by their volatile

bouquets that are dominated by sulfur compounds such as poly-

sulfides 1 and 2 (Figure 1), thiosulfonates 3, thioesters 4, or

sulfones 5, and phenylacetate-derived volatiles such as the

moderately antibacterial compounds tropone (6) and tropone

hydrate 7 [3-6]. The cooperation of phenylacetate degradation

and sulfur metabolism is manifested in the production of the

antibiotic tropodithietic acid (TDA, 8) [7,8] and the roseobacti-

cides, a class of algicides, represented by, e.g., roseobacticide A

(9) [9,10].

The high abundance of sulfur volatiles throughout the

Roseobacter clade raises the question about the nature of their

sulfur sources. The most important organic sulfur metabolite in

marine environments is dimethylsulfoniopropionate (DMSP),

which is produced by a wide range of marine organisms and in

especially large amounts by dinoflagellates [11]. DMSP is

degraded by marine bacteria either under the formation of

methanethiol (MeSH) or of dimethyl sulfide (DMS) with a large

impact on both the global sulfur cycle and climate [12,13].

DMSP degradation to MeSH starts with the DmdA mediated

demethylation to 3-(methylthio)propionate (Scheme 1A)

[14,15] followed by its conversion into its CoA-thioester by

DmdB and oxidation by the FAD-dependent dehydrogenase

DmdC. The addition of water to 3-(methylthio)acryloyl-CoA by

the enoyl-CoA hydratase DmdD results in a hemithioacetal,

which collapses under release of acetaldehyde, carbon dioxide

and MeSH [16]. Several enzymes for the cleavage of DMS

from DMSP (Scheme 1B) have been described [11]. DddD

catalyzes the hydrolysis of DMSP to 3-hydroxypropionate and

DMS, while five different classes of enzymes (DddP, DddL,

DddQ, DddW, DddY) have been identified for the lysis of

DMSP to acrylate and DMS.

Scheme 1: Degradation of DMSP via (A) demethylation pathway and
(B) cleavage pathways. FH4: tetrahydrofolate.
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A second obvious candidate as a source for sulfur volatiles is

inorganic sulfate, which can be reduced by Roseobacter clade

members to hydrogen sulfide via adenylyl sulfate, 3’-phospho-

adenylyl sulfate, and sulfite (Scheme 2) [17]. Hydrogen sulfide

enters the amino acid pool by reaction with O-acetyl-L-serine to

L-cysteine. Elemental sulfur, hydrogen sulfide, or thiosulfate

can be funneled via the lithotrophic sulfur oxidation (Sox)

pathway to sulfate [18-22].

Scheme 2: Sulfate reduction pathway and incorporation of sulfur into
the amino acid pool. PAP: adenosine 3’,5’-bisphosphate.

Analogous degradation steps for the selenium and tellurium

derivatives of DMSP (dimethylseleniopropionate, DMSeP, and

dimethyltelluriopropionate, DMTeP) and the reduction of sele-

nate, selenite, tellurate, and tellurite may be possible via the

described pathways. However, in Desulfovibrio desulfuricans

subsp. aestuarii only minor amounts of selenate are reduced via

the sulfate reduction pathway [23]. Instead, a special selenate

reductase SerABC for selenate reduction to selenite was charac-

terized from Thauera selenatis [24].

The effective degradation of DMSP by members of the

Roseobacter clade via the demethylation pathway to MeSH was

demonstrated in a previous study using a closed-loop stripping

apparatus (CLSA) for the trapping of volatiles on charcoal [25].

The substrate scope of the involved enzymatic machinery was

tested in feeding experiments with DMSeP, which is produced

by the salt marsh cordgrass Spartina alternifolia amended with

selenate [26], and the non-natural analogue DMTeP. DMSeP

was effectively metabolized to give methaneselenol-derived

volatiles, whereas the verification of tellurium-containing

volatiles from DMTeP remained elusive [25].

Here we report the results of an in-depth investigation of sulfur

metabolic pathways to volatile sulfur compounds in marine

alphaproteobacteria by feeding of isotopically labeled sulfur

compounds and synthetic selenium and tellurium analogues to

wildtype and relevant mutant strains. A reinvestigation of

DMTeP conversion by marine bacteria from the Roseobacter

clade into methylated tellurium volatiles using a modified

analytical technique is also presented.

Results and Discussion
Usage of [2H6]DMSP and DMTeP as syn-
thetic probes to study DMSP degradation
pathways in marine bacteria
The volatiles released by agar-plate cultures of Phaeobacter

gallaeciensis DSM 17395 and Ruegeria pomeroyi DSS-3

strains grown on half-strength MB2216 medium supplemented

with [2H6]DMSP or DMTeP were collected by solid-phase

microextraction (SPME) and by CLSA. The obtained head-

space extracts were subsequently analyzed by GC–MS, leading

to the identification of the volatiles dimethyl disulfide (1),

dimethyl trisulfide (2), S-methyl methanethiosulfonate (3),

dimethyl telluride (4), dimethyl telluryl sulfide (5), and

dimethyl ditelluride (6), which are shown in Figure 2.

Representative chromatograms are depicted in Figures 3–5.

Figure 2: Volatiles from P. gallaeciensis DSM 17395 and R. pomeroyi
DSS-3. Feeding of [2H6]DMSP results in deuterium incorporation into
compounds 1–3, feeding of DMTeP results in the formation of com-
pounds 10–12.

Investigating DMSP degradation pathways in
Phaeobacter gallaeciensis DSM 17395
Based on the genetic information, P. gallaeciensis should be

able to perform both DMSP degradation pathways, as a dmd-

gene cluster for the demethylation pathway is located on a

262 kb plasmid and a gene for the lyase DddP is encoded on its

chromosome. Isotopically labeled [2H6]DMSP was efficiently

incorporated into methanethiol-derived sulfur volatiles like

dimethyl disulfide (1), dimethyl trisulfide (2), and S-methyl

methanethiosulfonate (3) by P. gallaeciensis (incorporation rate

91%). Knockout of the dmdA-gene significantly diminished this

incorporation rate (27%). The ratio of DMS production was

increased from below 0.05% of the total sulfur-containing

volatile material in the wild type strain to about 2% in the dmdA
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knockout mutant. The decreased incorporation rate and the rela-

tively higher amounts of the DMSP lysis product DMS can be

explained with the blockage of the dmd demethylation pathway.

To rule out a spontaneous decomposition of DMSP to

3-(methylthio)propionate that would serve as a substrate for

dmd-gene-mediated liberation of MeSH even in the absence of

an active dmdA gene, [2H6]DMSP was fed to a knockout mutant

with a loss of the 262 kb plasmid [26]. This plasmid-cured

strain exhibited the same reduced incorporation rates (32%) of

deuterium label into the MeSH-derived volatiles. The residual

demethylation activity may be due to other as yet unidentified

enzymes involved in the liberation of MeSH from DMSP that

can, however, not be located on the 262 kb plasmid. Consistent

with previous results [25], after feeding of DMTeP to

P. gallaeciensis no tellurium compounds were detected in the

CLSA headspace extracts (Figure 3A), although a strong

metallic to garlic-like smell as typical for organotellurium com-

pounds evolved from the agar-plate cultures. However, SPME

extracts of P. gallaeciensis cultures amended with the same

amount of DMTeP and grown under identical conditions as in

the CLSA-based experiment were dominated by dimethyl ditel-

luride (12), accompanied by dimethyl telluryl sulfide (11) and

dimethyl telluride (10, Figure 3B). This demonstrated that the

SPME method is more sensitive for the analysis of organotel-

lurium compounds than is CLSA. Compound 12 can arise by

oxidative dimerization of the unnatural demethylation pathway

product methanetellurol, whereas 11 is the cross-coupling pro-

duct of methanetellurol and methanethiol that is also formed

during growth on MB2216 medium alone [25]. In contrast to

DMSP and DMSeP, which are degraded by P. gallaeciensis

mainly via the demethylation pathway (>99%) [25], a signifi-

cant contribution of the cleavage pathway (21% by peak inte-

gration) was observed for the degradation of DMTeP.

Figure 3: Chromatograms of headspace extracts from P. gallaeciensis
DSM 17395 after feeding of DMTeP by the use of (A) CLSA (black)
and (B) SPME (orange).

Investigating DMSP degradation pathways in
Ruegeria pomeroyi DSS-3 (DSM 15171T)
Genes for three DMSP lyases (dddP, dddQ, and dddW) and for

the demethylation pathway (dmdA–D) are encoded in the

genome of R. pomeroyi DSS-3. Feeding of [2H6]DMSP to this

strain led to its degradation via the demethylation pathway

(90%) and the cleavage pathway (10%). This ratio of the two

pathways was determined by comparison of the peak areas in

the gas chromatogram of SPME extracts (Figure 4A, the peak

area of the MeSH dimer 1 has to be considered twice; com-

pounds 2 and 3 also originating from MeSH were not consid-

ered, because they were only produced in trace amounts). A

reduced demethylation activity was observed by feeding of

[2H6]DMSP to a dmdA− knockout mutant strain of DSS-3. The

incorporation rates of the deuterium labeling into the MeSH-

derived volatiles were reduced (64% for 1) in comparison to the

wild type strain (95%) and the ratio of the cleavage pathway

increased to 35% (Figure 4B). The incorporation of isotopic

labeling from [2H6]DMSP by the dmdA− mutant strongly

suggests that also in R. pomeroyi a second pathway for DMSP

demethylation is present, which is in contrast to previous

reports [14]. Knockout of dddQ gave the opposite result and

decreased the ratio of the cleavage pathway to 1%, demon-

strating its premier responsibility for DMSP lysis in the concert

of the three lyases in R. pomeroyi (Figure 4C).

Figure 4: Chromatograms of headspace extracts obtained after
feeding of [2H6]DMSP by the use of SPME from (A) R. pomeroyi
DSS-3 wild type, (B) R. pomeroyi DSS-3 dmdA−, and (C) R. pomeroyi
DSS-3 dddQ−. Trace amounts of [2H6]-2 and [2H6]-3 were also found
(not shown).
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Scheme 3: Synthesis of 34S-labeled thiosulfate and sulfate.

Feeding of DMTeP to the R. pomeroyi wild type strain resulted

in the production of large amounts of the demethylation

pathway product 12 besides minor amounts of 11 and the lysis

product dimethyl telluride (10; Figure 5). The total amounts of

organotellurium volatiles were much higher than those observed

for P. gallaeciensis, and therefore, even the CLSA technique

that proved to be not suitable to collect tellurium volatiles from

P. gallaeciensis cultures grown on DMTeP was in this case

successfully applied. The R. pomeroyi dmdA− knockout mutant

showed significantly reduced production of 11 and 12, but small

residual amounts likely evolving via the second unidentified

demethylation pathway could still be detected. Knockout of the

gene encoding for the DMSP lyase dddQ had no effect on the

production of 10. This is in sharp contrast to the observations

made with [2H6]DMSP, implicating a rather narrow substrate

specificity for DMSP of DddQ. One or both of the remaining

two lyases DddP and DddW may be responsible for the strain’s

capability to lyse DMTeP. The potential of DddP for DMTeP

lysis has already been evaluated in P. gallaeciensis whose

genome only encodes DddP as a single DMSP lyase, while no

conclusions can be drawn on the participation of DddW.

Figure 5: Chromatograms of headspace extracts from (A) R. pomeroyi
DSS-3 wild type, (B) R. pomeroyi DSS-3 dmdA−, and (C) R. pomeroyi
DSS-3 dddQ− after feeding of DMTeP by use of CLSA (black) and
SPME (orange).

Exploring the source of methanethiol
Two possible sources for MeSH production from MB2216

medium are sulfate via reduction to sulfide and methylation, or

methionine via γ-lysis. The participation of both mechanisms

was explored by feeding of isotopically labeled sulfate, thiosul-

fate and methionine. The volatiles released by agar-plate

cultures of P. gallaeciensis fed with NaH34SO4 or Na34SSO3,

both synthesized from elemental 34S8 (Scheme 3), were

collected by using a CLSA and analyzed by GC–MS. No

incorporation of the 34S-labeling from sulfate or thiosulfate into

the MeSH-derived volatiles was observed, pointing strongly

away from a significant involvement of sulfate reduction in the

biosynthesis of MeSH. Instead, feeding of [methyl-2H3]methio-

nine led to an effective incorporation of the deuterium labeling

into 1 (85% incorporation rate, Figure S1 of Supporting Infor-

mation File 1) and other MeSH-derived volatiles.

Selenium volatiles from marine alphaproteo-
bacteria
Agar-plate cultures of P. gallaeciensis grown on half-strength

MB2216 medium, plain or amended with different selenium

salts, were analyzed with the CLSA technique. A variety of

sulfur and selenium-containing volatiles was identified, as

summarized in Figure 6. The respective gas chromatograms are

shown in Figure 7.

Feeding of Na2SeO4 to P. gallaeciensis resulted in the forma-

tion of a number of selenium volatiles including dimethyl

diselenide (20) and dimethyl triselenide (21). In addition, the

mixed sulfur/selenium compounds dimethylselenyl sulfide (15),

bis(methylthio) selenide (16), methylseleno disulfide (17),

methyl methylthio diselenide (18), and bis(methylseleno)

sulfide (19) were found. A similar headspace composition was

observed in the feeding experiment with Na2SeO3. All sele-

nium compounds are derived from methaneselenol, and their

formation by P. gallaeciensis has previously been observed in

feeding experiments with dimethylseleniopropionate [25]. The

participation of the sulfate reduction pathway in the reduction

of selenate and selenite to methaneselenol was tested by

knockout of the genes for the bifunctional sulfate adenylyltrans-

ferase/adenylylsulfate kinase (cysC, strain WP73, locus tag

PGA1_c24800) and the sulfite reductase (cysI, strain WP45,

locus tag PGA1_c20760). No significant differences of the

volatile profiles were observed in feeding experiments with the
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Figure 8: Additional sulfur volatiles.

Figure 6: Volatiles from P. gallaeciensis after feeding of selenate and
selenite.

mutant strains compared to the wild type, indicating that as yet

unidentified enzymes are responsible for the selenate/selenite

reduction in P. gallaeciensis. These respective genes are not

located on the 262 kb plasmid pPGA1_262, as the plasmid-

cured mutant strain [27] was still able to produce methylated

selenium volatiles from selenate and selenite.

The same sulfur and selenium volatiles were also found in the

CLSA headspace analyses with agar plate cultures of

Roseobacter denitrificans DSM 7001T, Oceanibulbus indolifex

DSM 14862T, Dinoroseobacter shibae DSM 16493T, Labrenzia

alexandrii DFL-11T, Roseovarius mucosus DFL-24T, and

Hoeflea phototrophica DFL-43T (Supporting Information

Figure 7: Chromatograms of headspace extracts from P. gallaeciensis
grown on (A) 50% MB2216, (B) 50% MB2216 + 1 mmol/l Na2SeO4,
(C) 50% MB2216 + 1 mmol/l Na2SeO3.

File 1, Figure S2). The production of methylated selenium

volatiles from the selenate and selenite salts was especially

pronounced for H. phototrophica from the order rhizobiales, a

close relative of Roseobacter clade bacteria. In addition, the

sulfur volatiles bis(methylthio)methane (22), S-methyl

propanethioate (23), 4-(methylthio)butan-2-one (24), S-methyl

3-(methylthio)propanethioate (25), and benzothiazole (26) were

found in strain-specific patterns (Figure 8). Cyclic sulfur

volatiles, such as 1,2,4-trithiolane (27), 1,2,4,5-tetrathiane (28),

and lenthionine (29), compounds that are known from Shiitake

mushrooms (Lentinus edodes) [28-30], were solely produced by

R. denitrificans.
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Conclusion
In summary, we have shown that isotopically labeled natural

sulfur compounds and their (synthetic) selenium and tellurium

analogues can be applied in feeding experiments that give valu-

able insights into the sulfur metabolic pathways of marine

bacteria. Deuterated [2H6]DMSP and its artificial analogue

DMTeP can be transformed by lysis into [2H6]dimethyl sulfide

and dimethyl telluride, or via the demethylation pathway to

[2H3]MeSH and methanetellurol, respectively. Knockout of

dmdA in P. gallaeciensis and R. pomeroyi demonstrated its

major involvement in the demethylation pathway, but residual

demethylation activity was observed suggesting the presence of

a second DMSP demethylation pathway. Further experiments,

preferably in vitro with the different classes of purified DMSP

lyases, will be required to investigate their participation in

DMTeP lysis. On full medium, containing both methionine and

sulfate, feeding experiments with [methyl-2H3]methionine

demonstrated that methionine γ-lysis is an important pathway

for MeSH production in P. gallaeciensis. Sulfate reduction and

methylation was not observed in feeding experiments with 34S-

labeled sulfate or thiosulfate, likely because sulfate reduction

was not active under the experimental growth conditions. This

is in sharp contrast to the observations that large amounts of

methaneselenol-derived volatiles are released during growth of

P. gallaeciensis and several other marine bacteria on sodium

selenate, also requiring reduction and methylation. These obser-

vations suggest that the formation of volatiles from selenate is a

detoxification mechanism that is strictly separated from

sulfate reduction, as was confirmed by investigation of a

P. gallaeciensis knockout mutant impaired in sulfate reduction.

This strict pathway separation may help to avoid incorporation

of toxic selenium into other sulfur metabolic pathways such as

sulfur amino acid metabolism. Future experiments in our

laboratory will be performed to identify the genes involved in

selenate reduction in marine bacteria.

Experimental
Strains and culture conditions: A complete list of all wild

type and mutant strains used in this study is given in Supporting

Information File 1, Table S1. Phaeobacter gallaeciensis DSM

17395 [17], Ruegeria pomeroyi DSS-3 (DSM 15171T) [31],

Roseobacter denitrificans OCh 114 (DSM 7001T) [32],

Oceanibulbus indolifex  HEL-45 (DSM 14862T) [33],

Dinoroseobacter shibae DFL-12 (DSM 16493T) [34],

Labrenzia alexandrii DFL-11 (DSM 17067T) [35], Hoeflea

phototrophica DFL-43 (DSM 17068T) [36], and Roseovarius

mucosus DFL-24 (DSM 17069T) [37] were precultured in half-

strength marine broth (peptone (2.5 g/L), yeast extract (0.5 g/L),

Fe(III) citrate (0.05 g/L), NaCl (9.725 g/L), MgCl2 (2.95 g/L),

Na2SO4 (1.62 g/L), CaCl2 (0.9 g/L), KCl (0.275 g/L), NaHCO3

(0.08 g/L), KBr (0.04 g/L), SrCl2 (17 mg/L), H3BO3 (11 mg/L),

Na-silicate (2 mg/L), NaF (1.2 mg/L), (NH4)NO3 (0.8 mg/L),

Na2HPO4 (4 mg/L); pH 7.6) at 28 °C with shaking (160 rpm).

When necessary, kanamycin sulfate (60 μg/mL) was added after

autoclaving.

Feeding experiments, sampling and GC–MS analyses:

Feeding experiments with [2H6]DMSP and DMTeP, sampling

by CLSA or SPME (Supelco Analytical, Bellefonte, USA;

75 μm carboxen/polydimethylsiloxane) and GC–MS analyses

were carried out as described previously [24]. For the feeding

experiments with 34S-labeled thiosulfate or sulfate, sodium

sulfate deficient half-strength marine broth agar medium was

amended after autoclavation with 2.9 mmol/l Na2
34SSO3 (50%

34S-enrichment) or 5.7 mmol/l NaH34SO4 (25% 34S-enrich-

ment). For the feeding experiments with [methyl-2H3]methio-

nine, selenate, and selenite, half-strength marine broth agar

medium was supplemented after autoclaving with 1 mmol/l of

[methyl-2H3]methionine, Na2SeO3, and Na2SeO4, respectively.

Construction of P. gallaeciensis strain CZ01: Primers used in

this study are listed in Supporting Information File 1, Table S2.

For the gene disruption of dmdA a 3.6 kb chromosomal frag-

ment containing the gene was amplified with the primers Cl1f

and Cl1r. The amplified product was ligated into the EcoRV

site of pBluescript KS(+). The kanamycin resistance gene

(amplified from pBBR1MCS-2 using the primers nptII-f and

nptII-r) was cloned into the EcoRV site of the previously

obtained plasmid that already carried the dmdA gene region.

P. gallaeciensis DSM 17395 was transformed by electropora-

tion with this plasmid, leading to the strain CZ01 (dmdA::kan),

which was ratified by PCR.

General synthetic methods: Chemicals were purchased from

Acros Organics (Geel, Belgium) or Sigma-Aldrich Chemie

GmbH (Steinheim, Germany), and used without further purifi-

cation. 34S8 (99.93% enriched) was purchased from Campro

Scientific GmbH (Berlin, Germany). Infrared spectra were

recorded on a Bruker Tensor 27 ATR spectrometer.

Na2
34SSO3·5H2O: Elemental 34S8 (0.800 g, 23.5 mmol,

1.0 equiv) was added to a solution of Na2SO3 (2.97 g,

23.6 mmol, 1.0 equiv) in water (40 mL) and stirred under reflux

until the sulfur was consumed (48 h). Filtration and concentra-

tion in vacuo gave Na2
34SSO3·5H2O (5.90 g, 23.6 mmol,

quant.) as a colorless solid. IR (ATR): ν = 1133 (s), 1008 (s),

674 (s), 539 (w) cm−1.

NaH34SO4: To an aqueous HCl solution (6 m, 400 mL) was

added a saturated KMnO4 solution (400 mL), and the emerging

Cl2 was condensed in a second flask at −40 °C. By slow

warming to room temperature the evolving Cl2 was funneled
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through a solution of Na2
34SSO3·5H2O (3.11 g, 12.4 mmol,

1.0 equiv) in water (50 mL). Filtration and concentration in

vacuo gave NaH34SO4 (1.25 g, 10.3 mmol, 83%, 50% 34S-

enchrichment) as a colorless solid. IR (ATR): ν = 1160 (s),

1011 (m), 904 (m), 607 (m), 576 (m), 494 (w) cm−1.

Supporting Information
Supporting Information File 1
Tables with strains, primers and the full results of the

headspace analyses.

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

supplementary/1860-5397-9-108-S1.pdf]
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Abstract
CCG-1423 and related analogues represent a new class of inhibitors of Rho/MKL1/SRF-mediated gene transcription, a pathway

that has been implicated in both cancer and fibrosis. The molecular target for these compounds is unknown. To facilitate its identifi-

cation, a series of tag-free photoaffinity probes was designed and synthesized, each one containing a photoactivatable group and an

acetylenic end group for subsequent attachment to a fluorescent tag using click chemistry. All were confirmed to maintain bio-

logical activity in a cell-based assay for inhibition of SRE-Luc expression. The functional activity of the most potent probe 24 was

further confirmed in an assay for PC-3 cell migration. Photolysis of 24 in intact PC-3 cells followed by cell lysis, click ligation of a

fluorescent dye, and gel electrophoresis revealed specific labeling of a single 24 kDa band that could be blocked with an active

competitor. Future work will focus on identifying the labeled protein(s).

966

Findings
Serum-induced signaling through Rho leads to gene-transcrip-

tional effects, which are mediated by serum response factor

(SRF), a MADS box transcription factor that binds to the serum

response element (SRE) in the promoters of various immediate-

early and muscle-specific genes. These signals involve release

from cytosolic actin of the transcriptional coactivator MKL1,

first identified in megakaryocytic leukemia (also known as

myocardin-related transcription factor MRTF-A). Upon acti-
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Figure 1: Structures of lead Rho/MKL1/SRF inhibitor 1 and conformationally restricted analogue 2.

vation, MKL1 translocates to the nucleus where it binds to SRF

to collaborate in the activation of the transcription of a number

of genes including c-fos and SRF itself [1-4]. This pathway has

been implicated in cancer metastasis [5] and, more recently, in

fibrosis [6,7], making it an intriguing drug target.

We recently reported a series of compounds that inhibit gene

expression mediated by this Rho/MKL1/SRF signaling pathway

[8]. The lead CCG-1423 (1, Figure 1) was identified in a cell-

based high-throughput screen as an inhibitor of expression of a

luciferase reporter gene driven by the serum response element

promoter (SRE-Luc) [9]. Analysis of the mechanism of 1

showed that it acts at or downstream of MKL1 but upstream of

SRF. Recent observations from our lab and others [10] have

shown that 1 blocks MKL1 nuclear localization. The specific

molecular target leading to inhibition of MKL1 function by 1,

however, is not known.

Identification of the macromolecular target(s) of 1 would allow

us to employ rational and structure-based drug design to create

more potent and selective therapeutics for the treatment of

RhoA-related disorders. Early efforts at optimization in our

laboratory led to nipecotic (bis)amide analogue 2 (CCG-

100602, Figure 1), which was less potent (IC50 9.8 µM versus

1.5 µM), but maintained similar maximal efficacy to that of 1

with significantly less cytotoxicity [8]. We therefore selected 2

as a template for the design of affinity probes.

