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There is an urgent need for the development of new drugs for the treatment of tropical parasitic diseases
such as Chagas’ disease and leishmaniasis. One potential drug target in the organisms that cause these
diseases is sterol biosynthesis. This paper describes the design and synthesis of quinuclidine derivatives as
potential inhibitors of a key enzyme in sterol biosynthesis, squalene synthase (SQS). A number of compounds
that were inhibitors of the recombinant Leishmania major SQS at submicromolar concentrations were discov-
ered. Some of these compounds were also selective for the parasite enzyme rather than the homologous human
enzyme. The compounds inhibited the growth of and sterol biosynthesis in Leishmania parasites. In addition,
we identified other quinuclidine derivatives that inhibit the growth of Trypanosoma brucei (the causative
organism of human African trypanosomiasis) and Plasmodium falciparum (a causative agent of malaria), but

through an unknown mode(s) of action.

Leishmaniasis and Chagas’ disease are parasitic diseases
caused by the protozoan parasites Leishmania spp. and
Trypanosoma cruzi, respectively. Together, both diseases are
responsible for high rates of mortality and morbidity, especially
in tropical regions of the world. With increasing problems due
to resistance and clinical efficacy, the drugs currently used to
treat these diseases are becoming increasingly less effective,
resulting in the urgent need for new drug candidates in this
area.

A particular area of interest are the enzymes of the sterol
biosynthesis pathway; these provide attractive targets because
the parasites that cause these diseases have ergosterol and
other 24-alkylated sterols as the principal sterols present in the
plasma membrane, while humans have cholesterol. Encourag-
ingly, a number of enzymes in the sterol biosynthetic pathway
have been studied as potential drug targets in these organisms
and have shown great promise. Thus, 14a-demethylase (9, 17—
20, 29, 30, 38, 41, 42, 45), sterol 24-methyltransferase (9, 20-24,
32, 44, 46, 48), 3-Hydroxy-3-methyl-glutaryl coenzyme A re-
ductase (8, 40), squalene epoxidase (18, 39), squalene synthase
(SQS) (7, 31, 33, 36, 37), and farnesyl pyrophosphate synthase
(25-27, 50) have been studied both individually and in combi-
nation, with various degrees of success.

The enzyme SQS, which catalyzes the condensation of two
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molecules of farnesyl pyrophosphate to produce squalene, has
been identified as a potential drug target for the inhibition of
cholesterol biosynthesis in humans (5). The activities of a va-
riety of compounds, including bisphosphonates, benzylamines,
squalestatins, and quinuclidines, against mammalian enzymes
have been investigated.

One class of compounds whose activities against mammalian
SQS have been studied extensively are the arylquinuclidines.
These compounds are protonated at physiological pH and are
thought to mimic a high-energy carbocation intermediate in
the reaction pathway. We are interested in this class of mole-
cules and recently demonstrated that 3-biphenyl-4-yl-3-hy-
droxyquinuclidine (BPQ-OH) (Fig. 1) is a noncompetitive in-
hibitor of Leishmania mexicana and T. cruzi SQS (K;s, 12 to 62
nM), blocks sterol biosynthesis, and concomitantly inhibits the
growth of L. mexicana promastigotes and 7. cruzi epimastig-
otes (7, 33, 37). We have also shown that other biphenylquinu-
clidines (analogues of BPQ-OH) displayed inhibition of L.
major SQS (31) and showed growth inhibition of L. mexicana
promastigotes. Furthermore, quinuclidine derivatives devel-
oped by Eisai Company, Ltd. (Tokyo, Japan) as cholesterol
and triglyceride-lowering agents (E5700 and ER119884; Fig. 1)
have been shown to have activity against 7. cruzi in vitro, and
one derivative was able to prevent the development of para-
sitemia and induced full survival in a rodent model of acute
Chagas’ disease (36) (Fig. 1).

Following on from these initial structure-activity relation-
ship studies, we have designed and synthesized five further
series of quinuclidines derivatives (Fig. 2). In this paper we
present our evaluation of the new derivatives as potential an-
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tiparasitics. The aim of these studies was to discover com-
pounds which are selective for the parasite enzyme and to
elucidate structure-activity relationships.

MATERIALS AND METHODS

Preparation of compounds. The preparation of compounds is described at http:
/fwww lifesci.dundee.ac.uk/groups/ian_gilbert/Supporting_Information_aac0205.pdf.

