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Hexokinase is the first enzyme involved in glycolysis in most organisms, including the etiological agents of
Chagas disease (Trypanosoma cruzi) and African sleeping sickness (Trypanosoma brucei). The T. cruzi
enzyme is unusual since, unlike the human enzyme, it is inhibited by inorganic diphosphate (PPi). Here, we
show that non-hydrolyzable analogues of PPi, bisphosphonates, are potent inhibitors ofT. cruzihexokinase
(TcHK). We determined the activity of 42 bisphosphonates against TcHK, and the IC50 values were used to
construct pharmacophore and comparative molecular similarity indices analysis (CoMSIA) models for enzyme
inhibition. Both models revealed the importance of electrostatic, hydrophobic, and steric interactions, and
the IC50 values for 17 active compounds were predicted with an average error of 2.4× by using the CoMSIA
models. The compound most active againstT. cruzihexokinase was found to have a 2.2µM IC50 versus the
clinically relevant intracellular amastigote form ofT. cruzi, but only a∼1-2 mM IC50 versusDictyostelium
discoideumand a human cell line, indicating selective activity versusT. cruzi.

Introduction

Protozoa are the causative agents of a wide range of diseases
including malaria, sleeping sickness, and Chagas disease (caused
by Plasmodiumspp.,Trypanosoma bruceispp., andT. cruzi,
respectively1-3). In each case, one or more life-cycle stages are
dependent on glycolysis for energy production, and conse-
quently, there is interest in the development of specific inhibitors
of parasite enzymes involved in glycolysis,4 including glucose
transporters,5 as novel routes for chemotherapy.

The first enzyme in glycolysis is hexokinase (HK; ATP/
hexose-6-phosphotransferase, EC# 2.7.1.1.), which converts
glucose into glucose-6-phosphate and in trypanosomatids is
localized in a modified peroxisome called the glycosome.6 In
early work, it was found thatT. cruzihexokinase (TcHK) was
not inhibited by its main regulator in vertebrates,D-glucose-6-
phosphate, or by other known vertebrate HK regulators such
as fructose-1,6-diphosphate, phosphoenol pyruvate, malate, or
citrate, although it was weakly inhibited (competitively with
respect to ATP) by ADP.7,8 More recently however, TcHK was
found to be inhibited in a noncompetitive manner (with respect
to ATP) by inorganic pyrophosphate (diphosphate, PPi,1), with
aKi of ∼500µM, clearly indicating that PPi acts as an allosteric
regulator.9

Both trypanosomatid and apicomplexan parasites contain very
high levels of PPi10-12 stored in specialized organelles termed

acidocalcisomes,13 and in earlier work, this observation led us
to develop and test a series of hydrolytically stable PPi analogues
(called bisphosphonates) as growth inhibitors, with promising
results.10,14,15We investigated the nitrogen-containing bispho-
sphonates used to treat bone resorption diseases, pamidronate
(2), alendronate (3), and risedronate (4), drugs that are potent
inhibitors of the enzyme farnesyl diphosphate synthase
(FPPS).16-23 FPPS catalyses the condensation of isopentenyl
diphosphate with dimethylallyl diphosphate to produce, first,
geranyl diphosphate, then farnesyl diphosphate, a molecule that
is an essential precursor of sterols, dolichols, ubiquinones, and
hemea and is also directly involved in protein prenylation. We
showed that these potent FPPS inhibitors can produce radical
cures of both cutaneous14 and visceral15 leishmaniasis and also
that they have significant activity againstT. cruzi, both in vitro
and in vivo,10,24,25and Bouzahzah et al.26 have reported similar
findings inT. cruziwith risedronate (4) at doses comparable to
those used in the treatment of Paget’s disease in humans.27

Interestingly, long alkyl-chain bisphosphonates also inhibit FPPS
and T. cruzi growth,28-30 the electrostatic interactions of the
basic nitrogen atoms with the protein being replaced, presum-
ably, by van der Waals attractive or dispersion forces in the
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case of the long alkyl-chain species. Bisphosphonates have also
been shown to have activity in inhibiting the resistance of the
human AIDS virus, HIV-1, to azidothymidine (AZT).31 This
resistance occurs because mutations in reverse transcriptase
permit the phosphorolytic excision of AZT by ATP. Resistance
is effectively blocked by some bisphosphonates, which are
thought to bind to the excision site in RT since they appear to
chemically mimic, to some extent, ATP.31

These results indicate that bisphosphonates have utility as
antiparasitic agents targeting the FPPS enzyme, but also, they
suggested to us that it might be possible to inhibit TcHK by
using bisphosphonates that might bind to the PPi allosteric site
in TcHK. Here, we describe the discovery of several such
bisphosphonates having activity againstT. cruzi hexokinase,
activity in vitro against the clinically relevant intracellular
amastigote form ofT. cruzi,and low cytotoxicity to a human
cell line and another eukaryote,Dictyostelium discoideum

(associated most likely with FPPS inhibition). We use quantita-
tive structure-activity relationship (QSAR) methods to probe
the origins of the activities of the bisphosphonates against TcHK
(and FPPS), opening up the possibility of developing novel
antiparasitic agents targeting, in particular,T. cruzihexokinase.