The successful isolation/identification of molecular targets for

low-affinity ligands and/or low-abundance targets requires

photolabeling [11]. This permits extensive isolation and purifi-

cation without premature dissociation from the target. Based on

the structure–activity relationship (SAR) of 2, we hypothesized

that we could integrate photoactivatable functional groups

without loss of activity. A variety of such groups that differ in

their reactivities and chemoselectivities are available [12,13].

Photolabeling of cellular targets is typically done after cell lysis.

However, if the molecular target for 2 is a multiprotein com-

plex, membrane-bound, or integral to the nucleus, the process of

cell lysis could compromise its integrity to such an extent that it

would no longer retain its affinity for 2. There are in fact reports

of target ID studies that were only successful when performed

using intact cells [14-16]. We considered this an ideal approach

in light of our current hypothesis regarding the mechanism of

action of 1 (redistribution of MKL primarily into the cytosol),

which may require an intact actin cytoskeleton or nucleus. We

thus elected to design photoaffinity probes that were tag-free,

i.e., lacking either a biotin or fluorescent tag [17]. There are a

number of distinct advantages to this approach: (1) the probes

would retain low molecular weights and polar surface areas, and

therefore good cell permeability, (2) minimal structural change

would maximize the likelihood of maintaining affinity for the

target; and (3) affinity for the target could be confirmed in cell-

based phenotypic assays prior to any photolabeling studies.

Tag-free photoprobes have also been reported to result in much

less nonspecific binding relative to corresponding biotinylated

photoprobes [18].

The design of our tag-free photoprobes followed the model

pioneered by the Cravatt group in performing activity-based

protein profiling (ABPP) [19,20]. This entails the incorporation

of a ligand for recognition by the target, a reactive functionality

for covalently bonding to the target, and either an azide or

acetylene moiety as a latent linker for subsequent ligation of a

tag for isolation and/or visualization (e.g., biotin or fluorophore)

via click chemistry. This technology has been highly successful

in profiling enzyme activity in living cells and even in whole

organisms [21]. In ABPP, covalent linkage by the reactive func-

tionality is usually dependent upon a particular enzymatic reac-

tion, but photoactivatable groups (PGs) have also been used

when this is not possible [22].

We envisioned adapting this technology to intracellular target

identification as depicted in Figure 2. Whole cells would be in-

cubated with a photoprobe (A) after confirmation of its bio-

logical activity. Following exposure to UV light, the cells

would be lysed, releasing the labeled proteins bound covalently

to the probe (B). Click chemistry would then be applied to

covalently attach a biotin or fluorescent tag for visualization

and/or isolation (C). Any isolated proteins would be digested

and identified by high-resolution mass-spectral analysis.
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Scheme 1: General synthesis of model benzophenone probes.

Scheme 2: Synthesis of aryl azide model probe 14.

Figure 2: Strategy for tag-free photolabeling in whole cells (PG =
photoactivatable group, TAG = fluorescent group or biotin).

We selected benzophenone and azide as the PGs for incorpor-

ation into 2 based on synthetic ease and their complementary

photoreactivities (benzophenone inserts into C–H bonds, azide

into heteroatom–H bonds) [12]. Furthermore, we had previ-

ously established that benzophenone is tolerated on the benz-

amide ring with retention of the biological activity (3, Table 1)

[23]. In addition to a PG, we needed a suitable linking function-

ality for attachment of a clickable acetylene group. Preliminary

work (data not shown) established that an ether (versus amide)

linker was superior with regard to maintenance of biological

activity. A small set of model compounds was thus prepared to

evaluate the impact of ether linker and PG placement on bio-

logical activity (see below in Table 1).

Scheme 1 depicts the general synthesis of model benzophenone-

probes 8. Boc-protected nipecotic acid (4) was reacted with

substituted anilines 5 under standard EDC-mediated amidation

conditions, followed by TFA-catalyzed deprotection to afford

amides 6. A subsequent second amidation with benzoic acids 7

afforded final bis(amide) analogues 8.

We also synthesized a model azide (Scheme 2). Synthesis began

with the acetylation of 4-chloro-3-nitroaniline (9) followed by

reduction of the nitro group using iron and hydrochloric acid to
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Table 1: Effects of model photoprobes on transcription and cytotoxicity in PC-3 cellsa.

compound structure IC50 SRE.L
(µM)b

% inhibition SRE.L
(100 µM)b

% inhibition WST-1
(100 µM)c

3 9.9 75 0

8a 8.3 84 0

8b 11 64 0

8c 5.3 60 0

14 7.0 77 13

aFor detailed assay descriptions, see Evelyn et al. [8,9]; bInhibition of Rho-pathway selective serum response element-luciferase reporter gene
expression; cInhibition of mitochondrial metabolism of WST-1.

generate aniline 10. The azido group was introduced by diazoti-

zation/azidation to provide 11. Deacetylation with potassium

hydroxide revealed aniline 12, which was then coupled with 4

and deprotected to give amine 13. Final amidation with

3-methoxy-5-trifluoromethylbenzoic acid provided model probe

14.

Table 1 presents biological activity data for all of the new

model probes. These include: potency at inhibiting the Rho/

MKL1/SRF-driven expression of a luciferase reporter gene

(IC50 SRE.L) and a measure of maximal efficacy, as indicated

by percent inhibition of SRE.L at the maximum dose tested

(100 μM) [8,9]. We have noted in our previous work that both

of these parameters are important for predicting activity in

inhibiting cell migration [8]. As shown in Table 1, all of the

model probes retained good activity relative to the lead com-

pound 2 with little to no cytotoxicity. Based on these results we

decided to install acetylenes in our final probes through ether

linkages at the positions of the methoxy groups of the most

active models 8a, 8c and 14.

Preparation of the photoaffinity probe 19 is shown in Scheme 3.

Aniline 15 was Boc-protected [24], and then alkylated using

propargyl bromide to produce ether 16. Following deprotection,

aniline 17 was coupled with Boc-protected nipecotic acid (4),

giving amide 18 after deprotection. Final coupling with

3-benzoylbenzoic acid afforded the final probe 19.

Synthesis of a photoprobe based on the most active model 8c is

shown in Scheme 4. Acid 20 was esterified prior to alkylation

with propargyl bromide, affording ester 22. Saponification, fol-

lowed by amidation with the previously prepared piperidine 6c,

provided the final probe 24.

Finally, two azide photoprobes were prepared. The first one, 25

(Scheme 5), based on model 14, was synthesized in a straight-

forward manner by simply amidating acid 23 with previously

prepared azide-containing piperdine 13 (Scheme 2). The second

probe, 28, reversing the placement of the azide and acetylene,

was prepared from aniline 26. Introduction of the azide was

accomplished via diazotization/azidation, followed by standard
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Scheme 3: Synthesis of benzophenone photoaffinity probe 19.

Scheme 4: Synthesis of benzophenone photoaffinity probe 24.

Scheme 5: Synthesis of aryl azide photoaffinity probes.
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Table 2: Effects of tag-free photoprobes on transcription and cytotoxicity in PC-3 cellsa.

compound structure IC50 SRE.L
(µM)

% inhibition SRE.L
(100 µM)

% inhibition WST-1
(100 µM)

19 6.6 57 0

24 2.7 60 0

25 11 75 4

28 17 54 2

aSee Table 1 for assay descriptions.

amide coupling of 27 and 18 to afford final aryl azide photo-

probe 28.

Table 2 summaries the biological data for the four final candi-

date photoprobes. Fortuitously, all of the probes remained

active in our assay, although the benzophenone analogues 19

and 24 were more potent than the azide probes 25 and 28.

Based on its superior potency, we selected benzophenone 24

(IC50 = 2.7 μM) for further studies.

Prior to photolabeling, we wanted to confirm retention of func-

tional activity in a PC-3 prostate cancer cell model of migration.

Cells (5.0 × 105) were plated in DMEM containing 10% FBS

and grown to confluence in a 12-well plate. After 24 h, a scratch

was made using a 200 µL pipette tip. Medium was replaced

with DMEM containing 0.5% FBS and varying concentrations

of 24 or 0.1% DMSO control. Images of the wound were taken

at the beginning of the experiment by using a bright-field

inverted microscope (Leica DM IRB) at 2.5× magnification.

After 24 h the cells were fixed (10% formalin) and stained

(0.5% crystal violet) to obtain high-contrast images. Area quan-

tification of the wound was determined computationally using

the ImageJ® software (NIH). The results are summarized in

Figure 3. Probe 24 was clearly able to inhibit PC-3 cell migra-

tion into the scratch wound with an IC50 (4.7 μM) comparable

to its potency at inhibiting SRE.L (2.7 μM).

Preliminary photolabeling studies with 24 were undertaken in

PC-3 prostate cancer cells. Intact cells were treated with 0.3 µM

24 for 30 min. To facilitate the identification of specifically

labeled proteins, a parallel competition experiment was also

performed by treating cells with 0.3 µM 24 and a large excess

(10 µM) of 29 (Figure 4), i.e., an analogue of 2 with slightly

greater potency (IC50 = 6.4 µM) that was identified in later

SAR studies [23]. UV irradiation was applied for 30 min at

room temperature by using the long-wavelength setting of a

hand-held illuminator (366 nm, UVL-56 lamp, UltraViolet

Products, San Gabriel CA). Cells were then lysed and subse-

quently fluorescently tagged by using an InvitrogenTM Click-

iT® Reaction Buffer Kit to attach azido-Cy5.5 dye for visualiza-

tion.

Electrophoresis of the tagged lysates was performed, using

either 20 or 10 µg of protein, and is visualized in Figure 5. Lane

1 contains 0.3 µM of compound 24 alone, and lane 2 includes a

much higher concentration of the competitor 29. Lane 3

contains 0.3 µM of compound 24 alone without UV treatment.

Although there is obviously a high degree of nonspecific
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Figure 3: Photoprobe 24 (CCG-206559) retains biological activity to block prostate cancer migration. A. Cellular migration determined by wound
assay. PC-3 prostate cancer cells were grown to confluence in 12-well plates and a scratch was made with a 200 µL pipette. Images were taken at
the beginning of the experiment and after 24 h in DMEM containing 0.5% FBS and the indicated concentration of 24 or 0.1% DMSO. After 24 h the
cells were stained with crystal violet to produce high-contrast images. Shown are examples of 10 μM 24 and DMSO after 24 h, from experiments with
similar initial wound areas as determined by using image analysis software. B. Quantification of wound assay migration. The change in migration over
24 h was determined by the difference between the area of the wound after 24 h and the initial area of the wound. The percent inhibition was plotted
by normalizing the compound-treated cells to the DMSO control. Results are expressed as the mean (±SEM) of triplicate experiments. A nonlinear
least-squares regression curve was fit for CCG-206559 inhibition of migration, IC50 = 4.7 μM.

Figure 4: Structure of the competitor used in the photolabeling experi-
ment.

Figure 5: SDS-PAGE gel of photolabeling experiment in whole PC-3
cells. Lane 1 contains 0.3 µM 24 after 30 min UV treatment; lane 2
contains 0.3 µM 24 and 10 µM 29 after 30 min UV treatment; and lane
3 contains 0.3 µM 24 without UV treatment.

binding under these conditions, a single band appears at approx-

imately 24 kDa (as indicated by the white box) that was

competed off by 29 and does not appear without UV treatment,

suggesting that it is a specific binding protein that has been

successfully photolabeled.

Although the level of fluorescent labeling in the non-UV-irradi-

ated control lanes 3 is clearly diminished relative to lanes 1 and

2, it is nevertheless much higher than expected. Unfortunately,

we do not yet have a satisfactory explanation for this. Future

experiments will include using an even lower concentration of

photoprobe (which is reported to minimize nonspecific binding

[11]) and rigorous exclusion of light during processing of the

cell lysates.

In conclusion, we have designed and synthesized tag-free

benzophenone and aryl azide photoaffinity probes that retain the

biological activity of the lead Rho/MKL1/SRF transcription

inhibitor 2 in whole cells. Significantly, a preliminary photola-

beling study with the most potent photoprobe 24 in whole

prostate cancer cells was successful at detecting specific

binding to one or more proteins at 24 kDa. Future work will

focus on identifying the labeled protein(s). We first plan to

repeat the photolabeling study with 24 and tag the labeled

proteins by clicking with azido-biotin, thereby enabling isola-

tions with streptavidin. Following purification, the 24 kDa

region of the lanes (± competitor 29) will be trypsin-digested

and analyzed for differences by high resolution LC/MS/MS. If

this is not successful, future work will entail using probe 24 and

competitor 29 in SILAC experiments [25].
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Supporting Information
Supporting Information File 1
Full experimental synthetic procedures and spectral data are

provided for compounds 4, 6a, 6b, 8a, 8b, 8c, 13, 14,

16–19, 21–25 and 28.

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

supplementary/1860-5397-9-111-S1.pdf]
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Abstract
Methylidynetrisphosphonates are representatives of geminal polyphosphonates bearing three phosphonate (PO3H2) groups at the

bridged carbon atom. Like well-known methylenebisphosphonates (BPs), they are characterized by a P–C–P backbone structure

and are chemically stable mimetics of the endogenous metabolites, i.e., inorganic pyrophosphates (PPi). Because of its analogy to

PPi and an ability to chelate metal ions, the 1,1,1-trisphosphonate structure is of great potential as a C1 building block for the design

of phosphate mimetics. The purpose of this review is to present a concise summary of the state of the art in trisphosphonate chem-

istry with particular emphasis on the synthesis, structure, reactions, and potential medicinal applications of these compounds.
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Introduction
Methylidynetrisphosphonic acid, HC(PO3H2)3, or more

commonly methylidynetrisphosphonates, XC(PO3R2)3, also

called methanetrisphosphonates, are representatives of geminal

polyphosphonates among which methylenebisphosphonates,

H2C(PO3R2)2, are well-known as metabolically stable

analogues of the naturally occurring inorganic pyrophosphate

(PPi) [1-3]. Bisphosphonates are widely used drugs for the treat-

ment and prevention of excessive osteoclast-mediated bone

resorption associated with osteoporosis, Paget's disease, and

tumour-induced osteolysis [4-6]. In the wide area of polyphos-

phonate chemistry, gem-trisphosphonates represent a new area

of study and many of the important developments in their chem-

istry are based on their specific properties. The presence of

three phosphonate (PO3R2) substituents at the bridged carbon

atom causes pronounced physical and chemical effects and

imparts unique electronic characteristics to 1,1,1-trisphosphony-

lated compounds. Most importantly, the replacement of the

hydrogen atom attached to the bridge carbon in methylenebis-

phosphonates by a third ionisable phosphonate moiety results in

supercharged isosteric systems relative to pyrophosphoric acid

[7]. It was also demonstrated that steric effects play a signifi-

cant role in trisphosphonate chemistry and allow efficient

control of regio- and stereochemistry for addition reactions.

Moreover, examples of the reactivity of functionalized methyli-

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:kukhar@bpci.kiev.ua
http://dx.doi.org/10.3762%2Fbjoc.9.114
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Scheme 1: Synthesis of hexaethyl dialkylaminomethylidynetrisphos-
phonates 1 from dichloromethylene dialkylammonium chlorides.

dynetrisphosphonates XC(PO3R2)3 shown in this review indi-

cate that the nature of the substituent X at the central carbon

atom is the key to the optimization of their acidic and coordina-

tion properties thus providing excellent possibilities for the

design of effective phosphate mimetics. Especially successful

so far seem to be approaches for the synthesis of trisphospho-

nate-modified nucleotides and nucleosides, which represent a

promising class of potential drugs [8].

Review
Preparation of methylidynetrisphosphonates
Synthesis via a Michaelis–Arbuzov reaction
P h o s p h o n a t e  e s t e r s  a r e  o f t e n  p r e p a r e d  t h r o u g h

Michaelis–Arbuzov reaction of a trialkyl phosphite with an

alkyl halide [9]. However, contrary to the early patent claims,

trisphosphonate esters cannot be derived from simple

trihalomethyl derivatives [10-12]. Indeed, chloroform and

bromoform do not react with triethyl phosphite even under

harsh conditions [11]. In addition, no reaction occurred between

benzotrichloride (PhCCl3) and triethyl phosphite at a tempera-

ture below 150 °C. The CuCl-catalyzed reaction of PhCCl3 and

(EtO)3P at 120–140 °C produced 1,2-diphenyl-1,1,2,2-tetra-

chloroethane [13]. The early work reported that the trisphospho-

nate PhC(PO3Et2)3 was formed from triethyl phosphite and

dibenzoyl peroxide when reagents were boiled under reflux in

chloroform, but proof of the trisphosphonate structure was not

given [14]. It was later suggested that the product of this

reac t ion  i s  most  l ike ly  a  phosphate-phosphonate ,

PhC(PO3Et2)2OPO3Et2 [15]. Birum postulated the preparation

of the trisphosphonate (Et2O3P)3CSPO3Et2 from Cl3CSCl and

P(OEt)3, but once again, no definitive proof of trisphosphonate

structure was provided [16,17]. The first authentic synthesis of

1,1,1-trisphosphonate derivatives 1a,b was described by

Kukhar, Pasternak and Kirsanov by allowing the addition of

triethyl phosphite to dichloromethylene dialkylammonium chlo-

ride to proceed in dichloromethane at −40 °C (Scheme 1) [18].

Other researchers have confirmed this finding [19,20].

Trichloromethylisocyanate [21] and tribromomethylisocyanate

[22] react similarly with 3 equivalents of triethyl phosphite

forming isocyanate 2, which was characterized by its IR and

NMR spectra and also by its reaction products 3 and 4

(Scheme 2). Trisphosphonate 2 is also formed by the reaction of

[(EtO)2P(O)]2C(Cl)NCO as well as (EtO)2P(O)CCl2NCO with

1 or 2 equiv of (EtO)3P, correspondingly [21].

Scheme 2: Synthesis and some transformations of trisphosphonate 2.

An unsuccessful attempt to synthesize trisphosphonates from

isocyanide dichlorides was made by the combination of

Arbuzov reaction and dialkyl phosphite addition. The reaction

sequence leads to N-phosphorylated bisphosphonates 5 instead

of the desired trisphosphonates (Scheme 3) [23,24].

Scheme 3: Attempt to synthesize trisphosphonates by the combina-
tion of Arbuzov reaction and dialkyl phosphite addition.
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Scheme 4: Synthesis of hexaethylmethylidynetrisphosphonate 6 via phosphinylation of tetraethyl methylenebisphosphonate anion.

Scheme 5: Synthetic approach to methylidynetrisphosphonate ester 9.

Synthesis via anionic methylenebisphosphonates
The anionic bisphosphonate [CH(PO3Et2)2]− proved unreactive

with diethyl chlorophosphate, ClP(O)(OEt2)2, but phosphinyla-

tion of the bisphosphonate anion with diethyl chlorophosphite,

ClP(OEt)2, followed by in situ oxidation with atmospheric

oxygen of the presumed phosphinate intermediate to the

trisphosphonate 6 was successful (Scheme 4) [25]. An impro-

ved version of this method includes oxidation of the phosphi-

nate intermediate with hydrogen peroxide in tetrahydrofuran

[26]. Mixed ethyl/isopropyl trisphosphonate ester 9 has been

prepared by treatment of the bisphosphonate 7 with diethyl

chlorophosphite and sodium hexamethyldisilazane, and subse-

quent oxidation of the phosphinate intermediate 8 with iodine in

pyridine–THF–H2O (Scheme 5) [7,27]. It was noted that the

intermediate 8 was unstable during either acidic or basic

workup and readily decomposed to the starting bisphosphonate

7. However, oxidation of 8 gave stable trisphosphonate ester 9

in 72% yield.

For the synthesis of alkylidyne-1,1,1-trisphosphonate esters

12a–f a three-step protocol including synthesis of alkylidene-

1,1-bisphosphonates 11 from tetraethyl methylenebisphospho-

nate (10), phosphinylation and oxidation has been developed

(Scheme 6) [26]. Propargyl-substituted trisphosphonate 15 was

prepared by conjugate addition of sodium acetylide to ethenyli-

denebisphosphonate 13 and the subsequent phosphinylation and

oxidation (Scheme 7). This compound has been used in an

elegant construction (“click” chemistry) of triazole derivatives

(see Scheme 17) [26,28].

Synthesis via 7,7-bisphosphonoquinone methides
A unique route to trisphosphonate 18 via addition of diethyl

phosphite to 7,7-bisphosphonyl-3,5-di-tert-butylquinone

Scheme 6: Synthesis of alkylidyne-1,1,1-trisphosphonate esters 12.

Scheme 7: Two-step one-pot synthesis of propargyl-substituted
trisphosphonate 15.
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methide 17 derived by oxidation of bisphosphonate 16 was

developed by Gross and co-workers (Scheme 8) [29]. More

recent reports of this type of reaction are from laboratories of

Russian researchers [30,31]. They showed that bisphosphonate

16 can be prepared in good yield by the Arbuzov reaction of

trimethylsilyl esters of trivalent phosphorus acids with the

easily accessible 2,6-di-tert-butyl-4-(dichloromethyl)phenol. In

the next step, the bisphosphonate 16 was oxidized with

K3Fe(CN)6 into quinone methide 17 in 91% yield. Further addi-

tion of diethyl phosphite in the presence of sodium hydride

gives the triphosphonate 18 (Scheme 9). Note that bisphospho-

nate 16 is also available by the reaction 4-hydroxy-3,5-di-tert-

butylbenzaldehyde with triethyl phosphite in the presence of

malonic ester (yield 53%) [32].

Scheme 8: Synthetic route to trisphosphonate 18 via 7,7-bisphos-
phonyl-3,5-di-tert-butylquinone methide 17.

This reaction mode takes place also for the interactions of

quinone methide 17 with diphenylphosphinite and quinone

methide 19 with diethyl phosphite (Scheme 10) [33]. However,

when the same researchers tried to obtain triphosphorus deriva-

tives with one phosphono and two phosphinoxido groups using

quinone methides 19 and 21 as starting materials, phosphonyla-

tion of the aromatic nucleus via splitting off a tert-butyl group

as isobutene and formation of bisphosphonates 22 and 23 was

observed. The same happened when quinone methide 21 was

treated with diphenylphosphinite (Scheme 11). The primary

step of this reaction, which proceeds under mild alkaline condi-

tions, is presumably a direct attack of the diphenylphosphinyl

anion in 3-position, followed by the splitting off of isobutene

[33,34].

Scheme 9: Synthesis of trisphosphonate 18 starting from 2,6-di-tert-
butyl-4-(dichloromethyl)phenol.

Scheme 10: Synthesis of triphosphorus derivatives 20 via quinone
methides 17 and 19.

Variations on the Arbuzov reaction have also been tested in the

preparation of trisphosphonate 18. Thus, a phosphonylation in

three steps could be performed on monophosphonylated

quinone methide 25. The starting compound was first phospho-

nylated with triethyl phosphite to give the phosphonium betain

26. This compound was subsequently transformed into the

corresponding 7,7-bisphosphonoquinone methide 27 by treat-

ment with bromine. Heating of 27 under reflux in triethyl phos-

phite resulted in the trisphosphonate 18 in a yield of 40%. The

phosphonium betain 28, which was expected from the reaction

of 27 and triethyl phosphite was unstable and could not be

isolated (Scheme 12) [35]. It should be noted that compound 18

can be easily oxidized to the corresponding stable phenoxyl

radical with PbO2 in toluene [36].
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Scheme 11: Unexpected phosphonylation of the aromatic nucleus in reactions of quinone methides 19 and 21.

Scheme 12: Multistep synthesis of trisphosphonate 18 starting from quinone methide 25.

Synthesis from diazomethylenebisphosphonates
The feasibility of synthesizing trisphosphonate esters under

mild conditions via metal-carbenoid-mediated P–H insertion

reactions was demonstrated by Gross et al. [25]. In particular,

the reaction between tetraethyl diazomethylenebisphosphonate

and diethyl phosphite in the presence of copper(II) bis(acetyl-

acetonate) provides trisphosphonate ester 6 (Scheme 13). The

yield is poor (20%) but the product can be isolated in the pure

state and the method is presumably general (cf. [37]). The

starting tetraalkyl diazomethylenebisphosphonates are prepared
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by the reaction of tosyl azide [38,39] or 2-naphthalenesulfonyl

azide [40] with the corresponding methylenebisphosphonate

precursors in the presence of a base.

Scheme 13: Synthesis of hexaethyl methylidynetrisphosphonate (6)
via metal-carbenoid-mediated P–H insertion reaction.

Various methods
Quite interestingly, at room temperatures diethyl phosphite

reacts with tert-butylphosphaethyne in the presence of sodium

metal to form 1,1-bis(diethoxyphosphoryl)-2,2-dimethylpropyl-

phosphine (29) (Scheme 14) [41]. The proof of structure 29 was

given but no details were provided on the reaction course.