Assays against recombinant SQS. Experimental details for the assay with
Leishmania major SQS have been reported previously (31). A standard SQS
activity assay preparation contained 50 mM phosphate buffer (pH 7.4), 20 mM
MgCl,, 5 mM 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate,
1% Tween 80, 10 mM dithiothreitol, 0.025 mg/ml bovine serum albumin, 0.25
mM NADPH, 2.1 mM glucose-6-phosphate, 0.125 mg/ml glucose-6-phosphate
dehydrogenase, and 0.5 wM farnesyl pyrophosphate (10,080 dpm/pmol) as the
substrate. Soluble protein extracts of Escherichia coli cells expressing a double-
truncated version of L. major that lacks 16 residues at the N terminus and 40
residues at the C terminus were used as the enzyme source, as described previ-
ously (31). The reaction was started with the protein extract, and the final volume
of the reaction mixture was 200 wl. After incubation at 37°C for 10 min, 40 pl of
10 M NaOH was added, followed by the addition of 10 ul of a (50:1) mixture of
70% ethanol and squalene. The resulting mixtures were vigorously mixed by
vortexing, and then 20-pl aliquots were applied to channels (2.5 by 10 cm) of a
silica gel thin-layer chromatogram and the newly formed squalene was separated
from the unreacted substrate by chromatography in toluene-ethyl acetate (9:1).
The region of the squalene band was removed, immersed in Hydrofluor liquid
scintillation fluid, and assessed for radioactivity by using a Pharmacia LKB
liquid scintillation counter. Negative controls were reaction mixtures contain-
ing soluble extracts of E. coli BL21(DE3) RP cells transformed with pET28a
(which does not overexpress L. major SQS). No activity was observed by using
this extract as an enzyme source. The 50% inhibitory concentrations (ICss)
were calculated from a hyperbolic plot of the percent inhibition versus the
concentration of the inhibitor. For ICs, determinations, five different con-
centrations of inhibitor were tested in duplicate, and the experiment was
performed twice in most cases.

Human SQS activity was determined by using the same conditions described
above for the Leishmania enzyme. Extracts of E. coli BL21(DE3 pLysS) cells
transformed with the expression system pHSS16 (35) were used as the enzyme
source.

Growth inhibition of L. mexicana promastigotes. Experimental details for
assays of the growth inhibition of L. mexicana promastigotes have been reported
previously (31). L. mexicana amazonensis promastigotes were cultivated in liver
infusion-tryptose medium supplemented with lactabulmin and 10% fetal calf
serum (Gibco) (3) at 26°C, without agitation. The cultures were initiated with a
cell density of 2 X 10° cells per ml, and the drug was added at a cell density of
0.5 X 107 to 1 X 107 cells per ml. Cell densities were measured with an electronic
particle counter (model ZBI; Coulter Electronics Inc., Hialeah, FL) and by direct
counting with a hemocytometer. Cell viability was monitored by the detection of
trypan blue exclusion by light microscopy. The growth experiments were carried
out in triplicate, and the standard deviation of the cell densities at each time
point are given by the error bars (see Fig. 3 and the growth curves at http://www
lifesci.dundee.ac.uk/groups/ian_gilbert/Supporting_Information_aac0205.pdf).

Sterol composition analysis of L. mexicana promastigotes treated with inhib-
itors. For the analysis of the effects of the drugs on the lipid compositions of the
promastigotes, total lipids from control and drug-treated cells were extracted and
fractionated into neutral and polar lipid fractions by silicic acid column chroma-
tography and gas-liquid chromatography (19, 20, 42, 43). The neutral lipid frac-
tions were first analyzed by thin-layer chromatography (on Merck 5721 silica gel
plates with heptane-isopropyl ether-glacial acetic acid [60:40:4] as the developing
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FIG. 2. Structures of the series of quinuclidine derivatives pre-
pared.

solvent) and conventional gas-liquid chromatography (by isothermic separation
in a 4-m glass column packed with 3% OV-1 on Chromosorb 100/200 mesh and
nitrogen as the carrier gas at 24 ml/min and with flame ionization detection in a
Varian 3700 gas chromatograph). For quantitative analysis and structural assign-
ments, the neutral lipids were separated in a capillary high-resolution column (25
m by 0.20 mm [inner diameter] Ultra-2 column, 5% phenyl-methyl-siloxane,
0.33-pwm film thickness) in a Hewlett-Packard 6890 Plus gas chromatograph
equipped with an HP5973A mass-sensitive detector. The lipids were injected in
chloroform, and the column was kept at 50°C for 1 min, and then the temper-
ature was increased to 270°C at a rate of 25°C - min~ ! and finally to 300°C at a
rate of 1°C - min~'. The carrier gas (He) flow was kept constant at 0.5
ml - min~!. The injector temperature was 250°C, and the detector was kept at
280°C.

Growth inhibition of Leishmania donovani axenic amastigotes. Experimental
details for assays of the growth inhibition of Leishmania donovani axenic amas-
tigotes have been reported previously (15). Amastigotes of Leishmania donovani
strain MHOM/ET/67/L82 were grown in axenic culture at 37°C in synthetic
minimal medium (12), at pH 5.4, supplemented with 10% heat-inactivated fetal
bovine serum under an atmosphere of 5% CO, in air. One hundred microliters
of culture medium with 1 X 10° amastigotes from axenic culture with or without
a serial drug dilution was seeded in 96-well microtiter plates. Seven threefold
dilutions covering a concentration range from 30 to 0.041 pg/ml were used.
After 72 h of incubation, 10 wl of resazurin solution (12.5 mg resazurin
dissolved in 100 ml phosphate-buffered saline [PBS]) was added to each well.
The plates were incubated for another 2 to 4 h and read with a Spectramax
Gemini XS microplate fluorometer (Molecular Devices Cooperation, Sunny-
vale, CA) by using an excitation wavelength of 536 nm and an emission
wavelength of 588 nm. The data were analyzed by using the software Softmax
Pro (Molecular Devices Cooperation). The ICsys were calculated from the
sigmoidal inhibition curves.