Scheme 14: Reaction between tert-butylphosphaethyne and diethyl
phosphite in the presence of sodium metal.

Reactions of methylidynetrisphosphonate
esters
The C(PO3R2)3 group is chemically resistant to attack by bases

and oxidizing/reducing agents. Upon treatment of hexaethyl

methylidynetrisphosphonate (6) with NaH in THF, formation of

the sodium salt was suggested by a downfield shift in the
31P NMR spectrum (from 14 to 32 ppm). However, no further

alkylation reaction could be observed with benzyl bromide and

allyl bromide, presumably because of high stabilization and

strong steric shielding of the carbanionic center [26]. In fact, the

importance of steric factors in the reactivity of trisphosphonate

esters manifested in many reactions of α-alkyl-substituted

trisphosphonates. Thus, attempted cross metathesis of allyl

derivative 12b with 2-methyl-2-butene and the Grubbs second-

generation catalyst afforded the unexpected cis and trans-1,2-

disubstituted olefins 30 as the major product and only a small

amount of the expected trisubstituted olefin 31. However, under

similar conditions sterically less congested analogue 12e

smoothly undergoes cross metathesis to give the desired trisub-

stituted olefin 32 in high yield (Scheme 15) [26].

Scheme 15: Cross metathesis of trisphosphonates 12 with 2-methyl-2-
butene and the Grubbs second-generation catalyst.

In a similar sense, reduction of the trisphosphonate 12e with

9-borabicyclo[3.3.1]nonane (9-BBN) followed by standard

oxidative workup afforded the primary alcohol 33 in reason-

able yield, but the 1-allyl-substituted trisphosphonate 12b did

not undergo hydroboration with 9-BBN. However, treatment of

12b with borane in THF resulted in conversion to the primary

alcohol 34 in good yield (Scheme 16) [26]. A further example

of the reactivity of trisphosphonates is provided by a click reac-

tion of 3-butyn-1-ylidynetrisphosphonate 15 with benzyl azide,

which results in novel triazole compound 35 bearing the

trisphosphonate function (Scheme 17) [26].

Scheme 16: Hydroboration–oxidation of trisphosphonates 12b,e.
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Scheme 19: Synthesis of the sodium salt of the acid-labile trisphosphonic acid 38.

Scheme 17: Reaction of 3-butyn-1-ylidenetrisphosphonate 15 with
benzyl azide.

In contrast to methylenebisphosphonate esters, methyli-

dynetrisphosphonate esters have a tendency to undergo dephos-

phonylation when subjected to acid hydrolysis. Thus, although

the bisphosphonate PhCH2CH(PO3Et2)2 smoothly undergoes

hydrolysis to the corresponding bisphosphonic acid by treat-

ment with HCl under reflux, benzyltrisphosphonate

PhCH2C(PO3Et2)3 undergoes dephosphonylation under similar

conditions [25,26]. Synthesis of free trisphosphonic acids could

be carried out by transsilylation of the corresponding hexaalkyl

trisphosphonates with Me3SiBr in the presence of a base fol-

lowed by hydrolysis or alcoholysis [42]. This methodology has

been particularly successful for preparing the parent methyli-

dynetriphosphonic acid and its salts. Thus, heating 9 with

Me3SiBr in dichloromethane followed by solvolysis in the pres-

ence tri-n-butylamine gave methylidynetrisphosphonic acid as

its tris(tributylammonium) salt. This product was converted into

its trisodium salt by precipitation from a methanol solution

using a NaI solution in acetone [7]. The method has been also

applied to the preparation of the trisphosphonate salts 37. Treat-

ment of trisphosphonic acid ester 12b with Me3SiBr and colli-

dine resulted in the formation of the silyl ester 36, which was

converted into a mixed sodium and collidinium salt 37 by the

addition of 1 N aqueous NaOH (Scheme 18) [26].

Similarly, a sodium salt of an acid-labile trisphosphonic acid 38

could be prepared with minimal P–C scission by carbonate-

buffered hydrolysis of in situ formed silyl ester (Scheme 19)

[43].

Scheme 18: The use of the transsilylation reaction for the synthesis of
trisphosphonate salts 37.

Amino-substituted trisphosphonate esters Alk2N–C(PO3Et2)3

are even less resistant to acid dephosphonylation than the parent

trisphosphonate esters, HC(PO3R2)3, or their α-carbo-substi-

tuted derivatives. In particular, in the case of aminotrisphospho-

nate ester 1a all standard synthetic routes to phosphonic acids

(A–C) via acidic hydrolysis of phosphonate esters lead to the

elimination of one phosphonyl group and the formation of

bisphosphonic acid 39. Even with Me3SiBr/H2O, transsilyla-

tion and solvolysis under mild conditions afforded only the

dephosphonylated product (Scheme 20) [43].

Scheme 20: Acidic hydrolysis of trisphosphonate ester 1a.
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Scheme 22: Synthesis of the free methylidynetrisphosphonic acid via trisphosphonate salt 38.

The result of the methylation of trisphosphonate 1a depends on

the reagent: treatment of 1a with methyl p-toluenesulfonate or

dimethyl sulfate leads to the expected quarternary ammonium

salts 40, while with iodomethane one phosphoryl group is split

off, and a mixture of bisphosphonates 41 and 42 is formed

(Scheme 21) [20].

Scheme 21: Methylation of trisphosphonate 1a.

In a fascinating series of publications, Blackburn and

co-workers have realized the synthesis of “supercharged”

mimics of pyrophosphoric acid capable of introducing addition-

al anionic charge relative to simple methylenebisphosphonates

when built into ATP and ApnA analogues [7,8,27,44]. They

demonstrated that methylidynetrisphosphonic acid and espe-

cially its halogenated derivatives are key structure blocks in the

synthesis of the nucleotide analogues with enhanced affinity for

receptors and better charge correlation with transition states for

selected kinases. Two synthetically useful approaches to the

parent trisphosphonic acid HC(PO3H2)3 have been developed.

One of the procedures is based on the treatment of trisphospho-

nate salt 38 with a mixture of hydrogen peroxide in trifluoro-

acetic acid (Scheme 22). An alternative and more efficient syn-

thesis of methylidynetrisphosphonic acid uses a transsilylation

of hexaalkyl trisphosphonate 9 followed by hydrolysis [27].

Synthesis of halomethylidynetrisphosphonic acids 43 and 44 is

shown in Scheme 23 [7].

Scheme 23: Synthesis of halomethylidynetrisphosphonate salts 43
and 44 by modified Gross’s procedure.

The tris(tributylammonium) salt of methylidynetrisphosphonic

acid was transformed into an ADP analogue 45 and into an

analogue of ATP 46 using the method of Poulter and the phos-

phoromorpholidate procedure of Khorana and Moffatt, respect-

ively. Diadenosine tetraphosphate analogue 47 was obtained

upon treatment of chloromethylidynetrisphosphonic acid 44

with excess AMP morpholidate. The incorporation of the third

adenylate moiety was found to be extremely slow; however, the

use of tetrazole as catalyst allowed the preparation of P1,P2,P3-

tris(5'-adenylyl)methylidynetrisphosphonate 48 and the tripodal

P1-5'-adenosyl P2,P3-bis(5'-adenylyl)methylidynetrisphospho-

nate 49 in good yields. Compounds 48 and 49 provide the first

examples of species in which three adenylate moieties are

linked together by a methylidynetrisphosphonate core

(Scheme 24) [8].
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Table 1: Ionisation constants for polyphosphonic acids determined in the range 3.5 < pH < 10.5 at 37 °C and 0.152 M NaCl [7].

Polyphosphonic acid pKa3 pKa4 pKa5 Net charge at pH 7.0

O(PO3H2)2 6.6 9.4 – 2.72
HO2CCH(PO3H2)2 –a 7.24 10.11 3.35
HO3SCH(PO3H2)2 –a 6.61 10.57 3.71
HC(PO3H2)3 –a 6.46 9.90 3.77
ClC(PO3H2)3 –a 5.92 9.08 3.92
FC(PO3H2)3 –a 5.77 8.86 3.95

aThe strongly acidic dissociation constants were off-scale for measurements by titration.

Scheme 24: Synthesis of trisphosphonate modified nucleotides.
Reagents: i, 5'-O-tosyl adenosine, MeCN; ii, AMP–morpholidate
(0.8 equiv), tetrazole, pyridine; iii, AMP–morpholidate (5 equiv),
tetrazole, pyridine; iv, excess AMP–morpholidate, pyridine;
v, AMP–morpholidate (2.2 equiv), tetrazole, pyridine. All counterions
are tri-n-butylammonium. Ado = 5'-adenosyl.

Structure features, spectroscopic and acid
properties
Methylidynetrisphosphonic acid as tris(cyclohexylamine) salt,

HC(PO3H2)3∙3C6H11NH2, is a stable, easy to handle colorless

solid (mp 210–211 °C; 31P NMR (H2O) δ 12.8 ppm; 1H NMR

(D2O) δ 2.73 (CH), JPCH = 22.3 Hz; 13C NMR (D2O) δ 45.16

(CH), JPC = 102.2 Hz) [25]. Methylidynetrisphosphonic acid

hexaethyl ester, HC(PO3Et2)3, is a light yellow oil (bp

135–138 °C/0.01 mmHg; 31P NMR (CHCl3) δ 14.4 ppm;
1H NMR (CDCl3) δ 3.23 (CH), JPCH = 24.2 Hz; 13C NMR

(CDCl3) δ 40.34 (CH), JPC = 121.9 Hz) [24-26]. As expected,

trisphosphonate ester HC(PO3Et2)3 is a strong carbon acid

(titration with NaOH gave a pKa of ~6.5) [26].

Under the conception of Blackburn, methylidynetrisphosphonic

acid, HC(PO3H2)3, can be viewed as a “supercharged” mimic of

pyrophosphoric acid (PPi) since the introduction of a third

ionizable phosphonate (PO3H2) group into methylenebisphos-

phonic acid delivers additional charge at physiological pH.

Thus, the parent methylidynetrisphosphonic acid and its fluoro-

and chloro-substituted derivatives have at least one more nega-

tive charge than pyrophosphate at pH 7 (Table 1) [7,27].

X-ray structure analysis of trisphosphonic salt [FC(PO3H)3]3−

3Na+ supported its isosteric character relative to pyrophosphate.

In particular, the P–C–P geometry (both the P–C bond distance

and the P–C–P angle) is close to the geometry in the

methylenebisphosphonate salts while the phosphorus–phos-

phorus distance is close to that observed for methylenebisphos-

phonates and pyrophosphate salts (Figure 1) [7].

Figure 1: Bond angles and bond distances in pyrophosphate,
methylene-1,1-bisphosphonate and fluoromethylidynetrisphosphonate.

Structural features of the trisphosphonate 18 were studied by

NMR spectroscopy and by single-crystal X-ray diffraction.

Only one 31P NMR signal is observable for three equivalent

phosphonate moieties in CHCl3. In contrast, the 31P solid-state

NMR spectrum of 18 revealed three separable signals. The

nonequivalence of the signals was attributed to hydrogen bonds

and supported by crystallographic analysis. The molecules 18

bonded via hydrogen bonds form chains [45].
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Short overview of biomedical application
Methylidynetrisphosphonate, HC(PO3H3)3

3−∙3Bu3NH+, and its

fluoro (43) and chloro (44) derivatives do not detectably inhibit

human-tumor-suppressor protein Fhit, but are strong inhibitors

of the lupine enzyme. By contrast, the adenylated polyphospho-

nates AdoPPCCl(P)PPAdo (47) and (AdoPP)3CH (48) strongly

and competitively inhibit Fhit while they are less effective as

inhibitors of the lupine enzyme. Since the detection of levels of

Fhit protein is an important problem relating to cancers, Fhit-

selective inhibitors such as 47 and 48 can be valuable as Fhit

diagnostics [8].

β,γ-Chlorophosphonomethylene–ATP, AdoPPCCl(P)P, is a

weak antagonist at P2X2/3 receptors (IC50 about 10 μM) [46].

The antioxidant activity of the compound ArC(PO3Et2)3 (Ar =

2,6-t-Bu2-4-MeC6H2) was studied in a model oxidation of oleic

acid and with biological objects (liver homogenates of Wistar

rats) [36].

Among polyphosphonic acids with a geminal arrangement of

phosphonic groups efficient complexones and regulators of

calcium exchange in humans were found [47-49]. Some data on

the use of the methylidynetrisphosphonic acid and its deriva-

tives as complexones were also published. The trisphosphonic

acids HC(PO3H2)3 and ClC(PO3H2)3 are better chelating agents

in the detergent compositions than methylenebisphosphonic

acid and its alkali-metal salts and also sequester more calcium

and magnesium ions, for example, than does H2C(PO3H2)2

[50,51]. The complexation behavior of the polydentate ligand

Me2NC(PO3Et2)3 toward Co2+ ion has shown that the trisphos-

phonate molecule is coordinated in solution by its three donor

(P=O, Me2N) functions [52]. Evidently, further detailed struc-

ture studies of the individual complexes and the complex-

forming driving factors are desired in order to understand

trisphosphonate coordination abilities.

Conclusion
There has been a considerable interest in the preparation and

use of the geminal trisphosphonates, XC(PO3R2)3, because of

the widespread biomedical application of methylenebisphos-

phonates as mimetics of biologically important pyrophosphate.

Much of the trisphosphonate reactivity profile follows intuition

based on the bisphosphonate analogy. However, despite the

structural similarity to bisphosphonates, methylidynetrisphos-

phonic acid and its derivatives differ in their geometry, coordi-

nation properties and reactivity pathways. A particularly

interesting characteristic of trisphosphonates is the possibility of

constructing systems based on Blackburn’s conception of super-

charged nucleotide analogues in which an additional negative

charge is provided without elongation of the polyphosphate

chain. But there are still a lot of other aspects of their chemistry

that remain to be investigated. From a synthetic point of view,

since the introduction of a heteroatom substituent at the bridged

carbon atom permits both modulation of pKa values and

hydrogen bonding, there is a need for profound study of α-func-

tionalized trisphosphonate systems. Such compounds can be

promising building blocks for the synthesis of false substrates

or enzyme inhibitors involved in phosphate-based processes. In

particular, some heterocyclic compounds functionalized by

trisphosphonate substituents merit in-depth biological study. A

further practical potential for trisphosphonate compounds is the

development of new phosphorus-containing dendrimers and

related species. Considerable interest is also associated with the

use of trisphosphonic acids as ligands for calcium ligation and

as potential bone affinity agents. Finally, there is no doubt that

organometallic and coordination chemistry will benefit from

future innovative application of these compounds.
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Abstract
3-[18F]Fluoropropanesulfonyl chloride, a recently proposed prosthetic agent for fluorine-18 labelling, was prepared in a two-step

radiosynthesis via 3-[18F]fluoropropyl thiocyanate as an intermediate. Two benzenesulfonate-based radiolabelling precursors were

prepared by various routes. Comparing the reactivities of 3-thiocyanatopropyl nosylate and the corresponding tosylate towards

[18F]fluoride the former proved to be superior accounting for labelling yields of up to 85%. Conditions for a reliable transformation

of 3-[18F]fluoropropyl thiocyanate to the corresponding sulfonyl chloride with the potential for automation have been identified.

The reaction of 3-[18F]fluoropropanesulfonyl chloride with eight different aliphatic and aromatic amines was investigated and the

identity of the resulting 18F-labelled sulfonamides was confirmed chromatographically by comparison with their nonradioactive

counterparts. Even for weakly nucleophilic amines such as 4-nitroaniline the desired radiolabelled sulfonamides were accessible in

satisfactory yields owing to systematic variation of the reaction conditions. With respect to the application of the 18F-fluoropropan-

sulfonyl group to the labelling of compounds relevant as imaging agents for positron emission tomography (PET), the stability of

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:r.loeser@hzdr.de
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N-(4-fluorophenyl)-3-fluoropropanesulfonamide against degradation catalysed by carboxylesterase was investigated and compared

to that of the analogous fluoroacetamide.
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Figure 1: Selection of prosthetic agents for 18F-labelling via acylation.

Introduction
The importance of molecular imaging, i.e., the characterisation

and measurement of biological processes in living organisms at

the molecular level using remote imaging detectors, for both

research and diagnostic purposes has considerably increased

over the recent years. The success of this interdisciplinary field

depends substantially on the development of molecular probes

equipped with appropriate reporter groups [1].

Among the different imaging modalities, positron emission

tomography (PET) stands out with regards to sensitivity and

quantitative image evaluation. PET is based on the application

of molecules labelled with a positron-emitting radionuclide,

which are termed radiotracers. Although such radionuclides are

known for many elements, fluorine-18 can be considered as the

most suitable one for PET due to its intermediate half-life of

109.8 min, its high content of β+-conversion (97%) and its

rather low positron energy maximum of 640 keV [2].

From a chemical point of view, the introduction of fluorine-18

into molecules that are able to address biomolecular targets in

vivo, requires a carefully developed methodology as the

carbon–fluorine bond is rather difficult to tie [3,4]. Further-

more, as fluorine appears less frequently in biologically active

compounds, molecules that show the potential to interact with

certain imaging targets have to be modified with fluorine. For

this purpose, generic groups that allow both derivatisation with

fluorine as well as convenient introduction of radiofluorine are

often used. These groups are referred to as prosthetic groups in

preparative radiochemistry. For labelling with fluorine-18, a

variety of prosthetic groups were suggested and developed

[5,6]. Their careful individual selection is critical for radio-

tracer development as they often exert great influence on target

binding and/or stability in vivo. This is particularly valid when

PET imaging probes based on small molecules are considered.

Labelling based on the formation of carboxylic amides is an ap-

proach that allows convenient introduction of fluorine-18

(Figure 1) [7,8], which applies especially to [18F]fluoroacet-

amides [9-15]. In several cases, [18F]fluoroacetamides were

proven to be metabolically unstable due to hydrolytic cleavage

[15-17]. As an alternative to acyl-based prosthetic groups the

3-[18F]fluoropropanesulfonyl group introduced by Li et al.

attracted our interest [18]. Labelling with radiofluorine by

sulfonamide formation seems to be intriguing not only because

of the inertness against the metabolic cleavage of the label but

also because of the polarity it can confer to the resulting tracer

molecule. This can be an advantage especially for radiotracers

based on small molecules [19]. Therefore, we planned to estab-

lish and to optimise the preparation of 3-[18F]fluoropropanesul-

fonyl chloride in our labs and to study its reaction with a panel

of aliphatic and aromatic amines of varying reactivity. Particu-

lar attention was paid to the synthesis of precursor molecules

suitable for radiofluorination and nonradioactive reference com-

pounds, as the information published in [18] is rather prelimi-

nary in this regard. Furthermore, we aimed to extend 18F-

fluoropropanesulfonylation to the labelling of aromatic amines.

Additionally, the metabolic stability of 3-fluoropropanesulfon-

amides was proven and comparatively assessed to that of analo-
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Scheme 1: Synthesis of radiofluorination precursors 3 and 4. Reagents and conditions: (a) KSCN, CH3OH, reflux; (b) TsCl, DIPEA, pyridine, CH2Cl2,
rt (for 3) or NsCl, K(CH3)3SiO, THF, rt (for 4); (c) KSCN, CH3OH, reflux; (d) NaI, acetone, reflux; (e) Ph3P, I2, imidazole, THF, rt; (f) silver tosylate (for
3) or silver nosylate (for 4), CH3CN, rt.

gous fluoroacetamides by degradation experiments with

carboxylesterase from pig liver. Preliminary results of this study

have been published previously as a conference abstract [20].

Results and Discussion
Synthesis of precursors and nonradioactive
reference compounds
The preparation of 18F-labelled sulfonyl chlorides is chal-

lenging as the chlorine atom in these electrophilic agents can be

exchanged by reaction with fluoride even in the presence of

water to form the corresponding sulfonyl fluorides [21]. Hence,

the sulfonyl chloride has to be generated by interconversion of a

different, less reactive sulfur-containing functional group after

radiofluorination. Sulfonyl chlorides can be generated by oxi-

dation with aqueous chlorine from a variety of organosulfur

species such as thiols, sulfides, disulfides, thioesters, isothio-

uronium salts, xanthates and thiocyanates [22]. The latter class

of organic sulfur compounds seems to be most advantageous, as

organic thiocyanates are easily accessible, sufficiently stable to

oxidation, and nonhygroscopic. Li et al. [18] decided to use a

propyl spacer between the fluorine-18 atom and the thiocyanate

moiety as radiofluorination by nucleophilic substitution

proceeds easier at aliphatic than at aromatic electrophilic

centres. In addition, the propyl spacer accounts for a balance

between the limited size of the prosthetic unit on the one hand

and the limited volatility of the radiofluorinated intermediates

on the other. Thus, the general approach presented in [18] to

generate 18F-labelled sulfonyl chlorides seems to be well-

conceived and was therefore adopted for our purposes.

Initially, the route described by Li et al. [18] was followed to

synthesise the tosylate precursor 3 (Scheme 1). As the tosyla-

tion of the alcohol 2 proceeded in low yields and led to side

products that were difficult to remove and impaired the reac-

tion with [18F]fluoride, an alternative procedure to afford 3 was

envisaged. Esters of sulfonic acids can be also prepared by

nucleophilic displacement of carbon-bound halogens with

sulfonates, which works best with alkyl iodides and silver salts

of sulfonic acids [23]. Therefore, the required 3-iodopropyl

thiocyanate (7) was synthesised by subjecting the corres-

ponding chloro-derivative 6 to the conditions of a Finkelstein

reaction. Unexpectedly, this led to a mixture containing 1,3-

diiodopropane and 1,3-dithiocyanatopropane beside 7, as

revealed by 1H NMR analysis. From this mixture, the desired

product 7 was isolated by distillation in a yield of 24%. Reduc-

tion of the amount of sodium iodide from 5 to 1.1 equivalents

did not result in a more favourable product distribution. The

course of this reaction becomes clear in the light of the pseudo-

halide concept: the thiocyanate functionality acts as a leaving

group towards attack by iodide forming 1,3-diiodopropane. The

thereby-released thiocyanate anion reacts with concomitantly

formed 7 to give 1,3-dithiocyanatopropane. The reversibility of

the iodide/thiocyanate displacement has been reported previ-

ously [24] and alkyl thiocyanates can be quantitatively trans-

formed under controlled conditions into the corresponding

iodides [25]. The preparation of compound 7 can be also

achieved by the transformation of alcohol 2 in an Appel-type

reaction, circumventing the problems encountered during the

Finkelstein reaction. Conversion of 7 with silver tosylate

proceeded smoothly leading to the desired tosylate 3. In

analogy, the nosylate 4 was obtained by reaction of the iodide 7

with silver nosylate, which was prepared according to a

published procedure [26]. Alternatively, 4 was obtained by

converting alcohol 2 with nosyl chloride. This procedure

resulted in lower yields but can be considered as more efficient,

as it is shorter by one step.

The synthesis of the 19F-based reference compounds started

with the conversion of commercially available 1-fluoro-3-

iodopropane (8) with potassium thiocyanate, analogous to the

preparation of 2 (Scheme 2). The key step was the transforma-

tion of the thiocyano group of 9 to the chlorosulfonyl group
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Scheme 2: Synthesis of 3-fluoropropanesulfonamide 11 via intermediary 3-fluoropropanesulfonyl chloride (10). Reagents and conditions: (a) KSCN,
CH3OH, reflux; (b) Cl2, H2O/AcOH, rt; (c) N-phenylpiperazine, triethylamine (TEA), CH2Cl2, reflux.

Scheme 3: Synthesis of 3-fluoropropanesulfonamides 12–18. Reagents and conditions: (a) triethylamine (TEA), CH2Cl2, reflux (for 12–17) or pyri-
dine, CH2Cl2, rt (for 18).

leading to 3-fluoropropanesulfonyl chloride (10). This func-

tional group interconversion using aqueous chlorine has been

known for a long time [27] but has received little attention in

synthetic organic chemistry. Following this approach,

Millington et al. were able to obtain the sulfonylating agent 10

by saturating an aqueous suspension of thiocyanate 9 with chlo-

rine gas [28]. In our hands, superior results were achieved when

this transformation was carried out in a mixture of chlorine-

saturated water and acetic acid as cosolvent for 9. The desired

intermediate was purified by vacuum distillation or trans-

formed as crude product to the final 3-fluoropropanesulfon-

amides, as shown for compound 11. Alternatively, 10 was

obtained commercially. The reaction of 10 with aliphatic

amines proceeded quantitatively and smoothly to the sulfon-

amides 12–15 (Scheme 3). In contrast, its reaction with aniline

derivatives required a longer time and led to the formation of

side products that were identified as the corresponding N,N-

bissulfonylanilines 16a–18a. The double sulfonylation of

aromatic amines under strongly basic conditions was described

earlier [29]. This side reaction was most pronounced for the

reaction of 10 with 4-nitroaniline, which resulted in the forma-

tion of 18a as the main product. Therefore, 10 was reacted with

4-nitroaniline in the presence of pyridine at room temperature

resulting in the incomplete conversion to the mono-sulfony-

lated product 18. This compound was obtained in the form of

crystals suitable for X-ray diffraction analysis.