Growth inhibition of T. cruzi intracellular amastigotes. Experimental details
for assays of the growth inhibition of T. cruzi intracellular amastigotes have been
reported previously (15). Rat skeletal myoblasts (L-6 cells) were seeded in
96-well microtiter plates at 2,000 cells/well/100 wl in RPMI 1640 medium with
10% fetal bovine serum and 2 mM L-glutamine. After 24 h, 5,000 trypomastigotes
of T. cruzi (Tulahuen strain C2C4 containing the B-galactosidase [lacZ] gene)
were added in aliquots of 100 pl per well with 2X of a serial drug dilution. The
plates were incubated at 37°C in 5% CO, for 4 days. Then the substrate chlo-
rophenol red-B-p-galactopyranoside/Nonidet was added to the wells. The color
reaction, which developed during the following 2 to 4 h, was read photometrically
at 540 nm. ICs, values were calculated from the sigmoidal inhibition curve by
using Microsoft Excel software.

Growth inhibition of bloodstream form of Trypanosoma brucei rhodesiense.
Experimental details for assays of the growth inhibition of the bloodstream form
of Trypanosoma brucei rhodesiense have been reported previously (15). Minimum
essential medium (50 pl), supplemented with 2-mercaptoethanol and 15% heat-
inactivated horse serum as described by Baltz et al. (3), was added to each well
of a 96-well microtiter plate. Serial drug dilutions were added to the wells. Then
50 pl of trypanosome suspension (7. b. rhodesiense STIB 900) was added to each
well and the plate was incubated at 37°C under a 5% CO, atmosphere for 72 h.
Ten microliters of resazurin solution (12.5 mg resazurin dissolved in 100 ml PBS)
was then added to each well, and incubation was continued for an additional 2 to
4 h (39). The plates were read in a microplate fluorescence scanner (Spectramax
Gemini XS; Molecular Devices) by using an excitation wavelength of 536 nm and
an emission wavelength of 588 nm. ICs, values were calculated from the sigmoi-
dal inhibition curve.
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TABLE 1. Structures of compounds prepared; inhibition of recombinant SQS for compounds of series 1 and series 2; activities against
L. mexicana promastigotes, axenic L. donovani amastigotes, and L-6 cells; and effects on the sterol compositions of
L. mexicana promastigotes®

=~ “Ar Ar
N N
Series 1 Series 2
Compound Ar structure L. major SQS L. mexicana Eﬁzcgz:ig(afﬁu[‘;gr]glon L. donovani L6 cell
P ICso (M) MIC (M) " eomposition ICso (M) ICso (M)
la §© >1 NI NE (10) >151 382
E/Z
1b - >1 03 E (0.1 413 13.4
£z O
Ic 4 OQ >1 3 E(3) 88.2 25.6
E/Z
1d §©_\\ >1 NI NE (10) >132 >396
E/Z
e ©_< ] >1 NI NE (10) 386 212
1f ‘©_< ] >1 10 E (10) 777 239
Ig ‘@“< ] >1 >10 E (10) 82.1 136
2a §‘© >1 NI NE (10) >149 >447
2b -§ >1 1 E (1) >108 20.5
2 : QQ >1 3 E (3) >119 98.2

BPQ-OH 0.013
ER119884 0.033
E5700 0.013

“ NI, no inhibition, with MIC >10 pM; NE, no effect on sterol composition compared to that for control at the concentration stated; E, effect on sterol composition
at the concentration stated, where an effect is considered if there is a change in cholesterol levels of greater than 10 percentage points. Control compounds were
miltefosin (ICs, = 0.338 uM) for L. donovani and podophyllotoxin (ICs, = 0.014 uM) for L-6 cells. The ICsys for human SQS were not determined.

Growth inhibition of Plasmodium falciparum. Experimental details for assays
of the growth inhibition of P. falciparum have been reported previously (15).
Antiplasmodial activity was determined by using the K1 strain of P. falciparum
(which is resistant to chloroquine and pyrimethamine). A modification of the
[*HJhypoxanthine incorporation assay was used (13, 28). Briefly, infected human
red blood cells in RPMI 1640 medium with 5% lipid enriched bovine serum
albumin (Albumax) were exposed to serial drug dilutions in microtiter plates.
After 48 h of incubation at 37°C in a reduced oxygen atmosphere, 0.5 wCi
[*H]hypoxanthine was added to each well. The cultures were incubated for a
further 24 h before they were harvested onto glass-fiber filters and washed
with distilled water. The radioactivity was counted by using a Betaplate liquid
scintillation counter (Wallac, Zurich, Switzerland). The results were recorded
as the counts per minute per well at each drug concentration and are ex-
pressed as a percentage of that for the untreated controls. ICs, values were
calculated from the sigmoidal inhibition curves by using Microsoft Excel
software.

Cytotoxicity against mammalian cells. Experimental details for assays for
cytotoxicity against mammalian cells have been reported previously (15). Rat
skeletal myoblasts (L-6 cells) were seeded in 96-well microtiter plates in RPMI
1640 medium with 10% fetal bovine serum and 2 mM L-glutamine at a density of
4 X 10* cells/ml. After 24 h, the medium was removed and replaced by fresh
medium containing a serial drug dilution, and the plate was incubated at 37°C
under a 5% CO, atmosphere for 72 h. Ten microliters of resazurin solution
(12.5 mg resazurin dissolved in 100 ml PBS) was then added to each well, and
incubation was continued for an additional 2 to 4 h. The plates were read in
a microplate fluorescence scanner (Spectramax Gemini XS; Molecular De-
vices) by using an excitation wavelength of 536 nm and an emission wave-
length of 588 nm. ICs, values were calculated from the sigmoidal inhibition
curve.