The molecular structure of 18 is shown in Figure 2A,

confirming unambiguously its identity as N-(4-nitrophenyl)-3-

fluoropropane-1-sulfonamide. Crystal data and structure refine-

ment parameters are collected in Table 1. The length of the S–N

bond in compound 18 is with 1.639(1) Å close to the average
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Figure 2: (A) View of the molecular structure of sulfonamide 18 with
atom labelling scheme. Displacement ellipsoids are drawn at the 50%
probability level. (B) View of the arrangement of molecules in crystals
of sulfonamide 18 showing hydrogen-bond contacts of the amide
H-atom H1C.

value of 1.63(2) Å observed for sulfonamides [30]. Whereas the

nitrogen atom of carboxylic amides is typically trigonal planar,

that of sulfonamides tends to be pyramidalised [31,32]. This

phenomenon can be also observed for the molecular structure of

18 in the crystal. This is indicated by the fact that the sum of the

three valence angles around the sulfonamide nitrogen

(C4–N1–S1, C4–N1–H1C, and S1–N1–H1C) is equal to

348(4)°, which is significantly less than 360° for trigonal planar

geometry. Further evidence for pyramidalisation is provided by

the out-of-plane angle for S1 (sulfonamide sulfur atom) with

respect to the plane defined by the atoms N1, C4 and H1C,

which is 34(2)° compared to zero for the trigonal planar shape.

Table 1: Crystal data and structure-refinement parameters for com-
pound 18.

Crystal data

Formula C9H11FN2O4S
Formula weight 262.26 g·mol−1

Temperature 173(2) K
Wavelength 0.71073 Å
Crystal system monoclinic
Space group P21/n
Unit cell dimensions a = 10.7639(7) Å

b = 5.2066(4) Å
c = 19.532(1) Å
β = 91.748(4)°

Volume 1094.1(1) Å3

Z 4
Density (calcd.) 1.592 g·cm−3

Absorption coefficient 0.316 mm−1

F(000) 544
Crystal size 0.26 × 0.14 × 0.05 mm3

Meas. Range, 2θmax 59.02

Refinement

Refinement method Full-matrix least-
squares on F2

Data/restraints/param. 3047 / 0 / 159
Goodness-of-fit on F2 1.030
Final R indices R1 = 0.0402
[I > 2σ(I)] wR2 = 0.0952
R indices (all data) R1 = 0.0613

wR2 = 0.1031
Largest diff. peak/hole 0.386/−0.328 e·Å−3

The orientation of the N1 lone electron pair is antiperiplanar to

the S1–C3 bond. Such conformational preferences have been

also observed for other sulfonamides and give rise to an optimal

nN-σ*S,C interaction [31]. Further notable features are the inter-

actions between the molecules in the crystal involving the

sulfonamide nitrogen. Together with the hydrogen attached to

this atom (H1C) it acts as a two-fold hydrogen-bond donor

towards the sulfonyl oxygen (O1) of a neighbouring molecule

with an O···H distance of 2.37(2) Å (N1···O1’: 3.015(2) Å) and

an N–H···O angle of 142(2)° (Figure 2B). The second contact of

the NH-group involves the fluorine atom (F1) of another neigh-

bouring molecule with an F···H distance of 2.70(2) Å (N1···F1’:

3.291(2) Å) and an N–H···F angle of 135(2)°, which can be

interpreted as weak hydrogen bond. Although covalently bound

fluorine is commonly considered as a poor hydrogen-bond

acceptor [33,34], it tends to participate in multipolar contacts

including hydrogen bonds [35], as observed herein. To our

knowledge, all sulfonamides shown in Scheme 2 and Scheme 3

have not been described so far.
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Radiochemistry
The sulfonate precursor molecules 3 and 4 were subjected to

nucleophilic substitution with [18F]fluoride. The reaction para-

meters (amount of precursor substance, solvent, volume,

temperature, time) were carefully optimised. The following

conditions were found to be optimal for the formation of radio-

labelled thiocyanate [18F]9: 2.5 to 3.0 mg of 3 or 4 in

0.3–0.5 mL of acetonitrile, 82 °C, 15 min. Thermal heating was

advantageous compared to microwave irradiation (up to 50 W

for 7 min, 75 °C (CH3CN), 100 °C (DMF)). Higher labelling

yields were achieved when the nosyl precursor 4 was used

instead of tosylate 3 (75–85% (n = 12) versus 45–55% (n = 9),

respectively; Figure 3). Notably, employing DMF as solvent

resulted in significantly lower yields.

Figure 3: Dependence of the labelling yields of [18F]9 on the precursor
amount. Reactions of tosylate 3 and nosylate precursor 4 with [18F]F-
Kryptofix222-carbonate complex were carried out in 500 µL of acetoni-
trile at 82 °C for 15 min.

The crude reaction mixture containing [18F]9 was of sufficient

radiochemical purity to be subjected to the next step. Alter-

natively, it can be isolated by distillation at atmospheric pres-

sure in the argon stream at 80 °C and frozen out in a cooling

trap at −60 °C within 10 min and a recovery of 92% (Figure 4).

To transform the 18F-labelled thiocyanate [18F]9 into the corres-

ponding sulfonyl chloride [18F]10, [18F]9 was adsorbed by a

C18-SPE-cartridge and repetitively treated with a saturated solu-

tion of chlorine in water (prepared immediately before use). In

this way 3-[18F]fluoropropanesulfonyl chloride ([18F]10) was

obtained in radiochemical purities of 90–95% and overall

decay-corrected radiochemical yields of 40–45%, within 70 min

of synthesis time. Attempts to obtain [18F]10 by using chlorine

generated in situ from calcium hypochlorite (in 2 M HCl) were

less efficient. After careful removal of excessive chlorine from

the cartridge in the argon stream, we could isolate [18F]10 by

elution with dichloromethane, and the remaining water was

Figure 4: Time course of the distillation of 3-[18F]fluoropropyl thio-
cyanate ([18F]9) in the argon stream. For calculation of the distillation
yield only the fraction of [18F]9 in the crude mixture is considered.

removed by passing the resulting solution through a Na2SO4-

filled cartridge.

3-[18F]Fluoropropanesulfonyl chloride ([18F]10) was reacted

with different primary and secondary aliphatic as well as prima-

ry aromatic amines (Scheme 4) at room temperature. The use of

dichloromethane as solvent was superior compared to mixtures

of acetonitrile and water. The reactions were carried out in the

absence of any additive or with stoichiometric amounts of

triethylamine (TEA) or 4-dimethylaminopyridine (DMAP) as

auxiliary bases (Table 2). The radiochemical yields of the 18F-

labelled sulfonamides [18F]11–[18F]15 derived from aliphatic

amines did not improve or even become attenuated upon addi-

tion of TEA or DMAP. Obviously, the aliphatic amines are

sufficiently nucleophilic to undergo sulfonylation readily within

short reaction times of 2–3 min. In contrast, the presence of

these agents proved to be beneficial for the reaction of [18F]10

with aniline and 4-fluoroaniline (Table 2 and Figure 5A) and

the well known acylation catalyst DMAP was somewhat advan-

tageous over TEA. Nevertheless, the radiochemical yields for

the formation of the 4-nitroaniline-derived sulfonamide [18F]18

were below 10%, even in the presence of TEA and DMAP. This

can be attributed to the poor nucleophilicity of the amino group

of 4-nitroaniline which is by far lower than that of aniline and

4-fluoroaniline. The difference in the nucleophilicity of these

three aromatic amines is reflected by the pKa values of their

corresponding ammonium ions decreasing from 4.65 over 4.58

to 1.02 for 4-fluoroaniline, aniline, and 4-nitroaniline, respect-

ively [36]. To achieve satisfactory conversion of the 18F-

labelled sulfonyl chloride [18F]10 with 4-nitroaniline, potas-

sium trimethylsilanolate was tested as auxiliary base. This

reagent has good solubility in organic solvents and was

suggested by Laganis and Chenard as equivalent for the O2− ion
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Scheme 4: Radiosynthesis of 3-[18F]fluoropropanesulfonamides [18F]11–[18F]18. Reagents and conditions: (a) [18F]F−, Kryptofix222, K2CO3, CH3CN,
82 °C; (b) Cl2/H2O, C18-modified silica gel; (c) auxiliary base as specified in Table 2, CH2Cl2, rt.

Table 2: Reaction of [18F]10 with various aliphatic and aromatic amines (n ≥ 2). RCYs were determined by radio-TLC and refer to the fraction of the
product related to the total 18F-activity.

18F-labelled
sulfonamide amine

RCY (%)

no auxiliary base TEA DMAP KOSiMe3
1:2a 1:4a 1:20a

[18F]11 phenylpiperazine 88–89 87 72–81 — — —
[18F]12 piperidine 82–84 82 70–83 — — —
[18F]13 morpholine 77–84 76–82 77–82 — — —
[18F]14 benzylamine 86 74 71 — — —
[18F]15 cyclohexylamine 85 7 71 — — —
[18F]16 aniline 7 50 58 — 12–20 —
[18F]17 4-fluoroaniline 4–8 56 65 25 30–35 —
[18F]18 4-nitroaniline <1 3 4–6 10–16 25–30 44–45

aRatio of potassium trimethylsilanolate to amine.

and is typically used to convert carboxylic esters to the corres-

ponding potassium carboxylates under mild anhydrous condi-

tions [37]. Its successful use for the acceleration of O-sulfonyla-

tions was recently described by Musachio et al. [38]. Conver-

sion of [18F]10 with 4-nitroaniline in the presence of potassium

trimethylsilanolate led to the formation of the desired 18F-

labelled sulfonamide [18F]18 in radiochemical yields as high as

45%. Interestingly, a ratio of potassium trimethylsilanolate to

4-nitroaniline of 1:20 was considerably more efficient than

ratios of 1:4 and 1:2 (Table 2 and Figure 5B). In this way, we

could even accomplish the labelling of weakly nucleophilic

amines such as 4-nitroaniline. The reason for the beneficial

effect of potassium trimethylsilanolate on the sulfonylation

reaction could be a partial deprotonation of the 4-nitroaniline as

the basicity of siloxides is comparable to that of alkoxides [39].

A pKa value of 21 has been reported for the amino group in

4-nitroaniline [40].

Stability against enzymatic degradation
Many compounds that are able to address biomolecular targets

of interest for molecular imaging contain amino-substituted

aromatic and heteroaromatic moieties. For the convenient radio-

labelling of these molecules with fluorine-18 an 18F-fluoro-

acetylation seems to be convenient from a chemical point of
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Figure 5: Radio-HPLC chromatograms for the reaction of [18F]10 with (A) 4-fluoroaniline in the absence and presence of 4-N,N-dimethylaminopyri-
dine (DMAP) and triethylamine (TEA) and (B) 4-nitroaniline in the absence and presence of potassium trimethylsilanolate in varying amounts relative
to the nucleophile. The ordinates (counts of 18F-activity in arbitrary units) are omitted for clarity.

view. However, 18F-labelled aromatic fluoroacetamides turned

out to be unstable in vivo undergoing N-defluoroacetylation

[41]. Nothing has been stated regarding the enzymes catalysing

this metabolic transformation but the involvement of

carboxylesterase (EC 3.1.1.1) is probable even though the parti-

cipation of other hydrolases cannot be excluded [42,43].

Carboxylesterase belongs to the large class of α/β serine hydro-

lases, is located in the lumen of the endoplasmic reticulum of

cells in many tissues, and is highly expressed in liver cells [44].

Beside its esterase activity the enzyme shows also amidase

activity towards amides with various acyl chains and plays a

prominent role in the hydrolytic metabolism of many drug

molecules including radiopharmaceuticals [45,46]. Notably, the

amidase activity of carboxylesterase is restricted to amides

derived from aromatic amines [47]. This catalytic activity is

crucial for the bioactivation of the acetanilide class of analgesic

agents represented by paracetamol as the most important

member [48]. Metabolic instability was also observed for ali-

phatic 18F-labelled fluoroacetamides [13,49]. Their fate seems

to be different from their aromatic counterparts in the way that

they undergo defluorination at the α-methylene group rather

than hydrolytic cleavage of the amide bond [13].

The metabolic hydrolysis of sulfonamide bonds has not been

reported so far. Thus, this type of chemical function can be

considered as metabolically inert [42]. To support this and to

assess the metabolic stability of 3-fluoropropanesulfonamides in

comparison to their fluoroacetamide analogues, N-(4-fluoro-

phenyl)-3-fluoropropane-1-sulfonamide (17) and N-(4-fluoro-

phenyl)-fluoroacetamide (19, see Supporting Information

File 1) were exposed to pig-liver esterase (PLE), the porcine

homologue of carboxylesterase, in buffered aqueous solution.

Figure 6: Time course of the carboxylesterase-catalysed degradation
of 3-fluoropropansulfonamide 17 (red) and fluoroacetamide 19 (blue).
The pseudo first-order rate constant for the decay of 19 was (0.012 ±
0.001) min−1 corresponding to a half-life of 57.8 min. Data points
represent average values from two measurements originating from two
independent experiments with SEM values less than 10% of the mean
values.

Fluoroacetamide 19 was prepared by reacting 4-fluoroaniline

with fluoroacetyl chloride. The activity of the enzyme prepar-

ation was verified using the chromogenic standard substrate

4-nitrophenyl butyrate in a spectrophotometric assay. The

concentrations of 17 and 19 were monitored by RP-HPLC.

As expected, sulfonamide 17 proved to be stable against de-

gradation by carboxylesterase (Figure 6). Under the same

conditions, fluoroacetamide 19 underwent degradation with a

pseudo-first-order rate constant of 0.012 min−1 corresponding

to a half-life of 58 min at an enzyme concentration of
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1.4 mg/mL. This result demonstrates that the degradation of

aromatic fluoroacetamides in vivo can be mediated by

carboxylesterase. However, other hydrolases such as arylac-

etamide deacetylase might be involved in this process [43] and

the nonhydrolytic disintegration of the fluoroacetyl moiety

catalysed by other enzymes should be considered as well.

Conclusion
The radiosynthesis of 3-[18F]fluoropropanesulfonyl chloride

([18F]10) has been optimised with regard to the preparation of

the labelling precursor as well as the conditions for its efficient

radiofluorination and subsequent transformation to the radiola-

belled sulfonyl chloride.

A variety of primary and secondary aliphatic as well as

aromatic amines were studied with respect to their reaction with

[18F]10 and the identity of the resulting sulfonamides was

confirmed with the aid of the corresponding nonradioactive

reference compounds. For one of these, N-(4-nitrophenyl)-3-

fluoropropane-1-sulfonamide (18), the single-crystal X-ray

structure was determined. The formation of 18F-labelled sulfon-

amides derived from aliphatic amines did not require the addi-

tion of auxiliary bases, whereas the radiochemical yields for

aromatic sulfonamides were generally low without their addi-

tion. By trying different auxiliary bases it was possible to

convert even electron-deficient aromatic amines, such as

4-nitroaniline, to the corresponding 18F-labelled sulfonamides

in satisfactory yields.

The carboxylesterase-catalysed hydrolysis of an aromatic

fluoroacetamide was demonstrated for the first time, impli-

cating a radiopharmacological advantage for the 3-[18F]fluoro-

propanesulfonamides over the corresponding [18F]fluoroacet-

amides for their use in PET imaging.

Supporting Information
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synthesised compounds and supplementary graphical
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Abstract
The number of people suffering from Alzheimer’s disease (AD) is expected to increase dramatically in the coming years, placing a

huge burden on society. Current treatments for AD leave much to be desired, and numerous research efforts around the globe are

focused on developing improved therapeutics. In addition, current diagnostic tools for AD rely largely on subjective cognitive

assessment rather than on identification of pathophysiological changes associated with disease onset and progression. These facts

have led to numerous efforts to develop chemical probes to detect pathophysiological hallmarks of AD, such as amyloid-β plaques,

for diagnosis and monitoring of therapeutic efficacy. This review provides a survey of chemical probes developed to date for AD

with emphasis on synthetic methodologies and structure–activity relationships with regards to affinity for target and brain kinetics.

Several probes discussed herein show particularly promising results and will be of immense value moving forward in the fight

against AD.
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Introduction
Alzheimer’s disease (AD) is a progressive neurodegenerative

disorder of the central nervous system currently affecting

~5.4 million Americans, a number that could increase to

11–16 million by the year 2050. In the United States, AD repre-

sents the 6th leading cause of death. Between 2000 and 2008,

the number of deaths caused by AD increased by 66%, a

dramatic rise, especially when compared to other causes of

death, such as heart disease, stroke, prostate and breast cancer,

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:sylviegtsodikova@uky.edu
http://dx.doi.org/10.3762%2Fbjoc.9.116


Beilstein J. Org. Chem. 2013, 9, 1012–1044.

1013

and HIV, which decreased by 3–29% during that time period

[1]. As these numbers indicate, AD represents a significant and

increasing burden on our population, and efforts towards the

development of new and improved diagnostics and therapeutics

for this devastating disease are important research endeavors.

Several pathological hallmarks of AD have been identified, and

they include decreased cholinergic neurons and acetylcholine

(ACh) levels, plaques caused by aggregation of the protein frag-

ment amyloid-β (Aβ), tangles associated with irregular phos-

phorylation of tau protein, inflammation and increased oxida-

tive stress from reactive oxygen species (ROS), as well as

dyshomeostasis and miscompartmentalization of metal ions

such as Cu, Fe, and Zn. Observations of these hallmarks have

led to several hypotheses in attempts to explain the underlying

cause of the disease, which is likely multifactorial. However,

the exact cause of AD still remains unknown.

Postmortem histopathological examination of Aβ plaques is

currently the only way to firmly confirm AD [2]. In view of the

limited accessibility to living brain and other central nervous

system (CNS) tissues, AD is currently diagnosed through

memory tests and/or based on the patients’ history [2]. Obvi-

ously these kinds of diagnostic tools lack absolute sensitivity

and accuracy, especially in the early stages of the disease.

Therefore, as Aβ plaques precede the onset of dementia and

cognitive decline in AD patients, their detection by nuclear

imaging techniques such as positron emission tomography

(PET) or single-photon emission computed tomography

(SPECT) represents the presymptomatic diagnostic tool of

choice for AD [3-5].

The presence of different binding sites in Aβ aggregates led

medicinal chemists to investigate and develop a variety of

chemical scaffolds as Aβ-imaging tracers [6-9]. To provide a

high readable signal-to-background ratio, the ideal Aβ-imaging

probes should have certain brain kinetics: a rapid initial brain

uptake and a fast washout. Early efforts towards developing Aβ

stains focused on dyes such as congo red (1), chrysamine G (2),

pinacyanol (3), and thioflavin-T (4) (Figure 1A). However, the

bulky and ionic natures of these dyes prevented them from

crossing the blood brain barrier (BBB), and consequently, no in

vivo benefits were obtained from these initial investigations

[10,11]. During the past decade, efforts directed at developing

probes that display uptake and retention that differ in healthy

and AD-affected brains resulted in a variety of radiolabeled

molecular probes for in vivo PET/SPECT imaging. The scaf-

folds from which these newer radiolabeled probes are derived

include chalcone (5) and its conformationally restricted

analogues flavone (6) and aurone (7); stilbene (8) and its

analogues diphenyl-1,2,4-oxadiazole (9) and diphenyl-1,3,4-

oxadiazole (10); and thioflavin-T analogues such as benzothia-

zole (11), benzoxazole (12), benzofuran (13), imidazopyridine

(14), and benzimidazole (15); as well as quinoline (16) and

naphthalene (17) derivatives (Figure 1B). In this review, we

provide an overview of these AD radiolabeled early-diagnostic

probes according to their scaffolds, with a special emphasis on

their synthesis as well as their structure–activity and brain-

kinetics relationships. We also provide a brief summary of the

latest developments related to the detection of Aβ plaques by

near-infrared fluorescence (NIRF) imaging.

Review
Radiolabels used in PET/SPECT molecular
probes
Even though they decay rapidly, [11C] (t1/2 = 20 min) and [18F]

(t1/2 = 110 min) are the most commonly used radiolabels in

PET/SPECT molecular probes for in vivo imaging of Aβ

plaques [4]. With a half-life (t1/2) of 6.01 h compatible with the

localization and residence time necessary for imaging, tech-

netium-99m [99mTc] is also a radionuclide of choice that is

easily produced by a 99Mo/99mTc generator [12]. Iodine

isotopes such as [125I] are also employed, although much less

frequently [13]. The general synthetic methods utilized to intro-

duce radiolabels into PET probes are outlined in Scheme 1.

These general strategies will be abbreviated as Gs A–D in all

subsequent schemes in this review.

Chalcone and its conformationally restricted
analogues
Chalcone derivatives
Chalcones and indolochalcones, such as 18a–l, 19a,b, 20a,b,

and 21, have been widely reported as Aβ-imaging tracers

(Scheme 2A). Structure–activity-relationship (SAR) studies on

fluorinated chalcones 18a–l have shown that, in general, chal-

cones with tertiary amines in their structures demonstrate good

affinity for Aβ plaques in in vitro models (Ki = 20–50 nM)

(Table 1) [14]. Dimethylation of the amino group seems to be

crucial for Aβ binding, since analogues with free amino groups

or monomethyl amino groups revealed lower affinity [14]. On

the other hand, pegylation is not that essential for plaque

binding as tertiary amine analogues with different degrees of

pegylation (n = 0–3) all showed similar affinity. In biodistribu-

tion experiments using normal mice, the [18F]-labeled chalcone

19a showed high brain uptake rate and good clearance, whereas

the [11C]-labeled chalcone 19b revealed reasonable brain

uptake rate, but very fast clearance [14]. The [18F]-labeled and

[11C]-labeled chalcones 19a and 19b were synthesized using

similar methods, and a representative synthesis of 19a is shown

(Scheme 2B). Aldol condensation between the appropriate

acetophenone 22 and benzaldehyde 23 afforded the chalcone

backbone, which was subsequently pegylated to give 24 and
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Figure 1: Structures of A. dyes originally used to stain Aβ and B. newer scaffolds explored for the development of radiolabeled Aβ probes.

radiolabeled to give 19a. Compound 19b was generated by

using p-nitrobenzaldehyde instead of the corresponding

dimethylamine 23 used in the preparation of 19a [14]. The

resultant nitrochalcone was then reduced by SnCl2 in EtOH to

yield the free amine, which was monomethylated by controlled

addition of an equimolar amount of MeI. The final [11C]-

labeled compound 19b was produced by reacting [11C]CH3OTf

with the secondary amine precursor.

[Re]- and [99mTc]-labeled chalcone analogues 20a and 20b

were also studied (Scheme 2A) [12]. The [Re]-labeled analogue

20a displayed higher affinity for Aβ plaque than did the corres-
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Scheme 1: General synthetic strategies (Gs) used to introduce A. 18F, B. 11C, C. 99mTc/Re, and D. 123I and 125I radiolabels into PET probes. Note:
Gs A–D will be used in all subsequent schemes to describe these general synthetic strategies.

ponding [99mTc]-derived compound 20b. However, 20b

showed better brain pharmacokinetics than 20a, as indicated by

its high brain-uptake rate (1.48% ID/g) and rapid wash out from

the CNS (0.17% ID/g at 60 min). Compounds 20a and 20b

were synthesized by reacting a Boc-protected metal chelator

(Scheme 1C) with 4-O-(bromopropyl)hydroxychalcone 25

(Scheme 2C). After removal of the Boc protecting group, the

final [Re]- and [99mTc]-labeled chalcones 20a and 20b were

obtained by treatment with (PPh3)2ReOCl3 and 99mTcGH, res-

pectively [12].

Finally, the radioiodinated indolochalcone 21, among a series of

other derivatives, was prepared through condensation of

4-iodoacetophenone (26) and indole-5-carboxaldehyde (27) to

give 28, which was radiolabeled to give the target compound

(Scheme 2D) [15]. The indolochalcone 21 showed good binding

affinity for Aβ1-42 aggregates with a Ki < 10 nM. Replacement

of the iodo substituent with a chloro, bromo, methoxy, or di-

methylamino substituent all gave similar results, but replace-

ment with a fluoro, hydroxy, amino, or methylamino substituent

all reduced affinity to varying degrees. Autoradiography in

sections of brain tissue from an AD animal model showed that

21 specifically labeled Aβ plaques, but its efficacy was

hampered by low in vivo uptake into the brain (0.41% ID/g at

2 min) [15].

Conformationally restricted chalcones: flavones and
aurones
Flavones and aurones, such as 29a–c, 30a,b, 31a–c, 32, and

33a,b (Scheme 3A), can be classified as conformationally

restricted chalcone derivatives as their basic structures result

from insertion of an oxygen atom between the double bond and
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Scheme 2: A. Structures of radiolabeled chalcone analogues discussed. B.–D. Synthetic schemes for the preparation of radiolabeled chalcones 19a
and 20a,b, and indolochalcone 21.