The in vitro ICs, determination assays (L. donovani axenic amastigotes, T.
cruzi intracellular amastigotes, bloodstream form of 7. b. rhodesiense, P. falcip-
arum, and L-6 cells) were run in duplicate, and the reference drug was always
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TABLE 2. Structures of compounds prepared; inhibition of recombinant SQS for compounds of series 3; activities against L. mexicana
promastigotes, axenic L. donovani amastigotes, and L-6 cells; and effects on the sterol compositions of L. mexicana promastigotes®

o

N
. . Effect (concn [pM]) on .
L. major SQS Human SQS L. mexicana . L. donovani L-6 cell
Compound Ar structure G (kM) 1Cs (uM)  MIC(uM)  F et Serol ey, (uM)  1Cs0 (uM)
0
E (1)
3a §©—{ 0.18 1 1.0 265.2
E(3
o/ 3
o]
3b -§—®_/<O—< >1 ND 3 E (1) 11 152
3c -4 o-sl' >1 ND 3 E() 311 238
|l E (3) . .
) _ E (0.1)
3d §©—o CH,Ph 0.1 0.25 03 E (03) 11 472
®
3e 4 O >1 ND 3 E (3) 123 101
3f 4 72\ >1 ND NI NE (10) 72.4 276.1
=N
OMe NE (0.3)
3g 4 O 0.49 0.3 E (1) 14 98.8
o)
3h §@ >1 ND NI NE (10) 82 177
e E (1)
3i @ >1 ND 10 EG) 12 145.6
BPQ-OH 0.013

“ See footnote a of Table 1 for explanations and the definitions of the abbreviations. ND, not determined; Ph, phenyl; OMe, methoxy.

included. For compounds showing at least moderate activity (activity at approx-
imately <15 pM), an independent replicate assay was performed. The values for
the active compounds represent the averages of four determinations (two deter-
minations of two independent experiments). The variation factor of the two
independent assays was <2.

RESULTS

Enzyme assays. Compounds were assayed against the re-
combinant L. major enzyme, which was overexpressed in Esch-
erichia coli. The assay was most readily performed with cell
extracts rather than the purified enzyme, owing to stability
problems with the purified enzyme (31). No SQS is present in
E. coli, so there is no interference with any host enzyme.
Compounds that exhibited ICs, values of less than 1 pM were
also evaluated against the recombinant human enzyme to de-
termine their selectivity. No compound in series 1 or 2 was
inhibitory at a concentration of less than 1 M. Presumably,
the extra methylene group is suboptimal compared to the
structure of BPQ-OH, and in the case of series 1, the double

bond may hold the quinuclidine substituent in the wrong ori-
entation for interaction with the enzyme active site (Table 1).
Compounds of series 3 showed the highest activity against the
L. major enzyme, with compounds 3a, 3d, and 3g giving ICs,
values below 1 M (Table 2). These all appeared to be selec-
tive for the parasite enzyme over the human enzyme. Among
the compounds in series 4, compound 4g also inhibited the
enzyme at submicromolar concentrations, although the com-
pound was not selective for the parasite enzyme (Table 3).
None of the compounds in series 5 showed significant inhibi-
tion of the enzyme (Table 4), probably due to the hydroxy-
methyl substituent undergoing unfavorable interactions with
the enzyme.

Taken together, the results suggest that the compounds that
were active had a hydrophobic substituent on the aromatic
ring, although not all compounds with hydrophobic substitu-
ents were active. Also, the relative orientation of the aromatic
ring and the quinuclidine ring is important.

Interestingly, the Eisai Co. compounds, compounds
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TABLE 3. Structures of compounds prepared; inhibition of recombinant SQS for compounds of series 4; activities against L. mexicana
promastigotes, axenic L. donovani amastigotes, and L-6 cells; and effects on the sterol compositions of L. mexicana promastigotes®

Ar
HO
=
N
Compound Ar structure L. major SQS Human SQS L. mexicana Eﬂzcgg;gzzgg[};zlr]())lon L. donovani L-6 cell
ICso (M) ICso (M) MIC (pM) ' composition ICso (M) ICso (M)

4a —§©—0025t 425 ND 10 E (3) 28.7 1713
4b -§~©—COZH >100 ND NI NE (10) >111 >331.7
4c -§—©-0H >1 ND NI NE (10) 20.0 >370.0
4d -§~©-om >1 ND NI NE (10) 7.0 >350

NE (3)

E (10) 12.6 175

de ; >1 ND ~10

N
4f -4 7 N >1 ND NI NE (10) 92 >394

CO,E
NE (3)
4g §4©——/ 0.97 0.66 10 E (10 17.3 >287
4h ng >1 ND NI NE (10) 114  >338
N
H

N
4i 4 7 N NH, >1 ND NI NE (10) 108  >370
N
4j -4 7N >1 ND NI NE (10) 16.3 >342
COzMe
4K -4 >1 ND NI NE (10) 172 =300
H,N
NH,
4 ; >1 ND NI NE (10) 28.5 >351
CO,H
4m : o >1 ND NI NE (10)
(0]
4n 4 S >1 ND NI NE (10) 18.9 193.7
\_/
N
40 §—(/—_> >1 ND 3 E (10)
=

Continued on following page
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TABLE 3—Continued

Effect (concn [pM]) on

L. major SQS ~ Human SQS L. mexicana . L. donovani L-6 cell
C d A L. 1
ompoun 1 structure ICs (1M)  ICso (bM)  MIC (uM) omposition ICs, (M) ICsy (M)
4p -§—©-O-Et ND NI E(10) 10.5 >332
- NN NE(1)
4q §©-o ND 1 E 5 47 15.9
4r —§—©—0/\Ph ND 1 E (1) 32 45
NE(3)
4s '§QO OMe ND 1 E(10) 46 78.7
: OMe
BPQ-OH 0.013

¢ See footnote a of Table 1 for explanations and the definitions of the abbreviations. ND, not determined; Et, ethyl; OMe, methoxy; Me, methyl.

ER119884 and E5700 (Fig. 1) (provided by Tsukuba Research
Laboratories, Eisai Co., Ltd., Ibaraki, Japan), had activities
comparable to that of BPQ-OH against the parasite enzyme
(Table 1).

Whole-cell assays. (i) L. mexicana promastigotes. Com-
pounds were screened against L. mexicana promastigotes in
modified liver infusion-tryptose medium (31). A number of
compounds showed MICs of 10 uM or less. The most potent
compounds were compounds 1b (MIC, 0.3 uM), 3a (MIC, 1
uM), 3d (MIC range, 0.1 to 0.3 pM), and 3g (MIC range, 0.3
to 1 pM). The growth curves for parasites treated with these
compounds are shown in Fig. 3, and those for the other com-
pounds are shown at http://www.lifesci.dundee.ac.uk/groups
/ian_gilbert/Supporting_Information_aac0205.pdf. Series 3
gave rise to the greatest number of compounds with activities
against the promastigote form of the parasite. In this series of
compounds, the aromatic group is directly attached to the
quinuclidine functionality. Compounds with the greatest inhi-
bition of growth of L. mexicana tended to have nonpolar aro-
matic functionalities. Thus, for example, compounds 3e and 3f
are very similar, except that compound 3e has an aromatic
substituent, while compound 3f has a quinoline substituent, yet
compound 3e had an MIC of 3 uM, while compound 3f had an
MIC of >10 uM. The more polar substituent appeared to
reduce the activity of the compound. This is more clearly seen
in series 4, in which most of the aromatic groups contain a
polar substituent, and these were almost all inactive; the ex-
ception to this was compound 4o, which has a 1,4-pyrimidine
functionality and which had modest but detectable activity.

(ii) Sterol composition. L. mexicana promastigotes were also
used to study the effects of SQS inhibitors on the sterol com-
positions of the parasites. In these experiments, the sterol
compositions of parasites grown in the presence of inhibitors
were investigated by gas-liquid chromatography with mass
spectrometry. The sterol composition is important informa-
tion, as it gives an indication of the effects of the inhibitors on
the cells and their probable cellular modes of action.

L. mexicana strains predominantly have the 24-alkylated ste-
rols episterol and 5-dehydroepisterol in their cell membranes
(Fig. 4) (36, 37). If compounds inhibit SQS, then a reduction in

the proportion of these 24-alkylated sterols to (exogenous)
cholesterol would be predicted at concentrations near the
MIC. This would provide indirect confirmation that the mode
of action of these quinuclidine analogues is through the inhi-
bition of sterol (ergosterol) biosynthesis, although it does not
necessarily indicate the inhibition of SQS; the disruption of
ergosterol biosynthesis could also be due to inhibition of an-
other enzyme in the pathway. Compounds were investigated at
concentrations near their MICs.

In general, compounds that inhibited L. major SQS and the
growth of L. mexicana promastigotes also reduced the levels of
24-alkylated sterols (5-dehydroepisterol and episterol) at the
MIC. These results are presented in Table 5 for compounds 1b,
3d, and 3g, which were particularly active against the intact par-
asite; data for the other compounds are shown at http://www
lifesci.dundee.ac.uk/groups/ian_gilbert/Supporting_Information
_aac0205.pdf. and are summarized in Tables 1 to 4. These data
indicate that the predominant (or at the very least significant)
mode of action of these compounds is inhibition of SQS. An
interesting exception is compound 4s. This compound
inhibited the growth of L. mexicana at a lower level (MIC, ~1
pM) than that at which it had an effect on the sterol
composition (~10 M), indicating that it had a mode of action
other than the inhibition of sterol biosynthesis. Conversely,
compound 51 had a pronounced effect on the sterol
composition at 3 uM, but the MIC was 10 uM, indicating that
the parasite can still remain viable with some degree of
changes to the sterol composition.

(iii) L. donovani amastigotes. The compounds were also
screened against L. donovani axenic amastigotes, which is used
as a model of the clinically relevant intracellular amastigote
stage of leishmaniasis. Compounds of series 1 and 2 showed
little activity against L. donovani axenic amastigotes (Table 1).
This is in agreement with the results of the enzyme assays,
where none of these series showed significant activity at 1 WM.