Table 1: Inhibition constants and biodistribution of radioactivity of fluorinated chalcone derivatives 18a–l and 19a,b (values are from [14]).

Compound n R1 R2 R3 Aβ1-42 Ki (nM) %ID/g at 2 min %ID/g at 30 min

18a 1 F Me Me 45.7 ± 7.1 — —
[11C]18a 1 F Me 11CH3 — 6.01 ± 0.61 2.26 ± 0.41
18b 2 F Me Me 20.0 ± 2.5 — —
[11C]18b 2 F Me 11CH3 — 4.73 ± 0.47 1.00 ± 0.19
18c 3 F Me Me 38.9 ± 4.2 — —
19a 3 18F Me Me — 3.48 ± 0.47 1.07 ± 0.17
19b 3 F Me 11CH3 — 4.31 ± 0.33 0.35 ± 0.03
18d 1 F H H 678.9 ± 21.7 — —
18e 2 F H H 1048.0 ± 114.3 — —
18f 3 F H H 790.0 ± 132.1 — —
18g 1 F H Me 197.1 ± 58.8 — —
18h 2 F H Me 216.4 ± 13.8 — —
18i 3 F H Me 470.9 ± 100.4 — —
18j 0 F Me Me 49.8 ± 6.2 — —
[11C]18j 0 F Me 11CH3 — 3.68 ± 0.35 1.04 ± 0.20
18k 0 F H H 663.0 ± 88.3 — —
18l 0 F H Me 234.2 ± 44.0 — —
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Scheme 3: A. Structures of the radiolabeled flavone and aurone analogues discussed. B. Synthetic scheme for the preparation of [18F]-labeled
flavone derivatives. C. Synthetic scheme for the preparation of the aurone scaffold and its [18F]- and [125I]-labeled analogues.

the phenyl ring attached to the carbonyl group of the chalcone

scaffold (Figure 1B, with oxygen atoms depicted in red). The

affinity of flavonoids towards Aβ aggregates was first estab-

lished by using fluorescence staining in brain sections of

Tg2576 transgenic mice [10]. The absence of spots in wild-type

mouse brain sections indicated the specificity of flavonoids

towards Aβ aggregates in AD mouse models. The [18F]-labeled

pegylated flavones 29a–c showed high affinity towards Aβ
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Table 2: Inhibition constants and biodistribution of radioactivity of stilbene derivatives 44a–f and [11C]44d (values are from [22]).

Compound R1 R2 Aβ1-40 Ki (nM) %ID/g at 2 min %ID/g at 60 min

44a NO2 OMe 151 ± 30 — —
44b NH2 OMe 36 ± 5 — —
44c NHMe OMe 1.2 ± 0.5 — —
44d NHMe OH 6.0 ± 1.5 — —
[11C]44d NH11CH3 OH — 1.15 ± 0.08 0.30 ± 0.03
44e NMe2 OMe 1.3 ± 0.4 — —
44f NMe2 OH 2.2 ± 0.6 — —

aggregates with Ki values ranging between 5.3 nM for 29a and

19.3 nM for 29c (Scheme 3A) [16]. SAR studies suggest that, as

with chalcones, the tertiary amine in these flavones was impor-

tant for binding and tracing Aβ aggregates in mouse models, as

they consistently outperformed secondary and primary amine

analogues [16]. Also as with chalcones, the degree of pegyla-

tion had only minor effects on binding properties. Compounds

29a–c showed uptake rates indicative of high to sufficient levels

for brain imaging (2.89–4.17% ID/g at 2 min) and moderate

clearance rates [16]. The flavone backbone of 29a–c was built

by acylating 2-hydroxy-5-methoxyacetophenone (34) with

4-nitrobenzoyl chloride (35) and subjecting the resulting

2-acyloxyacetophenone (36) to Baker–Venkataraman rearrange-

ment [17] to afford the 1,3-diarylpropane-1,3-dione 37, which

was dehydrated with sulfuric acid to give 38. Subsequent nitro

reduction, reductive methylation, methyl ether cleavage, and

pegylation gave the nonlabeled precursors 39a–c. The [18F]-

label was introduced by using the standard [K/K222]18F in

DMSO and acetonitrile reaction conditions (Scheme 3B) [16].

The [Re]- and [99mTc]-labeled flavone complexes 30a and 30b

were also prepared by using the procedure described for the

synthesis of the [Re]- and [99mTc]-labeled chalcones 20a and

20b (Scheme 2). The [99mTc]-labeled flavone complex 30a

displayed high Aβ plaque affinity but limited brain uptake [18].

Aurone derivatives have been investigated for their Aβ plaque

binding affinity [19]. The [125I]-labeled methylamine aurone

31a presented great binding affinity to Aβ aggregates

(Ki = 1.2 nM), better than all reported flavones to date. It also

showed rapid brain uptake rate (3.17% ID/g at 2 min) and rapid

clearance (0.24% ID/g at 60 min) [19]. The effect of the tertiary

amine in this aurone scaffold was less pronounced than that

seen with chalcones or flavones. The dimethylamine analogue

of 31a had approximately six times weaker binding affinity,

while the free amine analogue showed only two times weaker

affinity. To further enhance the Aβ plaque traceability of 31a,

its methylamine moiety was replaced with ethylene oxide to

provide compound 31b, which exhibited a Ki value of 1.05 nM

in an in vitro binding assay [13]. The brain kinetics of 31b

(brain uptake = 4.51% ID/g at 2 min and washout = 0.09% ID/g

at 60 min) were found to be slightly better than those of 31a

[13]. Addition of 2 or 3 ethylene oxide units or replacement

with a hydroxy or methoxy group did not significantly improve

the plaque binding affinity and modestly affected the brain

kinetics. Replacement of the terminal hydroxy group of 31b

with a fluorine atom negatively affected the brain uptake prop-

erty of compound 31c (2.34% ID/g at 2 min) when compared to

31b [20]. However, it did not affect the washout character of

the compound. These results were confirmed by preparation and

analysis of the [18F]-labeled compound 32 [20]. In general, the

aurone derivatives 31a–c and 32 were built from the reaction of

methyl 5-iodosalicilate (40) with ethyl bromoacetate (41) fol-

lowed by ester hydrolysis and cyclization to afford 5-iodo-3-

coumaranone (42), which, after condensation with the proper

benzaldehydes, gave the aurone scaffold 43, which could be

radiolabeled (Scheme 3C). As for the chalcone and flavone

derivatives, [Re]- and [99mTc]-labeled aurone complexes 33a

and 33b were also prepared [18]. The high affinity for Aβ

aggregates observed with the [99mTc]-labeled aurone 33b was

hampered by its weak brain penetration, which made it unsuit-

able for in vivo application [18].

Stilbene and its analogues
Stilbene derivatives
The SARs of stilbene analogues, such as 44a–f, 45, and 46a,b

(Scheme 4A), as Aβ plaque tracers have been thoroughly

investigated. In general, it was found that an electron-donating

group at each end of the stilbene derivative is essential for Aβ

plaque binding affinity [21]. Analysis of stilbenes 44a–f shows

that a monomethylated or dimethylated amine at one end of the

stilbene core leads to strong binding affinity for Aβ1-40 aggre-

gates, while a free amine or nitro group reduces affinity. The

opposite end of the stilbene core can be substituted with a

hydroxy or methoxy substituent with little effect on binding

affinity (Table 2). Derivative 44d, which showed good affinity

towards Aβ aggregates in vitro (Ki = 6.0 ± 1.5 nM), has been

radiolabeled to give N-[11C]methylamino-4'-hydroxystilbene

([11C]44d), and this compound shows excellent labeling of Aβ

plaques in TgCRDN8 mouse brain sections by in vitro auto-

radiography [22].
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Scheme 4: A. Structures of the radiolabeled stilbene analogues discussed. B. Synthetic scheme for the preparation of [18F]BAY94-9172 (46a).

[18F]-Labeled stilbene derivatives have enhanced brain kinetics

rendering them appropriate for clinical use [23-25]. In order to

control the lipophilicity and keep the partition coefficient

(log P) value between 1 and 3, which reduces brain nonspecific

binding and improves signal-to-noise ratio, additional hydroxy

or ethylene oxide unit(s) were added [21]. An early fluorinated

stilbene was [18F]FMAPO (45), which demonstrated high

binding affinity for Aβ aggregates (Ki = 5.0 ± 1.2 nM) in assays

using human AD brain homogenates [26]. Even though addi-

tion of the fluoroalkyl side chain moiety had little effect on the

binding affinity and the clearance rate, it improved brain

kinetics significantly (from 1.15% ID/g at 2 min for [11C]44d

[22] to 9.75% ID/g at 2 min for 45 [26]). Florbetaben

([18F]BAY94-9172, 46a), another member of the stilbene class,

showed strong binding affinity for human AD brain

homogenates (Ki = 6.7 ± 0.3 nM) and promising pharmacoki-

netics [21], and this compound has progressed to clinical trials.

Compound 46a was tested clinically on 15 AD patients and a

similar number of healthy elderly volunteers [4]. Interestingly,

all AD patients showed widespread neocortical binding of 46a,

which was quantified by using the standardized uptake value

ratio (SUVR) technique [4]. This observation was further

supported by another study using a wider sample population

where AD patients demonstrated significantly higher SUVRs

when compared to healthy patients or patients with other neural

diseases such as Parkinson’s disease, mild cognitive impair-

ment, frontotemporal lobar degeneration, dementia with Lewy

bodies, and vascular dementia [27]. More recent phase 2/3 clin-

ical trials collectively showed that compound 46a displays a

high degree of sensitivity and selectivity in discriminating

between patients with probable AD and age-matched healthy

controls [28].

A pyridine analogue of 46a, florbetapir ([18F]AV-45, 46b) was

also prepared using a tosylate precursor with Sumitomo

modules for radiosynthesis [23,29]. Compound 46b displayed

strong affinity for Aβ peptides in AD brain homogenates (Ki =

2.87 ± 0.17 nM), excellent pharmacokinetics [30], and an

acceptable safety profile that paved the way to its clinical appli-

cation in brain imaging [31]. A number of 46b/PET studies

have been conducted [23,32-39]. Using 46b as an imaging

probe, PET indicated that the drug accumulates explicitly in

Aβ-deposition-rich cortical regions in AD patients with minimal

accumulation observed in healthy volunteers [40].

In general, the stilbene nucleus was built using the

Wadsworth–Emmons reaction,  and a representative

synthesis of stilbene 46a is shown (Scheme 4B). Initial

Wadsworth–Emmons reaction between diethyl (4-nitro-

benzyl)phosphonate (47) and 4-methoxybenzaldehyde (48)

constructed the stilbene core 49. The target compound 46 was

formed from a straightforward sequence of nitro reduction,

reductive methylation, methyl ether cleavage, pegylation and

radiolabeling. Several synthetic procedures have been described

for the preparation of 46a and its precursors in an effort to opti-

mize yield [21,41,42]. The best reported yield and purity was

obtained by mixing the mesylate precursor with the fluori-

nating agent in a modified PET-MF-2V-IT-1 synthesizer and by
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Scheme 5: A. Structures of the diphenyl-1,3,4- and diphenyl-1,2,4-oxadiazoles discussed. B.,C. Synthetic schemes for the preparation of [125I]50a
and [125I]51c, respectively.

Table 3: Inhibition constants and biodistribution of radioactivity of the 2,5-diphenyl-1,3,4-oxadiazole derivatives 50a–f (values are from [47]).

Compound R Aβ1-42 Ki (nM) %ID/g at 10 min %ID/g at 60 min

50a NMe2 20.1 ± 2.5 — —
[125I]50a NMe2 — 5.93 ± 0.76 1.78 ± 0.41
50b OMe 46.1 ± 12.6 — —
[125I]50b OMe — 2.74 ± 0.37 0.36 ± 0.13
50c OH 229.6 ± 47.3 — —
50d OCH2CH2OH 282.2 ± 61.4 — —
50e (OCH2CH2)2OH 348.6 ± 51.7 — —
50f (OCH2CH2)3OH 257.7 ± 34.8 — —

purifying using plus C18 Sep-Pak cartridges [41]. In the prepar-

ation of [11C]44d, the [11C]-methylation of 4-amino-4'-

hydroxystilbene was carried out using the “LOOP” method, in

which trapping and reaction of [11C]CH3OTf with the appro-

priate stilbene analogue takes place inside an HPLC sample

loop [43].

Diphenyl-1,2,4- and diphenyl-1,3,4-oxadiazoles
The replacement of the stilbene ethylene linker with different

heterocycles is a common strategy in medicinal chemistry used

to improve the pharmacokinetics and/or pharmacodynamics of

stilbenes (Scheme 5A) [44-46]. In the case of Aβ probes, a

series of 2,5-diphenyl-1,3,4-oxadiazoles 50a–f and 3,5-

diphenyl-1,2,4-oxadiazoles 51a–e have been studied in this

respect (Table 3 and Table 4). Among the 2,5-diphenyl-1,3,4-

oxadiazoles, the dimethylamine analogue 50a (Ki = 20.1

± 2.5 nM) and methoxy analogue 50b (Ki = 46.1 ± 12.6 nM)

showed the best affinities towards Aβ aggregates, and radiola-

beling has been performed for both of these compounds. In

biodistribution studies, the dimethylamine analogue [125I]50a

showed good brain uptake and washout rates. Although

methoxy analogue [125I]50b showed poorer brain uptake, its

washout rate was increased compared to its dimethylamine

counterpart [47]. Interestingly, changing the heteroatom order

in the central ring from 1,3,4 (50a–f) to 1,2,4 (51a–e) has great

effects on both the physical characteristics and pharmacoki-

netics of the compounds. The 3,5-diphenyl-1,2,4-oxadiazole

analogue 51c was more lipophilic than its 1,3,4 counterpart 50a

(log P = 3.22 for 51c and 2.43 for 50a) [47]. In general, even

though 3,5-diphenyl-1,2,4-oxadiazoles 51a–e show excellent

affinity for Aβ aggregates in in vitro binding experiments

(Ki = 4.3–47.1 nM), they show poorer brain uptake rates

(1.07–2.06% ID/g at 2 min) and slower washout rates

(3.29–2.01% ID/g at 60 min) than their 1,3,4 counterparts [48].
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Table 4: Inhibition constants and biodistribution of radioactivity of 3,5-diphenyl-1,2,4-oxadiazole derivatives 51a–e (values are from [48]).

Compound R Aβ1-42 Ki (nM) %ID/g at 2 min %ID/g at 60 min

51a NH2 14.2 ± 1.4 — —
[125I]51a NH2 — 1.61 ± 0.23 3.29 ± 0.58
51b NHMe 14.3 ± 3.6 — —
[125I]51b NHMe — 1.44 ± 0.12 2.70 ± 0.33
51c NMe2 15.4 ± 1.4 — —
[125I]51c NMe2 — 1.07 ± 0.23 2.32 ± 0.64
51d OMe 4.3 ± 2.1 — —
[125I]51d OMe — 2.06 ± 0.45 2.01 ± 0.33
51e OH 47.1 ± 4.1 — —

Figure 2: Structures of the radiolabeled benzothiazole analogues discussed.

These findings, together with the close structural similarities

between compounds 50a–f and 51a–e, highlight the importance

of lipophilicity as a factor in controlling brain kinetics [47].

Representative syntheses of radioiodinated oxadiazoles 50a and

51c are shown (Scheme 5B and C). The 1,3,4-oxadiazole core

of [125I]50a was obtained from the reaction between 4-iodo-

benzhydrazide (52) and 4-dimethylaminobenzaldehyde (23) in

the presence of ceric ammonium nitrate (CAN) followed by

subsequent radioiodination of compound 53 (Scheme 5B) [47].

The 1,2,4-oxadiazole core of [125I]51c was obtained by DCC/

HOBt-mediated condensation of 4-bromobenzamidoxime (54)

and p-nitrobenzoic acid (55). Subsequent nitro reduction,

reductive methylation, and radioiodination gave [125I]51c

(Scheme 5C) [48].

Thioflavin-T analogues
Benzothiazoles
Of all the amyloid imaging classes, the benzothiazoles, such as

56a–w, 57, 58a,b, and 59–65 (Figure 2), may well be one of the

most prolific and well-studied. The amyloid imaging dye

thioflavin-T (4, Figure 1) served as the inspiration for this

class of radiotracers in which the ionic charge was removed

to increase lipophilicity and to enhance in vivo BBB
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permeability. Overall, this class of compounds shows high

affinity for Aβ aggregates with promising in vivo pharmacoki-

netics.

One  o f  the  ea r l i e s t  r ad io labe led  benzo th iazo les ,

[11C]6-Me-BTA-1 ([11C]56a; note: BTA = 2-(4'-methylamino-

phenyl)benzothiazole, Figure 2), was prepared by methylation

of 4-(6-methyl-2-benzothiazolyl)aniline using [11C]methyl

iodide [49]. Compared to 4, 56a showed greatly increased

lipophilicity and improved binding affinity for Aβ1-40

(Ki = 890 nM for 4 and Ki = 20.2 for 56a). In postmortem AD

brain sections, [11C]56a was able to stain both Aβ plaques and

neurofibrillary tangles (NFTs), while pharmacokinetic studies

in normal mice showed high brain uptake (7.61% ID/g at 2 min)

and good washout (2.76% ID/g at 30 min). Additional modifi-

cation of this scaffold by removal of the 6-Me group gave

[11C]BTA-1 ([11C]56b) [50]. Compound 56b was prepared by

coupling of p-nitrobenzoyl chloride (35) and 2-aminothio-

phenol (66) followed by nitro reduction to 67 and methylation

using [11C]methyl iodide (Scheme 6A). While showing a near

equal binding affinity for Aβ, the decreased lipophilicity of

[11C]56b to the ideal level led to improved pharmacokinetics

over [11C]56a as evidenced by improved uptake and washout

rates in normal mice (12.9% ID/g at 2 min and 1.7% ID/g at

30 min). Compound [11C]56b showed in vivo specificity for Aβ

in the brains of PS1/APP transgenic mice, and it was subse-

quently shown to bind specifically to amyloid deposits in

human AD brain homogenates [51].

The addition of a hydroxy group at the 6-position of [11C]56b

gave [11C]6-OH-BTA-1 ([11C]56c) [52]. Compound [11C]56c

was synthesized by first coupling p-anisidine (68) with

p-nitrobenzoyl chloride (35) to give the amide 69, which was

subsequently converted to the thioamide by using Lawesson’s

reagent and cyclized to form the benzothiazole core 70

(Scheme 6B). Demethylation with BBr3 and protection of the

resulting hydroxy moiety as the methoxymethyl (MOM) ether

gave 71. Reduction of the nitro group to 72, methylation using

[11C]methyl iodide, and cleavage of the MOM ether gave

[11C]56c. Compound 56c showed high affinity for Aβ1-40

(Ki = 4.3 nM) (Table 5). This synthesis has since been refined to

improve radiochemical yields and eliminate the need for a

protecting group by use of [11C]CH3OTf as the methylating

agent [53].

The 6-OH group of 56c made it less lipophilic than both 56a

and 56b and likely contributed to its moderate brain entry

(0.21% ID-kg/g at 2 min) but good clearance (0.018% ID-kg/g

at 30 min) in normal mice. Interesting SAR findings on this

scaffold from comparison of 56c–t (Table 5) included that the

more lipophilic secondary and tertiary amines at the 4'-position

were more potent (Ki) than primary amines. Also, in general,

substitution at the 6-position seemed to have only a small effect

in terms of Ki as 6-OH, -OCH3, -CN, and -Br gave similar

results. However, substitution at the 6-position had a larger

effect on pharmacokinetics in the brain, as 6-OH clearly gave

the best results [52]. As one of the most successful radiolabeled

Aβ imaging probes to date, [11C]56c has subsequently been

named Pittsburgh Compound B (PIB).

Additional studies of [11C]56c in humans have been promising

and suggest that PET imaging with this compound can provide

quantitative information on amyloid deposits in living patients.

In postmortem tissue, [11C]56c exhibited specific binding to the

amyloid-laden frontal cortex of the AD brain, but little binding

to the frontal cortex of the cognitively normal age-matched

control brain. Compound [11C]56c also displayed a rapid entry

and clearance in the brain of healthy controls, but a marked

retention in AD patients in areas of the brain known to contain

large amyloid deposits [54]. Additional data suggested that

[11C]56c was suitable for early detection of pathological

changes in AD patients before a significant loss of cognitive

function is apparent [55].

The impact of changing the position of the hydroxy group of

56c was investigated by synthesizing the 4-OH, 5-OH, and

7-OH analogues 56u–w using methods similar to those

described above [56]. The Ki values for these analogues in

human AD brain homogenates were between 11–19 nM, indi-

cating slightly reduced affinity compared to 56c (Ki = 2.8 nM)

(Table 6). However, each radiolabled analogue was able to stain

plaques in sections from transgenic AD mouse brain and human

AD brain. The 5-OH analogue [11C]56v showed the best phar-

macokinetic profile in normal mice with high brain uptake and a

washout rate, that was 8 times faster than that of [11C]56c.

Interestingly, it was noted that the 4-OH analogue 56u could

form an intramolecular hydrogen bond (i.e. an extra pseudo

ring), which could act to increase the lipophilicity of the com-

pound and lead to nonspecific binding and residual background

activity in the brain.

A [3H]-labeled analogue of 56c, AZD2184 (57), was also

synthesized to give a higher signal-to-background ratio by

virtue of its decreased lipophilicity [57]. This compound was

prepared through palladium catalyzed Suzuki coupling of the

starting halide 73 and boronic acid 74 followed by N-methyl-

ation of 75 with [3H]methyl iodide and O-demethylation with

sodium thiophenoxide (Scheme 6C). Compound 57 showed

high affinity for Aβ1-40 fibrils in vitro (Kd = 8.4 nM) and lower

background binding levels than 56c. While 57 was able to label

amyloid deposits in APP/PS1 mice, its brain penetration was

not as high as that of [11C]56c.
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Scheme 6: A.–F. Synthetic schemes for the preparation of [11C]56b, [11C]56c, 57, 58a,b, 61, and [18F]65a–d.

Besides [11C], other radiolabels have been investigated for

benzothiazole imaging agents. Two of the earliest [125I]-labeled

imaging agents reported were [125I]TZDM (58a) and

[125I]TZPI (58b) [58]. The synthesis of these agents was

achieved in two steps by condensation of 5-bromo-2-aminoben-

zenethiol (76) and the appropriate benzaldehyde 77 followed by

radiolabeling of 78 (Scheme 6D). Both 58a and 58b showed

high affinity for Aβ1-40 and Aβ1-42 aggregates with Kd values

≤0.15 nM in all cases. However, pharmacokinetics for these

agents were less than ideal as both showed long retention in the

brains of normal mice, which is indicative of nonspecific

binding.
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Table 5: Inhibition constants and biodistribution of radioactivity of 6-substituted 2-arylbenzothiazole derivatives 56c–t (values are from [52]).

Compound R1 R2 Aβ1-40 Ki (nM) (%ID-kg)/g at 2 min (%ID-kg)/g at 30 min

56c 6-OH NHMe 4.3 — —
[11C]56c 6-OH NH11CH3 — 0.21 0.018
56d 6-OH NH2 46 — —
56e 6-OH NMe2 4.4 — —
[11C]56e 6-OH NMe11CH3 — 0.32 0.10
56f 6-H NHMe 11 — —
[11C]56f 6-H NH11CH3 — 0.43 0.057
56g 6-H NH2 37 — —
56h 6-H NMe2 4.0 — —
[11C]56h 6-H NMe11CH3 — 0.19 0.078
56i 6-Me NHMe 10 — —
[11C]56i 6-Me NH11CH3 — 0.22 0.083
56j 6-Me NH2 9.5 — —
56k 6-Me NMe2 64 — —
[11C]56k 6-Me NMe11CH3 — 0.078 0.15
56l 6-OMe NHMe 4.9 — —
[11C]56l 6-OMe NH11CH3 — 0.33 0.10
56m 6-OMe NH2 7.0 — —
[11C]56m 6-O11CH3 NH2 — 0.32 0.084
56n 6-OMe NMe2 1.9 — —
[11C]56n 6-OMe NMe11CH3 — 0.16 0.14
56o 6-CN NHMe 8.6 — —
[11C]56o 6-CN NH11CH3 — 0.32 0.063
56p 6-CN NH2 64 — —
56q 6-CN NMe2 11 — —
[11C]56q 6-CN NMe11CH3 — 0.24 0.097
56r 6-Br NHMe 1.7 — —
[11C]56r 6-Br NH11CH3 — 0.12 0.12
56s 6-Br NH2 7.2 — —
56t 6-Br NMe2 2.9 — —
[11C]56t 6-Br NMe11CH3 — 0.054 0.11

Table 6: Inhibition constants and biodistribution of radioactivity of hydroxy-substituted 2-arylbenzothiazole derivatives 56c,u–w (values are from [56]).