For series 3, there was improved activity, with compounds
3a, 3b, 3d, 3g, and 3i showing growth inhibition (ICs,) at
concentrations on the order of 1 uM (Table 2). For series 4,
the activity was again reduced, with only compounds 4d, 4q, 4r,
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TABLE 4. Structures of compounds prepared; inhibition of recombinant SQS for compounds of series 5; activities against L. mexicana
promastigotes, axenic L. donovani amastigotes, and L-6 cells; and effects on the sterol compositions of L. mexicana promastigotes”

y Ar
OH
Compound Ar structure L. major SQS L. mexicana Eﬁzcgjjg?;:a[ttl\:r]glon L. donovani L6 cell
A IC50 (kM) MIC (M) ’ ) IC50 (KM) 1C50 (1M)

composition

5a RS -§© >1 10 NE (10) >124 166
5b RS §© >1 >10 NE (10) >124 745
5¢ R.S § >1 10 E‘?l(g)) 337 11.0

] NE (1)
5d s § >1 3 E (5 185 10.7
Se 4 OQ >1 NI NE (10) 120 50.4

R,S
st i OQ ~1 NI NE (10) 226 40.1
S,S
N
4 7\
5S¢ _ >1 NI NE (10) 403 38.9
R,S
4 J N\
sh _ >1 NI E (10) 80 169
S,S

si RS -§—©—C02Et >1 NI NE (10) >96 55.2
5i s.s -§©—COZE1 >1 NI NE (10) 102 37.6
sk R.S -§©-OCH2Ph ~1 ~10 EE(1E)3)) 8.0 16.6
51 s -§©—OCH2Ph >1 10 E (3) 7.4 16.1

5m - QCHzcozEt >1 NI NE (10) 14.6 156
R,S §

5n - OCHZCOQEt >1 >10 E (10) >92 155.4
S,S §

BPQ-OH 0.013

“ See footnote a of Table 1 for explanations and the definitions of the abbreviations. The 1Csys for human SQS were not determined. Et, ethyl; Ph, phenyl.
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FIG. 3. Inhibition of the growth of L. mexicana promastigotes in the presence of compounds 1b, 3d, and 3g.

and 4s showing ICs,s under 10 wM (Table 3). Finally, for series
5, none of the compounds showed significant activity (Table 4).

(iv) Other parasites. As part of routine screening, the com-
pounds were also assayed against other parasites. The inhibi-
tion of ergosterol biosynthesis in 7. cruzi amastigotes is a drug
target in this organism; hence, inhibitors of sterol biosynthesis
would be expected to have an effect against these parasites.
Against intracellular 7. cruzi amastigotes, compounds 1b, Ic,
2b, 3d, 3g, 4a, 4q, 4r, 5b, 5c, 5d, Se, 5f, 5k, and 51 showed
activities at concentrations below 10 uM (Table 6).

The compounds were also assayed against the bloodstream
form of T. b. rhodesiense and also against P. falciparum. The
bloodstream form of T. b. rhodesiense is not thought to biosyn-
thesize ergosterol but to acquire it from the human host (10,
11). Therefore, inhibitors of SQS would not be expected to
have an effect on parasite growth. However, compounds 1b, 1c,
2b, 4q, and 5c showed 1Cy, values of <1 wM, while compounds
1g, 2c¢, 3b, 3c, 3d, 3g, 3i, 4a, 4e, 4i, 4p, 4r, 4s, 5d, Se, 51, 5 h, 5i,
5j, 5k, and 51 gave ICs, values between 1 and 10 pM (Table 6).

Finally, the compounds were screened against Plasmodium
falciparum, although it is known that this parasite lacks the
enzymatic machinery for sterol biosynthesis. Compounds 1a,
1c, 4q, 5d, 5j, and 51 showed ICs, values below 1 uM (Table 6).

DISCUSSION

During the course of these studies, we have prepared five
different series of quinuclidine derivatives. A number of dif-
ferent laboratories have reported that quinuclidine derivatives

are inhibitors of SQS, and these compounds have been inves-
tigated as potential agents for the reduction of high cholesterol
levels in humans. We have previously reported on the activities
of several quinuclidine derivatives against Leishmania and T.
cruzi, and here we report on the activities of a much more
extensive range of analogues. The results for the most active
compounds from these assays are summarized in Table 7.

The compounds were evaluated for their abilities to inhibit
the recombinant L. major enzyme. Relatively few compounds
inhibited the enzyme at nanomolar concentrations. This is in
contrast to our standard compound, BPQ-OH, which had an
ICs, value of 0.013 wM. However, a number of compounds
showed activities at submicromolar concentrations: com-
pounds 3a, 3d, 3g, and 4g. These compounds were evaluated
against the human enzyme; and compounds 3a, 3d, and 3g
were found to exhibit selectivity for the parasite enzyme. It was
also found that the sterol composition of L. mexicana promas-
tigotes was markedly affected by compounds 3a, 3d, 3g, and 4g,
again suggesting the inhibition of sterol biosynthesis as a pri-
mary mode of action. These compounds also caused growth
inhibition of L. mexicana promastigotes and also of L. dono-
vani axenic amastigotes. These data imply that inhibition of
SQS leads to changes in the sterol composition of Leishmania,
which leads to cellular death. However, some compounds were
shown to affect the sterol composition at concentrations at
which there was no inhibition of SQS, which could imply other
modes of action of the compounds. This finding needs to be
further investigated.