Compound R1 R2 human AD brain
homogenates Ki (nM) %ID/g at 2 min %ID/g at 60 min

56c 6-OH NHMe 2.8 ± 0.5 — —
[11C]56c 6-OH NH11CH3 — 3.6 ± 1.4 0.6 ± 0.2
56u 4-OH NHMe 18.8 ± 3.8 — —
[11C]56u 4-OH NH11CH3 — 3.8 ± 0.9 0.3 ± 0.3
56v 5-OH NHMe 11.5 ± 3 — —
[11C]56v 5-OH NH11CH3 — 4.3 ± 0.45 0.09 ± 0.02
56w 7-OH NHMe 11.2 ± 5 — —
[11C]56w 7-OH NH11CH3 — 2.6 ± 0.76 0.16 ± 0.03

A series of iodinated benzothiazoles 59a–o was synthesized

using methods similar to those described above and SAR

studies were performed (Table 7) [59]. Among the interesting

findings was that the introduction of 3'-iodo increased

lipophilicity and binding to Aβ1-40 when R2 = NHMe.

However, the opposite effect on binding was observed when
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Table 7: Inhibition constants and biodistribution of radioactivity of iodinated 2-arylbenzothiazole derivatives 59a–o (values are from [59]).

Compound R1 R2 Aβ1-40 Ki (nM) %ID/g at 2 min %ID/g at 30 min

59a H NH2 8.32 — —
[125I]59a H NH2 — 9.08 3.4
59b H NHMe 4.94 — —
[125I]59b H NHMe — 4.40 2.68
59c H OH 19.1 — —
59d OH NH2 11.1 — —
[125I]59d OH NH2 — 5.64 0.36
59e OH NHMe 3.22 — —
[125I]59e OH NHMe — 7.76 2.66
59f OH OH 71.2 — —
59g OMe NH2 4.4 — —
59h OMe NHMe 1.93 — —
59i OMe OH 15.8 — —
59j NO2 NH2 4.6 — —
59k NO2 NHMe 1 — —
59l Br NH2 0.67 — —
59m Br NHMe 1.6 — —
59n OCH2OCH3 NH2 15.1 — —
59o CO2Me NH2 3.34 — —

R2 = OH. Among the [125I]-labeled derivatives, more polar

compounds exhibited better clearance and less nonspecific

binding in the brains of normal mice, a typical result for brain

imaging probes. One of the most promising compounds identi-

fied in this study was [125I]59d.

The [125I]-labeled benzothiazole bithiophene 60 was synthe-

sized by condensation of 5-bromo-2-aminobenzenethiol and

2,2'-bithiophene-5-carbaldehyde followed by installation of the

radiolabel. In in vitro binding experiments, 60 displayed high

affinity for both Aβ1-40 and Aβ1-42 aggregates with Ki values of

0.25 nM and 0.31 nM, respectively. In addition, it was used to

clearly visualize Aβ plaques in AD brain sections and showed

favorable pharmacokinetics in the brain with high uptake

(3.42% ID/g at 2 min) and fast washout (0.53% ID/g at 60 min).

The [125I]-labeled phenyldiazenyl benzothiazole 61 was

prepared via a diazo coupling reaction between 79 and 80 to

give 81 followed by installation of the radiolabel (Scheme 6E)

[60]. Interestingly, in in vitro binding experiments, 61 displayed

higher affinity for tau aggregates (Ki = 0.48 nM) than for Aβ

aggregates (Ki = 8.24 nM). Although it was used to clearly visu-

alize NFTs in AD brain sections, further modifications will be

necessary to improve the pharmacokinetics of this compound in

the brain, as it showed particularly slow washout rate (2.89%

ID/g at 60 min).

Three [18F]-labeled analogues of 56c, [18F]O-FEt-PIB (62),

[18F]FBTA (63), and [18F]3'-F-PIB ([18F]GE067, 64) were also

prepared. Compound 62 was synthesized by using the hydroxy

group of 56c to displace the tosylate of [18F]fluoroethyltosylate.

Compound 62 had a Ki value of 0.17 nM for AD brain

homogenate and was able to stain Aβ plaques in postmortem

AD brain [61]. Although its biodistribution was not as good as

that of 56c, 62 still showed promise in an in vivo study using a

rat model of AD [62]. Moving the [18F]fluoroethoxy substituent

of 62 from the 6-position to the 3'-position resulted in a low

binding affinity for Aβ and an inability to stain plaques in post-

mortem AD brain [63]. In compound 63, the [11C]methylamino

group of [11C]56c was replaced by a [18F]fluoroethylamino

group, and, while this compound showed better binding affinity

than 56c ,  i t s  brain  pharmacokinet ics  were not  as

good [64]. Compound 64 also showed promising results in

whole-body biodistribution and radiation dosimetry studies

[65].

A series of fluorinated benzothiazoles 65a–e was synthesized

by direct substitution of the nitro group of a key synthetic inter-

mediate 82 (prepared using synthetic steps already describe for

[11C]56c) by an [18F] atom (Scheme 6F) [66,67]. Compounds

65a,b,d (R = H, Me, and OMe) all showed high binding affinity

for AD brain homogenates with Ki values below 10 nM, which

is comparable to that of 56c in the same assay, while 65c

(R = OH) showed slightly reduced affinity (Table 8). In addi-

tion to showing a promising ability to stain Aβ plaques in vivo,

[18F]65a,b showed high brain uptake and rapid washout in

normal mice. In fact, each of these compounds displayed better

pharmacokinetics than [11C]56c in the same assay.
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Table 8: Inhibition constants and biodistribution of radioactivity of fluorinated 2-arylbenzothiazole derivatives 65a–e (values are from [66,67]).

Compound R human AD brain homogenates Ki (nM) %ID/g at 2 min %ID/g at 30 min

65a H 9.0 ± 2.0 — —
[18F]65a H — 3.20 ± 0.38 0.21 ± 0.03
65b Me 5.7 ± 1.8 — —
[18F]65b Me — 5.33 ± 0.74 0.27 ± 0.06
65c OH 22.5 ± 4.5 — —
[18F]65c OH — 4.70 ± 0.48 0.57 ± 0.36
65d OMe 2.2 ± 0.5 — —
[18F]65d OMe — 5.10 ± 0.40 0.43 ± 0.12
65e CO2H >4000 — —

Figure 3: Structures of the radiolabeled benzoxazole analogues discussed.

Benzothiazole probes such as 83a,b and 84a,b labeled with

[Re] and [99mTc] were also synthesized (Scheme 7A) [68,69].

[Re] and [99mTc]MAMA-BTA (83a and 83b; MAMA = mono-

amine-monoamide bisthiol-BTA) were prepared by first linking

2-(4-nitrophenyl)-6-hydroxybenzothiazole (85) via 1,5-dibro-

mopentane (86) to monoamine-monoamide bisthiol protected

with p-methoxy benzyl (MAMA-PMB, 87) to give 88

(Scheme 7B) [68]. Nitro reduction of 88 followed by thioether

deprotection gave MAMA-BTA (89), which was labeled

through reaction with the [Re] (used for in vitro studies) or

[99mTc] precursors to give the desired 83a,b. [Re] and

[99mTc]BAT-BTA (84a and 84b; note: BAT = bis(amino-

ethanethiol)) were prepared by addition of ethyl bromoacetate

(41) to the unprotected amine of the S,S'-bis-trityl-N-Boc-1,2-

ethylenedicysteamine chelating agent (90) followed by saponifi-

cation that gave the free acid intermediate 91, which was

coupled with 2-(4-aminophenyl)-1,3-benzothiazole (92)

(prepared from 2-aminothiophenol (66) and 4-aminobenzoic

acid (93)) by using EDCI·HCl and HOBt (Scheme 7C) [69].

Deprotection followed by reaction with the [Re] or [99mTc]

precursors gave 84a and 84b. While both 83a and 84a showed

promise as in vitro Aβ labeling agents, the [99mTc] analogues

83b and 84b exhibited problems in pharmacokinetic studies in

vivo. Compound 83b showed sufficient initial uptake (1.34%

ID/g at 2 min), but delayed washout (0.65% ID/g at 60 min) in

normal mice, while 84b was unable to cross the BBB to a suffi-

cient degree.

Benzoxazoles
Replacement of the sulfur of the benzothiazole backbone by

oxygen affords the benzoxazole backbone. Compounds 94,

95a–n, and 96–99 (Figure 3) have also been successfully

employed for radioimaging of Aβ plaques. The isosteric

replacement of the sulfur of [125I]TZDM (58a) with an oxygen

was designed to decrease molecular weight and increase

lipophilicity and afforded [125I]IBOX (94) [70]. Compound 94

was prepared via boric acid catalyzed condensation of 5-nitro-2-

aminophenol (100) and 4-dimethylaminobenzoic acid (101) to

give the nitro intermediate 102, which was reduced through

catalytic hydrogenation to the amine (Scheme 8A).
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Scheme 7: A. Structures of the [Re]- and [99mTc]-labeled benzothiazole analogues discussed. B.,C. Synthetic schemes for the preparation of 83a,b
and 84a,b.

Subsequent conversion to the diazonium ion and displacement

with iodide ion gave IBOX, which was radiolabeled to

give 94. Compound 94 showed similar affinity for Aβ1-40

aggregates when compared to 58a ,  and it  was able

to label Aβ plaques in postmortem AD brain sections.

Importantly, 94  showed superior peak brain uptake

(2.08% ID/g at 30 min) and faster brain washout than 58a in

normal mice.
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Scheme 8: A.–E. Synthetic schemes for the preparation of 94, [123I]95e, 96–98.

Expanding on this 2-arylbenzoxazole scaffold, a series of

benzamide-substituted 2-arylbenzoxazoles 95a–n was synthe-

sized [71]. A representative synthesis of [123I]95e is shown

(Scheme 8B). Boric acid catalyzed condensation of 4-nitro-2-

aminophenol (103) and 4-dimethylaminobenzoic acid (101)

gave the nitro intermediate 104. Catalytic hydrogenation as
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above gave the amine intermediate, and subsequent reaction

with 4-iodobenzoyl chloride (105) and installation of the radio-

label gave the target compound. SAR analysis of the com-

pounds indicates that the benzamide moiety is favored at pos-

ition 5 rather than 6 of the benzoxazole core in terms of binding

affinity for Aβ plaques in vitro (Table 9). The best compound

was 95e, which had a Ki value of 9.3 nM, but [123I]95e was

unable to cross the BBB in vivo. This disappointing result could

be appointed to the excessively high lipophilicity of the com-

pound.

Table 9: Inhibition constants of benzamide-substituted 2-arylbenzoxa-
zole derivatives 95a–n (values are from [71]).

Compound R Ki (nM)

95a 5-phenyl 12.0
95b 6-phenyl 26.0
95c 5-(3,4,5-trimethoxyphenyl) 109
95d 6-(3,4,5-trimethoxyphenyl) 628
95e 5-(4-iodophenyl) 9.3
95f 6-(4-iodophenyl) 60.1
95g 5-(p-tolyl) 13.2
95h 6-(p-tolyl) 86.0
95i 5-(m-tolyl) 13.4
95j 6-(m-tolyl) 31.5
95k 5-(o-tolyl) 18.9
95l 6-(o-tolyl) 112
95m 5-(3,4-(methylenedioxy)phenyl) 17.2
95n 6-(3,4-(methylenedioxy)phenyl) 19.7

To improve the pharmacokinetic profile of 94, the [18F]-labeled

analogue 96 was designed as an imaging probe [72]. Com-

pound 96, which contains an [18F] end-capped polyethylene

glycol chain at position 5 of the benzoxazole core in place of

the [125I] of 94 at position 6 to reduce lipophilicity, was

prepared by polyphosphoric acid catalyzed condensation of

2-amino-4-methoxyphenol (106) and 4-monomethylaminoben-

zoic acid (107) to give the benzoxazole core, which was

O-demethylated to give 108 (Scheme 8C). Subsequent coupling

with 2-[2-(2-chloroethoxy)ethoxy]ethanol (109) gave 110.

TBDMS protection of the alcohol and Boc protection of the

amine gave 111. Finally, TBAF cleavage, installation of the

radiolabel, and acid cleavage gave 96. Compound 96 showed

good affinity for Aβ1-42 (Ki = 9.3 nM). This compound also

showed promising pharmacokinetics in normal mice, with

greatly improved uptake and washout rates compared to 94, and

it successfully labeled Aβ plaques in vitro. In addition,

it  showed increased retention in vivo in transgenic

AD mice compared to wild-type. A N,N-dimethyl derivative

was also synthesized, and, while it too showed good affinity

for Aβ1-42, its increased lipophilicity compared to the

monomethyl compound gave slightly worse pharmacokinetic

properties.

The [11C]-labeled styrylbenzoxazole [11C]BF-145 (97) and the

related [18F]-labeled styrylbenzoxazole [18F]BF-168 (98) were

prepared and studied for Aβ imaging [73-75]. The simple two-

step synthesis of 97 used polyphosphoric acid trimethylsilyl

ester (PPSE) catalyzed condensation of 4-fluoro-2-aminophenol

(112) with a cinnamic acid 113 to give the benzoxazole core

followed by conversion to the primary amine 114 and radiola-

beling (Scheme 8D). The synthesis of 98 was more complex

and began with a reaction between 2-methyl-6-methoxybenz-

oxazole (115) and 4-((N-Boc-N-methyl)amino)benzaldehyde

(116) followed by a dehydration reaction to give 117

(Scheme 8E). Subsequent removal of the Boc group

followed by installation of a trifluoroacetamide and

O-demethylation gave the intermediate 118 used in a Mitsunobu

reaction with 2-hydroxyethyl tosylate (119). Amine deprotec-

tion to 120 and installation of the [18F] label gave the target

compound 98.

Both 97 and 98 showed good affinity for Aβ1-42 aggregates

(Ki = 4.5 nM and 6.4 nM, respectively). Interestingly, while 98

was able to selectively stain senile plaques (SPs) and NFTs in

AD brain sections, 97 was only able to stain SPs. In addition, 97

and 98 showed substantial brain uptake and fast washout (4.4%

and 3.9% ID/g at 2 min and 1.6% and 1.6% ID/g at 30 min, res-

pectively) with promising in vivo imaging results in transgenic

mice.

Building on the promising results of 97 and 98, an optimized

derivative, [11C]BF-227 (99), was studied for Aβ imaging. The

key difference in 99 is the replacement of a phenyl ring with a

thiazole ring. Compound 99 demonstrated good affinity for syn-

thetic Aβ1-42 aggregates (Ki = 4.3 nM), rapid uptake (7.9% ID/g

at 2 min) and clearance (0.64% ID/g at 60 min) in normal mice,

the ability to selectively stain Aβ plaques in AD brain sections,

and promising results in a clinical PET study in AD patients

[76]. Additional studies suggest that 99 has the possibility to be

useful for early detection of AD and also for predicting progres-

sion from mild cognitive impairment to AD [77,78]. Interest-

ingly, 99 has also shown promise for diseases other than AD. It

has been suggested that 99 may provide a means of diagnosis

and disease monitoring in transmissible spongiform

encephalopathies [79] and may be useful for monitoring

α-synuclein deposits in conditions such as multiple system

atrophy and Parkinson’s disease [80]. A version of 99 labeled

with [18F] rather than [11C] has also been proposed for use in

Parkinson’s disease [81].
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Figure 4: Structures of the radiolabeled benzofuran analogues discussed.

Table 10: Inhibition constants and biodistribution of the radioactivity of iodinated 2-arylbenzofuran derivatives 122a–e (values are from [83]).

Compound R1 R2 Aβ1-40 Ki (nM) %ID at 2 min %ID at 60 min

122a 5-iodo NMe2 7.7 ± 1.2 — —
[125I]122a 5-iodo NMe2 — 0.51 ± 0.05 1.08 ± 0.15
122b 5-iodo NHMe 1.1 ± 0.2 — —
[125I]122b 5-iodo NHMe — 0.78 ± 0.06 1.20 ± 0.34
122c 5-iodo OMe 4.2 ± 0.8 — —
122d 5-iodo OH 6.5 ± 0.2 — —
[125I]122d 5-iodo OH — 1.40 ± 0.04 1.51 ± 0.20
122e 6-iodo NMe2 0.4 ± 0.1 — —
[125I]122e 6-iodo NMe2 — 0.48 ± 0.07 1.00 ± 0.22

Benzofurans
Replacement of the nitrogen of the benzoxazole backbone with

carbon affords the benzofuran backbone of compounds

121–126 (Figure 4), which has also been successfully employed

for radioimaging of Aβ plaques. The [11C]-labeled benzofuran

121 was prepared via Wittig reaction between the triphenyl-

phosphonium salt of 2-hydroxy-5-methoxybenzyl alcohol (127)

and 4-nitrobenzoyl chloride (35) to give 128 followed by nitro

reduction and O-demethylation to give 129 and radiolabeling

(Scheme 9A). Using AD brain gray matter homogenates, com-

pound 121 showed good binding affinity for Aβ plaques

(Ki = 0.7 nM) and was able to stain both SPs and NFTs in vitro.

In normal mice, this compound showed rapid uptake (4.8% ID/

g at 2 min) and fast washout (0.2% ID/g at 60 min). In vivo

plaque labeling in APP transgenic mice was also successful

[82].

Using similar chemistry as described above, a series of iodi-

nated 2-arylbenzofurans 122a–e was prepared and studied [83].

A representative synthesis of [125I]122a, which uses a similar

Wittig as in the synthesis of 121, is shown in Scheme 9A. It was

found that the iodo substituent could be varied between the 5-

and 6-positions, and the N,N-dimethylamino substituent could

be changed to a secondary methylamino or hydroxy moiety

with little effect on binding affinity for synthetic Aβ1-40, as all

compounds had a Ki ≤ 8 nM (Table 10). While the [125I]-

labeled benzofurans in this series showed good brain uptake in

normal mice, their washout was rather slow indicating nonspe-

cific binding in vivo.

Several [18F]-labeled benzofurans have been employed with

success for Aβ imaging. [18F]FPYBF-1 (123a), which has a

N,N-dimethyl-2-aminopyridine group attached to the benzo-

furan core, was synthesized via Suzuki coupling between

5-methoxybenzofuran-2-boronic acid (130) and 2-amino-5-

iodopyridine (131) to give 132, which was followed by reduc-

tive amination and O-demethylation to give 133 (Scheme 9B).

Finally, reaction with 2-[2-(2-chloroethoxy)ethoxy]ethanol
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Scheme 9: A.–E. Synthetic schemes for the preparation of 121, [125I]122a, 123a,b, 125a,b, and 126.
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(134) followed by radiolabeling gave 123a. This compound

showed high affinity for Aβ1-42 aggregates (Ki = 0.9 nM), the

ability to label plaques in postmortem AD brains, and suitable

pharmacokinetic properties in normal mice (5.16% ID/g at

2 min and 2.44% ID/g at 60 min). In addition, it showed good in

vivo binding to plaques in transgenic mice [84]. A closely

related compound, [18F]FPHBF-1 (123b), which has a N,N-

dimethylaniline group in place of the N,N-dimethylamino-

pyridine group, was prepared using a Wittig reaction between

the triphenylphosphonium salt of 2-hydroxy-5-methoxybenzyl

alcohol (127) and 4-dimethylaminobenzoyl chloride (35), fol-

lowed by O-demethylation and installation of the [18F]-labeled

linker (Scheme 9C). Like 123a, compound 123b showed good

affinity for Aβ aggregates in vitro and in vivo. However, its

slow washout from the brain, which can be attributed to its

increased lipophilicity compared to 123a, indicated that addi-

tional refinements will be needed [85].

Derivatives of 123a and 123b were also prepared [86]. These

compounds, [18F]FPYBF-2 (123c) and [18F]FPHBF-2 (123d),

have a secondary methylamino group in place of the dimethyl-

amino group. Introduction of the secondary amine served to

reduce lipophilicity. In addition, as the secondary amines are

less rapidly metabolized than the tertiary amines, they may help

improve the stability of these compounds in vivo. The syn-

thesis of these derivatives used methodology similar to that

already described for 123a and 123b. One key difference,

however, was the need for orthogonal TBS and Boc protection/

deprotection to prevent the secondary amine from reacting with

the MsCl used to introduce the radiolabel. Both 123c and 123d

showed good affinity for Aβ1-42 aggregates (Ki = 2.41 nM and

3.85 nM, respectively) as well as the ability to label plaques in

transgenic mice. Also, both 123c and 123d showed high uptake

and rapid washout with improved pharmacokinetic properties

when compared to 123a and 123b.

The [3H]-labeled AZD4694 (124) also showed promise for Aβ

imaging [87]. With good affinity for β-amyloid fibrils in vitro

(Kd = 2.3 nM), this compound was able to label plaques in

human AD brain sections with little nonspecific binding. In ad-

dition, the good pharmacokinetic profile of 124 warrants further

investigation in vivo.

[Re] and [99mTc]-labeled benzofurans, BAT-Bp-2 (125a,b),

were synthesized from 132 by reductive monoamination and

O-demethylation to give 135 (Scheme 9D) [88]. Subsequent

reaction with the protected chelation ligand TRT-Boc-BAT-Br

(136) and labeling through reaction with the rhenium (used for

in vitro studies) and technetium precursors gave compounds

125a and 125b, respectively. Compound 125b showed decent

affinity for Aβ1-42 aggregates (Ki = 32.8 nM) in vitro, although,

by comparison to other benzofuran probes of similar structure,

it was clear that introduction of the BAT chelator decreased

binding affinity. In contrast to other [99mTc]-labeled Aβ probes,

125b showed decent brain uptake and washout rates in normal

mice (1.80% ID/g at 2 min and 0.79% ID/g at 60 min). In addi-

tion, it was able to label Aβ plaques in vivo in transgenic mice,

a first for a [99mTc]-labeled Aβ probe.

The [125I]-labeled probe 126 contains the benzofuran core, but

could also be classified as a chalcone, specifically a chalcone in

which the conformation around the double bond is fixed [89].

Compound 126 was synthesized by using a Rap–Stoermer con-

densation between the bromo-substituted salicylaldehyde (137)

and α-brominated 4-nitroacetophenone (138) to form the benzo-

furan core (Scheme 9E). Nitro reduction followed by methyl-

ation gave 139, and radiolabeling gave 126. This compound

showed good affinity for Aβ1-42 aggregates (Ki = 6.6 nM). Sec-

ondary methylamino and primary amino derivatives showed

decreased binding affinity and poorer labeling of plaques in

brain sections from transgenic mice. While the pharmacoki-

netics of this compound in normal mice were promising (3.53%

ID/g at 2 min and 0.87% ID/g at 60 min), they were not as good

as those previously reported for [125I]-labeled N,N-dimethyl-

amino chalcones and aurones.

Imidazopyridines
The imidazopyridine core has also been used in developing

novel Aβ imaging agents such as 140–142 (Scheme 10A).

Initial SAR studies were based on derivatives 140a–j. One of

the most successful imidazopyridines studied to date has been

[125I]IMPY ([125I]140e). Representative of this scaffold, the

synthesis of [125I]140e used a fusion reaction between 2-amino-

5-iodopyridine (143) and an α-bromoacetophenone 144 to form

140e, which was then radiolabeled (Scheme 10B) [90]. This

preparation has since been improved by Kung et al. who,

through the use of a reverse-phase C4 minicolumn with step-

wise washing and elution, have simplified the purification

process by eliminating the need for HPLC purification [91].

While 140e showed good affinity for Aβ1-40 aggregates

(Ki = 15.0 nM), SAR analysis demonstrated that, in general,

other modifications to the scaffold were not well tolerated and

reduced the binding affinity (Table 11). An exception was the

replacement of the 6-iodo substituent with a bromine, as 140f

showed similar affinity to the parent compound [90].

In addition to its good binding affinity for Aβ, [125I]140e

showed other promising properties for use as an imaging probe.

For example, it selectively labeled plaques in postmortem AD

brain sections and showed plaque labeling with low back-

ground activity in a transgenic mouse model. The pharmacoki-

netics of [125I]140e were also promising. It showed high uptake
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Scheme 10: A. Structures of the radiolabeled imidazopyridine analogues discussed. B. Synthetic scheme for the preparation of [125I]140e and 142.

Table 11: Inhibition constants and biodistribution of radioactivity of 2-arylimidazopyridine derivatives 140a–j (values are from [90]).