cholesterol

5-dehydroepisterol

episterol

FIG. 4. Structures of the main sterols present in Leishmania mexicana promastigotes. Cholesterol is acquired from the growth medium.
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TABLE 5. Effects of BPQ-OH and compounds 1b, 3d, and 3g on the free sterol composition of Leishmania mexicana (NR) promastigotes®

Composition (mass %) after treatment with the following compound at the indicated concn:

Sterol source and sterol BPQ-OH 1b 3d 3g

0 pM 1 pM 3 M 0 pM 0.1 pM 0.3 pM 0 pM 0.1 pM 0.3 pM 0 pM 0.3 pM 1 pM

Exogenous, cholesterol 13.9 17.5 39.6 13.9 314 36.7 7.4 31.6 52.9 17.2 13.9 41.2
Endogenous
5-Dehydro episterol 67.3 65.7 39.6 67.3 26.4 18.1 82.7 53.0 242 70.8 72.7 43.0
Episterol 12.5 16.8 20.8 12.5 422 333 8.9 15.4 229 12.0 13.4 15.8

“The sterols were extracted from cells exposed to the indicated drug concentration for 96 h; they were separated from polar lipids by silicic acid column
chromatography and analyzed by quantitative capillary gas-liquid chromatography and mass spectrometry.

Other compounds (compounds 1b, 3b, 3c, 3i, 4q, 4r, 4s, and
51) also affected the sterol composition of L. mexicana promas-
tigotes and inhibited the growth of L. mexicana promastigotes

TABLE 6. Activities of compounds against intracellular 7. cruzi and L. donovani axenic amastigotes, albeit at slightly higher

amastigotes, bloodstream form of Trypanosoma brucei rhodesiense,

and Plasmodium falciparum cuitured in red blood cells” concentrations. Where tested, these compounds did not inhibit
o the recombinant enzyme in the cell-free assays at 1 wM. This
Compound s0 (kM) could indicate that the compounds inhibit the enzyme at a
T cnzi T. b. rhodesiense P. falciparum concentration only slightly higher than 1 uM, that the enzyme
la >151 16.0 0.8 assay is slightly less sensitive than the sterol composition anal-
ﬁ’ %-g 8; (3)3 ysis, that the compounds are subject to concentration in the
1d =132 13.1 =20 cells, or that the compounds are inhibiting another step in the
le =111 125 142 sterol biosynthesis pathway.
1f 302 103 10.0 . .
g 460 55 123 Humans acquire cholesterol from the diet as well as from
2a 130 60.6 5.4 “de novo” biosynthesis, so it may not be necessary to have
%E zﬁf; g:g %;g compounds which are selective. for the para§ite enzyme. qu-
3a 16.0 35.1 11.6 ever, the use of compounds which are selective for the parasite
gg %2 5 ;% 13 . SQS over the human SQS would minimize any potential risks
3d 31 11 438 of toxicity. Thus, SQS inhibitors have been reported to in-
3e 34.1 242 11.0 crease farnesol and farnesol-derived dicarboxylic acid levels
3f 51.1 224 15.0 . . .
3g 102 22 90 owing to the increase in farnesyl pyrophosphate levels and
3h 61.3 17.1 6.2 limited consumption by other enzymes involved in isoprenoid
a 032 B e tabolism (2, 4, 6, 16, 47). These effect learly speci
1 56 33 10 metabolism (2, 6,16, 4 ).. ese effects were clearly species
4b 90.2 146.3 >184 dependent, and in certain instances very low levels of or no
33 Zg'g ?g'g 12; dioic acid excretion was observed (1, 34). More studies are
4e 18.9 9.2 43 required to determine the toxicities of the different classes of
f >1gé . gg o }gg SQS inhibitors, but selective inhibitors of the parasite enzyme
4}% 262 19.9 71 would probably avoid any potential problems.
ii 1?47& 533 >2;3 Compounds 1b, 3a, 3d, and 3g represent lead molecules in
4{( - 449 308 109 the search for selective inhibitors of the Leishmania SQS.
4 >117 62.4 11.7 These compounds were also shown to have significant activities
ig Zg 32'2 1(5)'3 against L. mexicana promastigotes and L. donovani axenic
4q 5.6 0.5 0.7 amastigotes and were also found to cause a reduction in the
i; 12'2 ;Z ;g levels of 24-alkylated sterols in L. mexicana promastigotes. All
5a 25.6 145 65 these data are consistent with the mode of action being inhi-
gb gé %g ii bition of SQS. Compound 4g also inhibited the L. major SQS
% 56 12 06 at submicromolar concentrations; but it was not as effective
Se 53 14 3.0 against the intact parasites, as it gave an MIC of approximately
5f 4.7 11 2.1 . . .
Sg 138 109 27 10 MM against L. mexicana promastlgote.s and.an 1Cs, .of ap-
5h 19.1 7.1 1.7 proximately 17 pM against L. donovani axenic amastigotes.
;‘ ig'i ?? (1)2 The discrepancy may be related to the limited penetration of
5k 31 12 1.1 the compound into whole cells. The difference between the
sl 34 12 0.6 growth inhibition of the L. mexicana promastigotes and that of
5m 22.9 323 5.2 . . . . .
5n 50 647 50 the axenic L. donovani amastigotes may be either species re-

- lated or a consequence of the different metabolism of the
“The control compounds were benznidazole (IC5, = 1.36 pM) for 7. cruzi,

melarsoprol (ICs, = 0.008 uM) for T. b. rhodesiense, and chloroquine (ICs, = promastigote and the axenic am'ast.lg.ote forms. .
0.083 wM) for P. falciparum. A number of compounds also inhibited the growth of 7. cruzi
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TABLE 7. Summary of activities of the active compounds in the various assays
SLQgL?é)r L. mexicana  Effect (concn [pM]) ICs (vM)
Compound Structure® S0 MIC (uM) on L. mexicana ; - ; -
(LM) <10 UM terol ition® L. donovani  T. cruzi  T. b. rhodesiense P. falciparum
(<1 pmy  (S10pM) - sterol composition™ 16 My (<5 M) (<1 pM) (<1 pM)
la -§—© 0.8
1b -4 O O 03 E (0.1) 1.8 0.7
Ic + QQ 3 E (3) 28 05 0.9
2b -E 1 E (1) 47 0.7
2c -E OQ 3 E ()
§ 0

3a - 0.18 1 E (1) 1.0

o/

o
3b '2‘@"( < 1-3 E (1) 11
3 @-o &—é 3-10 E (1)
3d -§©-o—CH2Ph 0.1 0.1-0.3 E (0.1) 11 3.1

NE (1)
OMe NE (0.3)

3g '§ OO 0.49 0.3-1 E (1) 1.4 10.2
3 4 \ 3-10 E (1) 12
4a -§—©~CO£t 10 E (3) 5.6
4d —§—QOMe NE (10) 7.0

CO,Et
4g -E-Q__/ 0.97 E (3)
4q 7 NN 1 E (1) 47 5.6 0.5 0.7
4r -§ 0" Ph 1-3 E (1-3) 32 9.6

Continued on facing page
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TABLE 7—Continued

SL(.)gn;téor L. mexicana Effect (concn [uM]) ICs (vM)
Compound Structure® (,JLM)SO I\gfo(“}\\g) on lL mexieana -y donovani T cruzi T, b. rhodesiense  P. falciparum
(<1 pM)* ( wM)  sterol composition (<10 pM) (<5 pM) (<1 uM) (<1 pM)
OMe
0] NE (3)
4 Q /\C[ 1 E (10 4.6
OMe
Sc -§ E (3) 5.8 0.5
5d -§ 3 E (1-3) 5.6 0.6
5§ -§Q CO,Et 0.6
sk -§—® OCH,Ph B (10 3.1
51 —§Q OCH,Ph 10 E(3) 7.4 34 12 0.6

“ Ph, phenyl; OMe, methoxy; Et, ethyl.
b E, effect on sterol composition; NE, no effect on sterol composition.

¢ Concentrations in parentheses are those below which the compounds were active against the indicated organism or enzyme.

intracellular amastigotes. 7. cruzi, like Leishmania, has an ac-
tive ergosterol biosynthetic machinery; and hence, inhibitors of
SQS would be expected to show an effect on the growth inhi-
bition of the parasite. Not all of the compounds that inhibited
the growth of L. mexicana promastigotes or L. donovani axenic
amastigotes were active against the intracellular 7. cruzi amas-
tigotes studied here. This may be due to the intracellular na-
ture of the parasite, with either the access of some compounds
being prevented or the compounds being metabolized before
they reach T. cruzi. However, all the compounds which were
active against 7. cruzi also had an effect on the sterol com-
position of L. mexicana promastigotes (Table 7). This sug-
gests that these compounds have the potential to inhibit L.
mexicana SQS, although it cannot be ruled out that there are
differences in the inhibition of the L. major and the T. cruzi
SQSs or that these compounds have a different mode of
action in 7. cruzi.

The compounds were also evaluated against the blood-
stream form of T. brucei and against P. falciparum as part of
our routine screening program. The bloodstream form of 7.
brucei is thought to scavenge sterols from the human host,
although procyclic T. brucei has an active ergosterol biosyn-
thetic pathway that includes the enzyme SQS. Interestingly, we
have recently shown that although the bloodstream form of 7.
brucei scavenges sterols from the human host and does not
synthesize ergosterol, it does expresses sterol 24-methyltrans-
ferase, another enzyme involved in ergosterol biosynthesis
(14). P. falciparum, in contrast, lacks the enzymes involved in
sterol biosynthesis beyond farnesyl diphosphate synthase, as
inferred from genomic data. Therefore, the activity against
these organisms (7. brucei and P. falciparum) was not due to
the inhibition of SQS but was due to the effect of the quinu-
clidines on some other molecular target. Compounds that
inhibited the growth of P. falciparum were different from

those that inhibited 7. brucei, suggesting different mecha-
nisms of action. However, there was a large overlap in the
compounds that inhibited 7. cruzi and T. b. rhodesiense,
indicating that there may be similar modes of action in these
parasites.

Conclusions. We have prepared some quinuclidines which
inhibit leishmanial SQS, disrupt endogenous sterol biosynthe-
sis, and cause the inhibition of the growth of Leishmania par-
asites, suggesting that inhibition of sterol biosynthesis is a valid
drug target in these organisms. We have now identified com-
pounds that are selective for the parasite enzyme over the
human enzyme. Should it be possible to optimize the activity
further, then this may give rise to potential agents for the
treatment of leishmaniasis. Quinuclidines also inhibit the
growth of other parasites, although by a different mode of
action.
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