Compound R1 R2 R3 Aβ1-40 Ki (nM) %ID at 2 min %ID at 60 min

140a H H NHMe >1000 — —
140b H H NMe2 >2000 — —
140c Me H NHMe >2000 — —
140d Me H NMe2 242 ± 20 — —
140e I H NMe2 15 ± 5 — —
[125I]140e 125I H NMe2 — 2.88 ± 0.25 0.21 ± 0.03
140f Br H NMe2 10.3 ± 1.2 — —
140g Me H Br 638 ± 30 — —
140h NMe2 H Br 339 ± 40 — —
140i H I NMe2 >2000 — —
140j I I NMe2 >2000 — —

(2.9% ID/g at 2 min) and fast washout (0.2% ID/g at 60 min) in

normal mice. These kinetic properties represented improve-

ments over both 58a and 94 [92]. Safety, biodistribution, and

dosimetry studies of [123I]IMPY, the [123I]-labeled counterpart

of 140e, have indicated it may be a safe radiotracer with appro-

priate pharmacokinetics for use in AD patients [93].

More in depth SAR studies of the imidazopyridine scaffold

have been conducted by synthesizing the series of analogues

141a–w [94]. The effect of different substituents on binding

affinity (Ki) for human Aβ plaques was examined (Table 12). In

general, it was found that the N,N-dimethylamino analogues

(R1 = R2 = Me) had higher binding affinity for human Aβ
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Table 12: Inhibition constants of 2-arylimidazopyridine derivatives 141a–w (values are from [94]).

Compound R1 R2 R3 R4 R5 human AD brain homogenates Ki
(nM)

140e Me Me H I H 8.9 ± 0.7
141a Me Me H Br H 5.9 ± 0.4
141b Me Me H Cl H 24.2 ± 5.6
141c Me Me H F H 13.0 ± 1.6
141d Me Me H CN H 8.2 ± 1.0
141e Me Me H NO2 H 7.6 ± 0.7
141f Me Me H OMe H 38.5 ± 5.0
141g Me Me H SEt H 8.3 ± 0.5
141h Me Me H Br I 183 ± 61
141i Me Me H Br CN >180
141j Me Me H OH H 177 ± 31
141k CF3CO Me Br Br H >1000
141l CF3CO H Me Br H >1000
141m MeCO Me Me Br H >1000
141n H Me Br Br H 7.4 ± 0.6
141o H H Me Br H 658 ± 47
141p H Me Me Br H >1000
141q H Me H SCH2CONH2 H 1840 ± 497
141r H Me H S(CH2)2OH H 645 ± 75
141s Me Me H SCH2CONH2 H 391 ± 76
141t Me Me H SCH2C6H4-p-OMe H 8.3 ± 1.8
141u Me Me H S(CH2)2OH H 88 ± 6
141v H Me Me SCH2CONH2 H >1000
141w H Me Me S(CH2)2OH H >1000

plaques than did the secondary methylamino analogues

(R1 = H, R2 = Me). Little tolerance for substitution at both R3

and R5 was seen, as the most potent compounds almost always

had a hydrogen atom at these positions. One exception was

observed with the secondary methylamino analogue when

R3 = Br, as 141n showed high affinity. For R4 it was seen that

polarizable or electron-withdrawing substituents showed higher

affinity than strongly electron-donating substituents. In addi-

tion, it was observed that bulky, hydrophobic thioether

substituents (such as R4 = SCH2C6H4-p-OMe) were well toler-

ated at this position. This finding was of particular interest as it

provided a possible means of generating new PET ligands via

[11C]- or [18F]-labeling through S-alkylation.

The [18F]-labeled imidazopyridine, [18F]FPPIP (142), was

prepared starting from 140e. A palladium-catalyzed coupling

with tributyl(vinyl)tin to give an alkene intermediate was fol-

lowed by hydroboration-oxidation to give the hydroxypropyl

intermediate 145, which was radiolabeled to give 142

(Scheme 10B). This compound showed good binding affinity

for Aβ (Ki = 48.3 nM) in using human AD cortical tissues, as

well as specific labeling of Aβ plaques in postmortem AD

brain. This, coupled with favorable pharmacokinetics observed

in a normal rhesus monkey, made 142 a promising compound

[95]. However, another [18F]-labeled imidazopyridine,

[18F]FPM-IMPY, has shown less promising results. This com-

pound, in which one of the N-methyl groups of IMPY was

replaced with a [18F]fluoropropyl moiety, showed lower

binding affinity than IMPY and poor pharmacokinetics [96].

Benzimidazoles
The benzimidazole scaffold is highly similar to the imidazopyri-

dine scaffold, but the benzimidazole ring has reduced

lipophilicity when compared to imidazopyridines. This has the

potential to reduce nonspecific binding and enhance signal-to-

noise ratio. The [125I]-labeled benzimidazole analogue of 140e,

compound 146 ,  was prepared through cyclization of

4-bromobenzene-1,2-diamine (147) and p-dimethylaminobenz-

aldehyde (23) to give 148 followed by installation of the radio-

label (Scheme 11) [97]. Compound 146 showed good

binding affinity for Aβ1-42 aggregates (Ki = 9.8 nM), as

well as high uptake and rapid clearance in normal mice

(4.14% ID/g at 2 min and 0.15% ID/g at 60 min). In vitro

labeling of Aβ plaques in AD brain sections showed a strong
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Scheme 11: Synthetic scheme for the preparation of the benzimidazole 146.

Figure 5: Structures of the quinolines discussed.

signal with low background, and in vivo plaque labeling in

transgenic mice was also successful. However, this scaffold is

lacking in detailed SAR analysis compared to the imidazopyri-

dine scaffold.

Quinoline and naphthalene analogues
Quinolines
Investigation of the quinoline scaffold for imaging in AD has

yielded some interesting results, despite there only being a few

examples in the literature. The [18F]-labeled 2-fluoroquinolin-8-

ol [18F]CABS13 (149) has recently been reported (Figure 5)

[98]. The straightforward synthesis of this compound began

with benzyl protection of 2-chloroquinolin-8-ol followed by

installation of the [18F]-label and Pd-catalyzed hydrogenolysis

to give the target compound. Compound 149 potently bound to

Aβ-Zn aggregates (Kd = 1.5 nM) and showed rapid uptake and

washout in normal mice (10% ID/g at 2 min and 1.1% ID/g at

30 min). Also, delayed washout of 149 was observed in APP/

Ps1 transgenic mice, which was indicative of non-specific

binding to Aβ plaques. However, two other quinoline probes,

[11C]BF-158 (150) and [18F]THK523 (151), had high affinity

for tau pathology as opposed to Aβ. Compound 150 showed

good uptake and washout in normal mice (11.3% ID/g at 2 min

and 2.1% ID/g at 60 min), and was able to label NFTs in post-

mortem AD brain section while only faintly staining plaques

[99]. Compound 151 showed high affinity (Kd = 1.7 nM) and

selectivity for recombinant tau fibrils in vitro, and, with favor-

able pharmacokinetics, it was able to highlight tau pathology in

vivo in transgenic mice [100].

Naphthalenes
Replacement of the cyclic nitrogen in the quinoline scaffold

described in the previous section affords the naphthalene scaf-

fold. This scaffold has shown promising results for Aβ imaging,

particularly [18F]FDDNP (152), although this scaffold is also

represented by only a few examples in the literature. Com-

pound 152 was prepared starting from 1-(6-hydroxy-2-naph-

thyl)-1-ethanone (153) via a Bucherer reaction with 2-(methyl-

amino)ethanol (154) followed by Knoevenagel reaction of 155

with malononitrile (156) and [18F] labeling of 157 (Scheme 12)

[101,102]. Compound 152 bound to synthetic Aβ1-40 fibrils

with high affinity (Kd = 0.12 nM) and crossed the BBB [103].

In addition, PET imaging studies using 152 demonstrated the

ability of this compound to determine the localization and

load of both SPs and NFTs in living AD patients [104], as

well as the ability to differentiate between patients with no

cognitive impairment, mild cognitive impairment, and AD

[105].

[Re]- and [99mTc]-labeled derivatives of 152 have also been

prepared by bromination of 157 with NBS to give 158 followed

by conjugation with MAMA-PMB (87) and deprotection with

acid to give 159. Reaction with the technetium or rhenium

precursors gave the target derivatives 160a,b (Scheme 12)

[106]. In vitro binding studies with the [Re]-labeled compound

160a showed a 14-fold decrease in binding affinity for Aβ1-42

aggregates compared to 152. In addition, the [99mTc]-labeled

compound 160b showed very low brain uptake in normal mice

indicating the need for additional refinements of this compound.
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Scheme 12: Synthetic scheme for the preparation of the naphthalene analogues 152 and 160a,b.

Combination of known scaffolds
With the success of the benzothiazole and imidazopyridine scaf-

folds for Aβ imaging, it was logical to suspect that combination

of the two scaffolds into a single molecule could also provide a

good imaging agent. Examples of this combination scaffold can

be seen in compounds 161–164 (Scheme 13A). IBT (161) was

prepared by direct coupling of 6-methoxybenzo[d]thiazol-2-

amine (165) and the nitro substituted α-bromoacetophenone 138

to give 166 followed by installation of the radiolabel

(Scheme 13B) [107]. Compound 161 showed good affinity for

both Aβ1-40 and Aβ1-42 (Ki = 3.5 nM and 5.8 nM, respectively)

and was comparable to compound 56c in the same assay. The

pharmacokinetics of this compound were also similar to those

of [11C]56c. In vivo specific plaque labeling by compound 161

was confirmed through studies in APP/Ps1 transgenic mice.

Derivatives of this combination scaffold 162a–n were also

investigated (Table 13) [108]. Of note was derivative 162i in

which the secondary methylamino group of 161 has been

replaced with iodine. This derivative showed high affinity for

Aβ1-40 (Kd = 10.9 nM), and the iodo substituent could readily

be radiolabeled. However, the high lipophilicity of this com-

pound may lead to nonspecific plaque labeling in vivo.

The [125I]-labeled styrylindole 163 and styrylquinoline 164

scaffolds synthesized by Yang et al. can be thought of as stil-

bene combination scaffolds [109]. The synthesis of the [125I]-

labeled styrylindole 163 used a Wittig reaction between the

triphenyl phosphonium ylide 167 and 1H-indole-5-carbalde-
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Scheme 13: A. Structures of the radiolabeled analogues resulting from the combination of various scaffolds. B.,C. Synthetic schemes for the prepar-
ation of 161 and 163.

Table 13: Inhibition constants of 2-arylimidazobenzothiazole deriva-
tives 162a–n (values are from [108]).

Compound R1 R2 Aβ1-40 Ki (nM)

162a OMe NH2 29.8 ± 2.1
162b OMe NMe2 58.6 ± 4.7
162c F NH2 133 ± 21
162d F NHMe 38.1 ± 2.6
162e F NMe2 42.9 ± 5.7
162f Br NH2 28.8 ± 1.2
162g Br NHMe 34.5 ± 3.5
162h Br NMe2 43.4 ± 5.7
162i OMe I 10.9 ± 0.18
162j F I 41.9 ± 5.2
162k Br I 21.1 ± 0.9
162l Me I 17.7 ± 1.9
162m OMe Br 9.40 ± 0.07
162n Me Br 26.0 ± 0.9

hyde (27) to give 168 followed by radiolabeling (Scheme 13C).

The [125I]-labeled styrylquinoline 164 was prepared by using an

identical synthesis with substitution of the indole by quinoline-

6-carbaldehyde. Both 163 and 164 showed good affinity for

Aβ1-40 aggregates (Ki = 4.1 nM and 8.6 nM, respectively).

Compound 163 was able to stain Aβ plaques in in vitro brain

sections from APP/Ps1 transgenic mice and showed high uptake

and rapid clearance in normal mice (4.27% ID/g at 2 min and

0.28% ID/g at 60 min). However, compound 164 showed rela-

tively low brain uptake and slow washout by comparison.

Others
Several other less common scaffolds have been evaluated as

Aβ-imaging agents. The [125I]-labeled N-methyl-4-anilino-

phthalimide derivative 169 was prepared and evaluated as a

potential probe for Aβ plaques (Scheme 14A) [110]. This com-

pound was generated via a Cu powder-catalyzed coupling reac-

tion between N-methyl-4-aminophthalimide (170) and 1-bromo-

4-iodobenzene (171) to give 172, which was then radiolabeled.

Compound 169 showed high binding affinity to AD brain

homogenates (Kd = 0.21 nM) as well as excellent brain uptake

(5.16% ID/g at 2 min) and fast washout (0.59% ID/g at 60 min).

SAR studies with other N-methyl-4-anilinophthalimide deriva-

tives demonstrated that a hydrophobic substituent at the 4-pos-

ition of the aniline ring is important for the binding affinity of

this family of compounds.

The [125I]-labeled quinoxaline derivative 173 was also synthe-

sized and evaluated for in vivo imaging of Aβ plaques

(Scheme 14B) [111]. The quinoxaline backbone of this com-

pound was prepared from the reaction of α-bromoacetophenone

144 and 4-bromobenzene-1,2-diamine (147) in DMSO in a one-
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Scheme 14: A.–C. Synthetic schemes for the preparation of radiolabeled probes with unique scaffolds.

pot tandem oxide condensation procedure. This reaction gave

the desired 2-aryl-6-substituted quinoxaline 174 as the major

product and the isomeric 2-aryl-7-substituted quinoxaline (not

shown) as a minor product. The radioiodinated probe was

prepared from 174. Compound 173 showed excellent affinity

for Aβ1-42 aggregates in vitro (Ki = 4.1 nM). In addition to

being able to specifically label plaques in brain sections from

AD patients, 173 readily crossed the BBB showing high uptake
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Scheme 15: A. Structures of the oxazine-derived fluorescence probes discussed. B. Synthetic scheme for the preparation of the oxazine analogue
183.

into the brain (6.03% ID/g at 2 min). However, with moderate

washout (1.12% ID/g at 120 min), additional refinements

will be needed to improve the pharmacokinetics of these mole-

cules.

The boron [125I]-labeled dipyrro-methane (BODIPY) analogue

175 was prepared to serve as a dual functional SPECT/fluores-

cence probe for imaging Aβ (Scheme 14C) [112]. Compound

175 was synthesized through Suzuki coupling of the starting

boronic acid 176 with 1-bromo-4-iodobenzene (171). Aldehyde

reduction of 177 followed by reaction with triphenylphosphine

gave the Wittig reagent 178 for reaction with 2-formylpyrrole

(179). The Wittig product 180 was condensed with 3,5-

dimethylpyrrole-2-carboxaldehyde (181) to form the BODIPY

backbone 182. Subsequent installation of the radiolabel gave

175. Although 175 showed decent affinity for Aβ1-42 aggre-

gates (Ki = 108 nM) and the ability to label plaques in brain

sections from transgenic mice, its in vivo use was limited by

extremely low brain uptake, which could be attributed to rapid

trapping of the compound in the liver.

Fluorescence probes
Although PET is currently the most promising approach for Aβ

plaque detection, this technique has two main limitations: (i) the

short half-life of positron-emitting nuclei (t1/2 = 20 min for

[11C] and 110 min for [18F]) and (ii) the narrow availability of

this technology that requires a local cyclotron for generating

short-lived positron-emitting radionuclides and a synthetic unit

to produce radiolabeled agents [113]. Other imaging tech-

nologies have been investigated to overcome these problems.

Different fluorescence techniques have been reported [114-

116]; however, the near-infrared fluorescence (NIRF) imaging

technique is the only one that has an in vivo application. Since

normal biological tissues reveal limited photon absorbance in

the near-infrared region, NIRF seems to be the second most

promising Aβ deposits tracer tool [117]. In the following

sections, we will briefly cover the different scaffolds that have

been explored as NIRF ligands using in vivo models.

Oxazines
The oxazine dyes 183–186 were investigated as Aβ aggregate

target-specific probes in the NIRF imaging technique

(Scheme 15A) [113]. The preparation of 183 was accomplished

t h r o u g h  r e a c t i o n  o f  4 - m e t h y l - 3 , 4 - d i h y d r o - 2 H -

benzo[b][1,4]oxazin-6-ol (187) with p-nitrobenzenediazonium

ion (188) to give the key azo intermediate 189, which afforded

the desired oxazine dye 183 upon further reaction with

4-methyl-3,4-dihydro-2H-benzo[b][1,4]oxazin-6-ol (187)

(Scheme 15B). Compound 183 proved to give a higher fluores-

cence intensity than other derivatives such as 184–186 [113].

Using APP23 transgenic mice and compound 183, Aβ plaques

could be traced quantitatively [113].

Thiobarbitals
The thiopental dimer THK-265 (190) (maximal emission wave-

length >650 nm) was discovered as a good NIRF imaging

ligand by screening a large pool of dye candidates (Figure 6)

[117]. Compound 190 displayed high binding affinity towards

Aβ aggregates (Kd = 97 nM) [117]. Its usefulness in AD diag-

nosis was confirmed in an animal model as it provided good

discrimination between amyloid deposits in the brain and other

normal tissues [117]. Compound 190 was also used in a quanti-

tative correlation of different Aβ aggregation levels with NIRF

signals [118].
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Scheme 16: Synthetic scheme for the preparation of quinoxaline analogue 191.

Figure 6: Structure of THK-265 (190).

Quinoxalines
The use of the radiolabeled quinoxalines for imaging Aβ was

discussed in the section “Others” of this review. A quinoxaline

derivative, compound 191, was also synthesized and explored

for fluorescence imaging (Scheme 16) [119]. The synthesis of

191 began with conversion of the starting lactam 192 to the

corresponding chloride by using phosphorus oxychloride fol-

lowed by reaction with hydrazine. Condensation of the resulting

hydrazino-derivative 193 with quinoline-4-carboxaldehyde

(194) gave 191. Although 191 has not been tested in vivo yet,

this compound warrants further investigation as it has shown

the ability to selectively stain amyloid structures in brain

sections of transgenic mice, as well as the ability to cross the

BBB. In addition, the 7-fluoro substituent of compound 191

could potentially be radiolabeled for in vivo application.

Conclusion
In summary, this review covered the main scaffolds used for

radioimaging of Aβ plaques, one of the major pathological hall-

marks of AD. Highlighted were important synthetic steps for

scaffold formation and introduction of radiolabels, SAR find-

ings where appropriate, and binding affinities and brain kinetics

of each scaffold. The synthesis of each scaffold presented was

fairly straightforward using well-established reactions, and syn-

thetic complexity will likely not impede future development of

Aβ chemical probes.

Most of the scaffolds present compounds with good binding

affinity for Aβ in vitro. SARs tended to vary between scaffolds

so it is impossible, without extensive computational work, to

declare certain functionalities necessary for this class of chem-

ical probes. However, the dimethylamine structural feature

appears in a number of the compounds with high binding

affinity, and it is likely that this functionality is important for

Aβ interaction. Representative examples of this can be seen in

examining SAR trends for chalcones 18a–l, benzothiazoles

56c–t, or imidazopyridines 141a–w among others. With regards

to pharmacokinetics in vivo, results varied between scaffolds

and radiolabels. In general, [99mTc]-labeled compounds showed

poor pharmacokinetic profiles with only 125b being able to

label plaques in animal studies. A balance in lipophilicity

appeared to be particularly important in terms of pharmacoki-

netics, as imaging probes need to be lipophilic enough to easily

penetrate the BBB, but not too lipophilic to avoid nonspecific

binding in the brain.

Many of the molecules described in this review showed very

promising results for the in vivo imaging of Aβ plaques in

humans. For example, stilbenes 46a and 46b, benzothiazole

[11C]56c, and naphthalene 152 have been studied in clinical

trials with favorable results. The half-life of the radiolabel and

overall lipophilicity will continue to be two of the biggest

factors for the clinical success of these probes. Future develop-

ment and testing of these molecules will be of critical impor-

tance as the development of Aβ imaging probes will provide an

effective means of monitoring new treatments for AD. While

not the focus of this review, it should be noted that the current

treatments for AD only treat cognitive symptoms and have little

to no effect on slowing or reversing the progression of the

disease. Current research efforts aimed at developing mole-

cules that target Aβ plaques, specifically inhibition of plaque

formation and disaggregation of already formed plaques, could

lead to new therapeutics capable of reversing the progression of

AD. Probes such as those described herein will play an impor-

tant role in evaluating the effectiveness of such drugs. Add-

itionally, the development of Aβ imaging probes will likely lead

to better and earlier diagnosis of AD, which in turn will allow

future treatments to be more effective.
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Abstract
The National Institutes of Health Molecular Libraries and Probe Production Centers Network (NIH-MLPCN) screened >300,000

compounds to evaluate their ability to restore fluconazole susceptibility in resistant Candida albicans isolates. Additional counter

screens were incorporated to remove substances inherently toxic to either mammalian or fungal cells. A substituted indazole

possessing the desired bioactivity profile was selected for further development, and initial investigation of structure–activity rela-

tionships led to the discovery of ML212.
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Introduction
Discovery of antimicrobial agents possessing unique structural

motifs or a novel mechanism of action is critical to counter and

control the rising incidence of drug-resistant pathogens [1-6].

Chemosensitization of resistant organisms is a complementary

approach that capitalizes upon the existing arsenal of antimicro-

bials to combat this medical dilemma [7-10]. By undermining

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:bmunoz@broadinstitute.org
http://dx.doi.org/10.3762%2Fbjoc.9.171
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Figure 1: Assay pipeline for triaging hits. Individual assay cut-offs are given in italics.

the resistance mechanisms of the target pathogen, it is possible

to restore efficacy to previously ineffective drugs thereby

prolonging their status as frontline treatments. This, in turn,

affords critical lead-time towards the development of novel

antimicrobial drugs.

The National Institutes of Health Molecular Libraries and Probe

Production Centers Network (NIH-MLPCN) recently

performed a high-throughput screening (HTS) campaign to

search for potential chemosensitizers of the pathogenic fungus

Candida albicans [11]. The C. albicans clinical isolates used in

this study demonstrate a range of resistance to the widely

prescribed triazole antimycotic fluconazole (Flc) [12], and the

objective was to identify novel small molecules capable of

surmounting this inherent resistance [13-16]. The screen was

conducted by using a cell-based assay with integrated counter

screens to remove compounds acting through previously estab-

lished methods for overturning drug resistance in C. albicans.

In addition, substances intrinsically toxic to either mammalian

or fungal cells were eliminated.

Results and Discussion
Screening results
In order to identify nonfungitoxic chemosensitizers of Candida

albicans, compounds from the NIH’s Molecular Libraries Small

Molecule Repository (MLSMR) [17] were evaluated in the

screening cascade summarized in Figure 1. The C. albicans

strains used in the primary screen and secondary assay 1
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Scheme 1: Preparation of substituted methyl 2-(1H-indazol-1-yl)acetates. Reagents and conditions: (a) Et3N, Boc2O, DMAP, tetrahydrofuran;
(b) ArB(OH)2, Pd(PPh3)4, aqueous Na2CO3, 1,4-dioxane, 120 °C; (c) methyl bromoacetate, K2CO3, acetone, 60 °C; (d) alkylmagnesium bromide,
Et2O, 0 °C; (e) Dess–Martin periodinane, CH2Cl2; (f) hydrazine hydrate, 175 °C.

(CaCi-2 and CaCi-8, respectively) are both clinical isolates that

partially respond to fluconazole treatment [12]. The minimum

inhibitory concentration (MIC) of fluconazole against CaCi-2

and CaCi-8 was reported to be 2 µg/mL and 8 µg/mL, respect-

ively [12]. However in our hands, these strains continue to

proliferate steadily (albeit at a reduced rate) when treated with

fluconazole at or above the reported MIC. This behavior may

contribute to the inability of fluconazole therapy to effectively

clear the infection and allows for the further development of

resistance [12].

A total of 302,509 compounds from the MLSMR were tested at

7.5 µM for their ability to inhibit completely the growth of

CaCi-2 cells that are concurrently treated with 8 µg/mL

fluconazole (Figure 1). With a minimum requirement of 75%

inhibition, 1893 actives were recorded, corresponding to an

overall hit rate of 0.6%. Of the active compounds, 1654 were

available for retesting in a dose-response format. This subset

was resubjected to the primary assay and was also tested

concurrently in two secondary assays. Secondary assay 1

measured chemosensitization of the more resistant CaCi-8

strain. Secondary assay 2 eliminated anything with inherently

antifungal activity. These three assays cooperatively removed

almost 80% of the original hits, leaving 350 candidates. A final

assay (secondary assay 3) was incorporated to discard any com-

pound displaying toxicity to mammalian fibroblasts. The fibro-

blast toxicity assay removed another 54 compounds to leave a

total of 296 hits.

From the 296 hits remaining, 29 were selected for revalidation

from dry powders obtained from commercial vendors or resyn-

thesis. Once their identity and purity was ascertained by LCMS

and 1H NMR analysis, these 29 candidates were tested once

more in the entire assay tree outlined previously in Figure 1.

Following this re-evaluation, methyl 3-phenyl-1H-indazole

acetate (1, Figure 2) emerged as an attractive candidate for

further development. A commercial sample of compound 1

shows good activity against CaCi-2 and CaCi-8 (IC50 = 0.8 and

2.3 μM, respectively) with no apparent effect on 3T3 fibro-

blasts (IC50 > 26 μM). Compound 1 also possesses good solu-

bility in PBS (79 μM) and is synthetically tractable with several

points of diversity readily accessible. Consequently, compound

1 and a collection of closely related analogues were prepared to

enable investigation of possible structure–activity relationships

(SAR) [18]. In addition to indazole 1, two other structurally

distinct scaffolds (2 and 3) were also selected for follow-up

studies and those works are communicated elsewhere [19,20].

Figure 2: Hit compounds selected for further optimization.

Chemistry
Two different routes were adopted to access the various func-

tionalized indazoles required to evaluate the SAR associated

with hit compound 1 (Scheme 1). The robust Suzuki–Miyaura
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reaction was selected for the preparation of analogues bearing

substituents around the central indazole core. This approach

also permitted rapid replacement of the phenyl ring at C3 with

functionalized phenyl rings and alternative heterocycles.

Preliminary attempts to couple substituted 3-iodoindazoles 4

failed to produce isolable amounts of the desired product

directly. Subsequently, the indazoles were protected as their

tert-butyl carbamates 5 prior to undergoing palladium-medi-

ated Suzuki reactions with various boronic acid partners. Under

the reaction conditions, the carbamate-protecting group was

also cleaved to afford the desired 3-arylindazoles, albeit as the

unprotected systems 6. Alkylation with methyl bromoacetate

and potassium carbonate in hot acetone completed the syn-

thesis of compounds 7.

In order to prepare 3-alkylindazoles, 2-fluorobenzaldehyde was

first treated with alkylmagnesium bromides, and the resulting

benzyl alcohols were immediately oxidized with Dess–Martin

reagent. Alkyl phenyl ketones 9 and hydrazine hydrate were

then reacted under microwave conditions to assemble the inda-

zole ring 10. The ester side chain of 11 was installed under the

same conditions described above for the alkylation of 3-arylin-

dazoles.

In vitro activity and SAR
All of the compounds prepared above were evaluated for their

ability to chemosensitize the C. albicans test strains CaCi-2 and

CaCi-8 towards fluconazole. As described above, the fungi

were simultaneously incubated with test compounds and

fluconazole (8 µg/mL) for 48 hours to determine if any combi-

nations could fully inhibit fungal growth. The DMSO/flucona-

zole combination served as an internal control.

Substitution of the indazole core generally leads to a potency

reduction to varying degrees (Table 1). The 5- and 6-positions

can accommodate smaller functionalities such as methyl or

chloro groups (11, 15, and 17) and still retain modest efficacy.

The inactivity of 14 compared to 17 suggests that the 6-pos-

ition may occupy a slightly larger pocket. Electron-with-

drawing substituents (13, 18, and 19) appear detrimental to

activity regardless of their position, while the weak potency of

the methoxy compounds (12 and 16) suggests that there may be

a limit to how far the western region may be extended.

Pyridylindazole 20, wherein a nitrogen atom is inserted in the

place of a carbon, displays no cellular activity. Based on these

preliminary results, a more extensive SAR investigation of this

region was postponed in order to explore other regions of the

scaffold.

We proceeded to evaluate the SAR of the C3 substituent next

(Table 2). Removal of the original benzene ring produces the

Table 1: Activity of substituted indazole cores.a

Cpd R CaCi-2
IC50 (µM)b

CaCi-8
IC50 (µM)b

1 H 2.2 ± 1.0 3.5 ± 1.9
11 5-Me 5.2 ± 2.2 8.2 ± 3.2
12 5-OMe 14.9 ± 5.7 22.1 ± 6.2
13 5-F 11.2 ± 7.2 inactive
14 5-Cl inactive inactive
15 6-Me 5.9 ± 3.1 inactive
16 6-OMe 9.5 ± 2.5 12.4 ± 0.5
17 6-Cl 4.0 ± 1.3 8.4 ± 0.5
18 6-CF3 inactive inactive
19 7-CF3 inactive inactive

20 inactive inactive

aCaCi-2 and CaCi-8 cells were incubated at 37 °C for 48 hours with
test compound and 8 µg/mL (26 µM) fluconazole. bAverage of at least
three independent experiments, performed in duplicate. Inactive com-
pounds displayed negligible activity at concentrations below 26 µM.

inactive analogue 21. Similarly, installing acyclic alkyl systems

such as an ethyl (22) or tert-butyl group (23) does not yield

active compounds. Proceeding to cycloalkanes, a SAR trend

begins to emerge. With the smallest cycloalkane replacement,

the cyclopropyl derivative 24 is inactive whereas the larger

cyclohexane of 25  yields an active chemosensitizer

(IC50 = 2.3 μM). When alternative heteroaromatic rings (26–29)

were prepared, none of the examined systems possess any

significant cellular activity.

One possible explanation for the observed activity is that the

binding pocket includes a small cleft that is best occupied by

flat structures. Compounds 21, 22, and 24 are presumably too

small to fit properly into this crevice, while the tert-butyl

derivative 23 may simply be too large. However, the inactivity

of the heteroaromatic counterparts 26–29 may imply that more

than a steric constraint is operative within this putative groove;

a possible electronic requirement for this substituent may exist

as well.

Returning to the original phenyl ring, various substituents were

introduced at different positions about the ring to probe for

further electronic and steric effects associated with this region
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Table 2: Investigation of 3-substituted indazoles.a

Cpd R CaCi-2
IC50 (µM)b

CaCi-8
IC50 (µM)b

21 -H inactive inactive
22 -Et inactive inactive

23 inactive inactive

24 inactive inactive

25 2.3 ± 0.3 6.0 ± 1.7

26 inactive inactive

27 inactive 21.1 ± 3.3

28 inactive inactive

29 12.9 ± 1.7 inactive

aCaCi-2 and CaCi-8 cells were incubated at 37 °C for 48 hours with
test compound and 8 µg/mL (26 µM) fluconazole. bAverage of at least
three independent experiments, performed in duplicate. Inactive com-
pounds displayed negligible activity at concentrations below 26 µM.

(Table 3). With regards to steric requirements, it appears that

neither the para- (compounds 30–34) nor ortho-positions (com-

pounds 39 and 40) are particularly amenable to functionaliza-

tion. While bioactivity is still observed with these substances,

they all appear to be only weakly active (IC50 = 2–8 μM).

Conversely, the meta-substituted systems 35–38 prove to be the

most conducive to potency. The methyl ether 36 is potent

against CaCi-2 (IC50 = 0.7 μM) as is the N,N-dimethylamine

variant (37, IC50 = 0.8 μM). The weakest compound of this

series, 3-fluoro derivative 38, still shows low micromolar

activity (IC50 = 1.7 μM). The weak activity of 38 may be tied to

the electronegativity of fluorine. This is best illustrated with

compounds 32–34. While the 4-fluoro analogue is a weak

chemosensitizer of CaCi-2 and CaCi-8, introducing more elec-

tron-withdrawing substituents, such as trifluoromethyl (33)

and cyano (34) groups, results in complete inactivity

Table 3: Substituent effects associated with the 3-phenyl ring.a

Cpd R CaCi-2
IC50 (µM)b

CaCi-8
IC50 (µM)b

1 H 2.2 ± 1.0 3.5 ± 1.9
30 4′-Me 4.8 ± 2.5 19.5 ± 14.2
31 4′-OMe 4.2 ± 1.7 14.1 ± 6.4
32 4′-F 8.3 ± 2.8 12.3 ± 3.9
33 4′-CF3 inactive inactive
34 4′-CN inactive 20.5 ± 0.3
35 3′-Me 1.1 ± 0.6 1.9 ± 0.9
36 3′-OMe 0.7 ± 0.3 1.5 ± 0.6
37 3′-NMe2 0.8 ± 0.1 2.0 ± 0.2
38 3′-F 1.7 ± 0.4 4.2 ± 4.1
39 2′-Me 5.3 ± 0.5 7.8 ± 2.6
40 2′-OMe 9.3 ± 3.6 11.4 ± 1.7
41 3′,5′-di-OMe inactive inactive

aCaCi-2 and CaCi-8 cells were incubated at 37 °C for 48 hours with
test compound and 8 µg/mL (26 µM) fluconazole. bAverage of at least
three independent experiments, performed in duplicate. Inactive com-
pounds displayed negligible activity at concentrations below 26 µM.

(IC50 > 26 µM). The activity of p-tolyl 30 and p-anisoyl 31

indicates that the inefficacy of 33 and 34 cannot be solely attrib-

uted to steric considerations. The inactivity of the 3,5-

dimethoxyphenyl ring (41) suggests the indazole’s C3

substituent may reside in an asymmetric pocket.

As the most potent chemosensitizer of both C. albicans CaCi-2

and CaCi-8 (IC50 = 0.7 and 1.5 µM, respectively) with good

solubility (55 µM in PBS), compound 36 was nominated as

MLPCN probe ML212. Exposure to human or murine plasma

revealed significant chemical instability (<10% remaining after

5 h incubation), and this is attributed to the ester hydrolysis of

the side chain. Follow-up studies investigating the SAR of the

side chain and addressing this liability will be reported shortly.

Additional profiling of ML212 determined that the probe is

nontoxic to C. albicans in the absence of fluconazole

(IC50 > 26 µM after 48 h incubation), neither does it show any

toxicity towards murine 3T3 fibroblasts (IC50 > 26 µM).

Hsp90-dependent and calcineurin-dependent signaling path-

ways have been previously implicated in maintaining flucona-

zole resistance in C. albicans [21], but ML212 does not inhibit

these pathways in yeast-reporter assays (IC50 > 26 µM). Identi-

fication of ML212’s molecular target is ongoing, as well as
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efforts to determine the efficacy of ML212 against diverse

mechanisms of fluconazole resistance, including biofilm forma-

tion, drug-target mutations, and efflux-pump amplification.

Conclusion
High-throughput screening of 300,000 compounds from the

NIH’s MLSMR collection identified several substances that

potentiate the effect of fluconazole in fluconazole-resistant

Candida albicans clinical isolates. Among the numerous hits,

3-phenylindazole 1 was selected for chemical optimization,

resulting in the identification of 3-(3-anisoyl)indazole 36 as new

small-molecule probe (ML212) to facilitate investigation of the

various mechanisms used by C. albicans to withstand flucona-

zole. Elucidation of ML212’s mechanism of action may afford

new targets to exploit in the continuing efforts to develop novel

antimycotics and combat increasingly prevalent drug-resistance.

Samples of ML212 are available free of charge, on request.

Supporting Information
Detailed experimental protocols for cellular assays and for

the preparation of representative compounds 25 and 36 are

provided. Proton NMR spectra for all prepared compounds

are also available.

Supporting Information File 1
Detailed assay protocols and compound synthesis.

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

supplementary/1860-5397-9-171-S1.pdf]

Supporting Information File 2
NMR spectra of reported compounds.

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

supplementary/1860-5397-9-171-S2.pdf]

Acknowledgements
This work was funded by the NIH’s MLPCN program (1 U54

HG005032-1 awarded to S.L.S.). BV, LW, and SL are grateful

for funding from the NIH (1 R03 MH086456-01). The authors

are grateful to Dr. Spencer Redding (University of Texas Health

Science Center San Antonio) for graciously providing samples

of C. albicans CaCi-2 and CaCi-8.

References
1. Martínez, J. L. Future Med. Chem. 2012, 4, 347–359.

doi:10.4155/fmc.12.2
2. Hawkey, P. M.; Jones, A. M. J. Antimicrob. Chemother. 2009, 64

(Suppl. 1), i3–i10. doi:10.1093/jac/dkp256
3. Gould, I. M. Int. J. Antimicrob. Agents 2008, 32 (Suppl. 1), S2–S9.

doi:10.1016/j.ijantimicag.2008.06.016

4. Vandeputte, P.; Ferrari, S.; Coste, A. T. Int. J. Microbiol. 2012,
No. 713687. doi:10.1155/2012/713687

5. Pfaller, M. A.; Diekema, D. J. Clin. Microbiol. Rev. 2007, 20, 133–163.
doi:10.1128/CMR.00029-06

6. Sanglard, D.; Odds, F. C. Lancet Infect. Dis. 2002, 2, 73–85.
doi:10.1016/S1473-3099(02)00181-0

7. Lavigne, J.-P.; Brunel, J.-M.; Chevalier, J.; Pagès, J.-M.
J. Antimicrob. Chemother. 2010, 65, 799–801. doi:10.1093/jac/dkq031

8. Gallo, S.; Chevalier, J.; Mahamoud, A.; Eyraud, A.; Pagès, J.-M.;
Barbe, J. Int. J. Antimicrob. Agents 2003, 22, 270–273.
doi:10.1016/S0924-8579(03)00215-2

9. Kim, J.; Campbell, B.; Mahoney, N.; Chan, K.; Molyneux, R.; May, G.
Biochem. Biophys. Res. Commun. 2008, 372, 266–271.
doi:10.1016/j.bbrc.2008.05.030

10. Cernicka, J.; Kozovska, Z.; Hnatova, M.; Valachovic, M.; Hapala, I.;
Riedl, Z.; Hajós, G.; Subik, J. Int. J. Antimicrob. Agents 2007, 29,
170–178. doi:10.1016/j.ijantimicag.2006.08.037

11. The complete results of the HTS assay can be viewed online free of
charge on PubChem.
http://pubchem.ncbi.nlm.nih.gov/assay/assay.cgi?aid=1979.

12. Redding, S.; Smith, J.; Farinacci, G.; Rinaldi, M.; Fothergill, A.;
Rhine-Chalberg, J.; Pfaller, M. Clin. Infect. Dis. 1994, 18, 240–242.
doi:10.1093/clinids/18.2.240

13. DiGirolamo, J. A.; Li, X.-C.; Jacob, M. R.; Clark, A. M.; Ferreira, D.
J. Nat. Prod. 2009, 72, 1524–1528. doi:10.1021/np900177m

14. Gamarra, S.; Rocha, E. M. F.; Zhang, Y.-Q.; Park, S.; Rao, R.;
Perlin, D. S. Antimicrob. Agents Chemother. 2010, 54, 1753–1761.
doi:10.1128/AAC.01728-09

15. Guo, X.-L.; Leng, P.; Yang, Y.; Yu, L.-G.; Lou, H.-X. J. Appl. Microbiol.
2008, 104, 831–838. doi:10.1111/j.1365-2672.2007.03617.x

16. Mai, A.; Rotili, D.; Massa, S.; Brosch, G.; Simonetti, G.; Passariello, C.;
Palamara, A. T. Bioorg. Med. Chem. Lett. 2007, 17, 1221–1225.
doi:10.1016/j.bmcl.2006.12.028

17. Additional information about the MLSMR can be found online at
http://mli.nih.gov/mli/secondary-menu/mlscn/ml-small-molecule-reposit
ory/

18. The Present Communication details a portion of the work previously
described in official Probe Report submitted to the NIH upon project
completion. The official Probe Report has been made available online
by the NIH, free of charge: Hartland, C. L.; Youngsaye, W.; Morgan, B.;
Ting, A.; Nag, P.; Burhlage, S.; Johnston, S.; Bittker, J.; Vincent, B.;
Whitesell, L.; Dandapani, S.; MacPherson, L.; Munoz, B.; Palmer, M.;
Lindquist, S.; Schreiber, S. L. “Identification of small molecules that
selectively inhibit fluconazole-resistant Candida albicans in the
presence of fluconazole but not in its absence - Probe 2”. In: Probe
Reports from the NIH Molecular Libraries Program [Internet]. Bethesda
(MD): National Center for Biotechnology Information (US); 2010-.
Available from: http://www.ncbi.nlm.nih.gov/books/NBK98920/

19. Youngsaye, W.; Vincent, B.; Hartland, C. L.; Morgan, B. J.;
Buhrlage, S. J.; Johnston, S.; Bittker, J. A.; MacPherson, L.;
Dandapani, S.; Palmer, M.; Whitesell, L.; Lindquist, S.; Schreiber, S. L.;
Munoz, B. Bioorg. Med. Chem. Lett. 2011, 21, 5502–5505.
doi:10.1016/j.bmcl.2011.06.105

20. Youngsaye, W.; Dockendorff, C.; Vincent, B.; Hartland, C. L.;
Bittker, J. A.; Dandapani, S.; Palmer, M.; Whitesell, L.; Lindquist, S.;
Schreiber, S. L.; Munoz, B. Bioorg. Med. Chem. Lett. 2012, 22,
3362–3365. doi:10.1016/j.bmcl.2012.02.035

21. Cowen, L. E.; Lindquist, S. Science 2005, 309, 2185–2189.
doi:10.1126/science.1118370

http://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-9-171-S1.pdf
http://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-9-171-S1.pdf
http://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-9-171-S2.pdf
http://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-9-171-S2.pdf
http://dx.doi.org/10.4155%2Ffmc.12.2
http://dx.doi.org/10.1093%2Fjac%2Fdkp256
http://dx.doi.org/10.1016%2Fj.ijantimicag.2008.06.016
http://dx.doi.org/10.1155%2F2012%2F713687
http://dx.doi.org/10.1128%2FCMR.00029-06
http://dx.doi.org/10.1016%2FS1473-3099%2802%2900181-0
http://dx.doi.org/10.1093%2Fjac%2Fdkq031
http://dx.doi.org/10.1016%2FS0924-8579%2803%2900215-2
http://dx.doi.org/10.1016%2Fj.bbrc.2008.05.030
http://dx.doi.org/10.1016%2Fj.ijantimicag.2006.08.037
http://pubchem.ncbi.nlm.nih.gov/assay/assay.cgi?aid=1979
http://dx.doi.org/10.1093%2Fclinids%2F18.2.240
http://dx.doi.org/10.1021%2Fnp900177m
http://dx.doi.org/10.1128%2FAAC.01728-09
http://dx.doi.org/10.1111%2Fj.1365-2672.2007.03617.x
http://dx.doi.org/10.1016%2Fj.bmcl.2006.12.028
http://mli.nih.gov/mli/secondary-menu/mlscn/ml-small-molecule-repository/
http://mli.nih.gov/mli/secondary-menu/mlscn/ml-small-molecule-repository/
http://www.ncbi.nlm.nih.gov/books/NBK98920/
http://dx.doi.org/10.1016%2Fj.bmcl.2011.06.105
http://dx.doi.org/10.1016%2Fj.bmcl.2012.02.035
http://dx.doi.org/10.1126%2Fscience.1118370


Beilstein J. Org. Chem. 2013, 9, 1501–1507.

1507

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

Creative Commons Attribution License

(http://creativecommons.org/licenses/by/2.0), 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.9.171

http://creativecommons.org/licenses/by/2.0
http://www.beilstein-journals.org/bjoc
http://dx.doi.org/10.3762%2Fbjoc.9.171

	Abstract
	Introduction
	Results and Discussion
	Chemistry
	Structural analyses
	Physicochemical properties

	Conclusion
	Supporting Information
	Acknowledgements
	Dedication
	References
	Abstract
	Introduction
	Results and Discussion
	Chemistry

	Conclusion
	Supporting Information
	Acknowledgments
	References
	Abstract
	Introduction
	Results and Discussion
	Synthesis of fluorophores
	Photophysical and physicochemical properties
	Imaging of fluorophores in vivo by confocal microscopy

	Conclusion
	Experimental
	Synthesis
	Determination of log D values
	Biological evaluation

	Supporting Information
	Acknowledgements
	References
	Abstract
	Introduction
	Results and Discussion
	Structure–activity studies
	Computational docking studies
	Inhibition of mammalian CYPs
	Inhibition of TcCYP51 in live parasites
	An activity-based probe reveals an off-target of 1 and 4
	Chemical proteomics
	Defining a new lead scaffold for TcCYP51 inhibition

	Conclusion
	Supporting Information
	Acknowledgements
	References
	Abstract
	Introduction
	Results and Discussion
	Synthesis of acetate-protected thiol analogues of psammaplin A

	Conclusion
	Experimental
	(E)-(S)-2-(3-(3-Bromo-4-methoxyphenyl)-2-(methoxyimino)propanamido)ethyl ethanethioate (7)
	(E)-(S)-2-(3-(3-Bromo-4-methoxyphenyl)-2-(hydroxyimino)propanamido)ethyl ethanethioate (8)
	(S)-2-(3-(3-Bromo-4-methoxyphenyl)-2-oxopropanamido)ethyl ethanethioate (9)
	HDAC assays

	Acknowledgements
	References
	Abstract
	Introduction
	Results
	Synthesis
	Evaluation of FP–PEG–biotin probe
	Kinetic study of FP probe labelling activity
	Competition study

	Discussion
	Conclusion
	Experimental
	Supporting Information
	Acknowledgements
	References
	Abstract
	Introduction
	Results and Discussion
	Structure–activity relationships

	Conclusion
	Supporting Information
	Acknowledgments
	References
	Abstract
	Review
	PLG peptidomimetic design
	Lactam PLG peptidomimetics
	Design of photoaffinity labels to identify the PLG modulatory site
	Spiro and bicyclic PLG peptidomimetics
	Spiro-bicyclic PLG peptidomimetics
	PLG peptidomimetics mimicking type VI β-turn and polyproline II helix conformations
	Peptidomimetic negative modulators of the D2 dopamine receptor

	Conclusion
	Acknowledgements
	References
	Abstract
	Introduction
	Results and Discussion
	Conclusion
	Supporting Information
	Acknowledgements
	References
	Abstract
	Introduction
	Results and Discussion
	Conclusion
	Supporting Information
	Acknowledgements
	References
	Abstract
	Introduction
	Results and Discussion
	Design and synthesis of biotinylated purine scaffold Hsp90 probes
	Biological evaluation of the biotinylated Hsp90 probes
	Requirement 1: Retain tight binding to tumor Hsp90
	Requirement 2: Permeate live cancer cells and bind to oncogenic Hsp90
	Requirement 3: Bind concomitantly to Hsp90 and streptavidin
	Requirement 4: Trap Hsp90 in an onco-client-bound conformation and isolate the endogenous Hsp90/onco-client complexes from live cells
	Potential uses of the biotinylated Hsp90 probes


	Conclusion
	Experimental
	General
	Synthesis of probes
	Biological evaluation of probes


	Acknowledgements
	References
	Abstract
	Introduction
	Review
	Animal models of ALS
	Reduction in glutamate toxicity
	Targeting SOD1 mutations
	Targeting TDP-43
	Modulation of trophic factors
	Neuroprotective compounds
	Reduction in oxidative stress and inflammation
	Novel mechanisms

	Conclusion
	Supporting Information
	Acknowledgements
	References
	Abstract
	Introduction
	Results and Discussion
	Chemical probe physicochemical and pharmacological properties
	Conclusion
	Supporting Information
	Acknowledgements
	References
	Abstract
	Introduction
	Results and Discussion
	Usage of [2H6]DMSP and DMTeP as synthetic probes to study DMSP degradation pathways in marine bacteria
	Investigating DMSP degradation pathways in Phaeobacter gallaeciensis DSM 17395
	Investigating DMSP degradation pathways in Ruegeria pomeroyi DSS-3 (DSM 15171T)
	Exploring the source of methanethiol
	Selenium volatiles from marine alphaproteobacteria

	Conclusion
	Experimental
	Supporting Information
	Acknowledgements
	References
	Abstract
	Findings
	Supporting Information
	References
	Abstract
	Introduction
	Review
	Preparation of methylidynetrisphosphonates
	Synthesis via a Michaelis–Arbuzov reaction
	Synthesis via anionic methylenebisphosphonates
	Synthesis via 7,7-bisphosphonoquinone methides
	Synthesis from diazomethylenebisphosphonates
	Various methods

	Reactions of methylidynetrisphosphonate esters
	Structure features, spectroscopic and acid properties
	Short overview of biomedical application

	Conclusion
	Acknowledgements
	References
	Abstract
	Introduction
	Results and Discussion
	Synthesis of precursors and nonradioactive reference compounds
	Radiochemistry
	Stability against enzymatic degradation

	Conclusion
	Supporting Information
	Acknowledgements
	References
	Abstract
	Introduction
	Review
	Radiolabels used in PET/SPECT molecular probes
	Chalcone and its conformationally restricted analogues
	Chalcone derivatives
	Conformationally restricted chalcones: flavones and aurones

	Stilbene and its analogues
	Stilbene derivatives
	Diphenyl-1,2,4- and diphenyl-1,3,4-oxadiazoles

	Thioflavin-T analogues
	Benzothiazoles
	Benzoxazoles
	Benzofurans
	Imidazopyridines
	Benzimidazoles

	Quinoline and naphthalene analogues
	Quinolines
	Naphthalenes

	Combination of known scaffolds
	Others
	Fluorescence probes
	Oxazines
	Thiobarbitals
	Quinoxalines


	Conclusion
	Acknowledgements
	References
	Abstract
	Introduction
	Results and Discussion
	Screening results
	Chemistry
	In vitro activity and SAR

	Conclusion
	Supporting Information
	Acknowledgements
	References