Materials and Methods

Experimental Section. Synthetic Aspects.The structures of the
42 bisphosphonates investigated,4-45, are shown in Figure 1. The
basic synthetic methods used have been described elsewhere.32-38

Microchemical analysis results for all new compounds (8, 11, 16,
22-25, 27, 28, 39, and42) were satisfactory and are presented in
the Supporting Information (Table S1). All compounds were also
routinely characterized by using1H and31P NMR spectroscopy at
400 MHz (Varian Unity spectrometer), and representative spectra
of the five most active compounds are shown in the Supporting
Information. All reagents were purchased from Aldrich. A detailed
description of the synthesis of the new compounds follows.

Figure 1. Structures of bisphosphonates investigated in order of decreasing potency in TcHK inhibition.
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1-Hydroxy-2-(4-phenylimidazol-1-yl)ethylidene-1,1-bisphos-
phonic Acid (8). Compound8 was prepared from 4-phenylimida-
zol-1-ylacetic acid (400 mg, 2 mmol),39 following general procedure
3 from ref 38 (420 mg, 55% yield). Anal. (C11H13N2NaO7P2‚H2O)
C, H, N.

1-Hydroxy-2-[3-(2,4-difluoro-5-methylphenyl)phenyl]ethylidene-
1,1-bisphosphonic Acid (11).3-Methoxycarbonylphenylboronic
acid pinacol ester was prepared according to a published procedure40

starting from methyl 3-bromophenylacetate (0.96 g, 4.2 mmol). The
product was then reacted with an equal amount of 5-bromo-2,4-
difluorotoluene41 following general procedure 5 from ref 38,
followed by hydrolysis (1 N NaOH), affording 3-(2,4-difluoro-5-
methylphenyl)phenylacetic acid as a white powder. Compound11
was prepared from the acid obtained following general procedure
2 from ref 38 (680 mg, 36% overall yield). Anal. (C15H15F2NaO7P2‚
H2O) C, H.

[4-Fluoro-3-phenylphenylamino]methylenebisphosphonic Acid
(16). 4-Fluoro-3-phenylaniline was prepared from phenylboronic
acid (366 mg, 3 mmol) andN-acetyl-3-bromo-4-fluoroaniline (700
mg, 3 mmol) following general procedure 5 from ref 38, followed
by acid hydrolysis (3 N HCl, reflux). Compound16was made from
the aniline obtained following general procedure 1 from ref 38 (400
mg, 35% overall yield). Anal. (C13H14NFO6P2‚ H2O) C, H, N.

1-Hydroxy-2-(4-dimethylaminopyridinium-1-yl)ethylidene-
1,1-bisphosphonic Acid (22).Compound22 was prepared from
4-(dimethylamino)pyridine (366 mg, 3 mmol) following a published
procedure (457 mg, 41% yield).37 Anal. (C9H16N2O7P2‚ 0.1 NaCl)
C, H, N.

3-Phenylphenylaminomethylphosphonic Acid (23).A triazine
prepared from 3-aminobiphenyl (507 mg, 3 mmol) and formalde-
hyde (0.25 mL, 37% in H2O)42 was heated to 80°C for 8 h with 2
equiv of diethyl phosphite. The product was purified via column
chromatography (silica gel, ethyl acetate) to give the diethyl ester
of 23. Upon treatment with TMSBr as described in general
procedure 1 from ref 38,23 was obtained as a white powder (500
mg, 62% overall yield). Anal. (C13H14NO3P‚ 0.4H2O) C, H, N.

2-[(S)-1-Phenyl-2-hydroxyethylamino]ethylidene-1,1-bispho-
sphonic Acid (24).Compound24was prepared from (S)-1-phenyl-
2-hydroxyethylamine (137 mg, 1 mmol) following general proce-
dure 4 from ref 38 (250 mg, 76% yield). Anal. (C10H17NO7P2) C,
H, N.

Ethyl 2-Phosphono-3-(3-phenylphenyl)propionate (25).Tri-
ethyl phosphonoacetate (224 mg, 1 mmol) was treated successively
with NaH (44 mg, 1.1 mmol, 60% in oil) and 3-bromomethylbi-
phenyl (247 mg, 1 mmol) in THF, affording the triethyl ester of
25 after column chromatography (silica gel, ethyl acetate). The
product was treated with TMSBr as described in general procedure
1 from ref 38 to give25as the disodium salt (198 mg, 45% overall
yield). Anal. (C17H17Na2O5P‚ 3.5 H2O) C, H.

1-Hydroxy-2-[3-(6-hydroxypyridin-3-yl)phenyl]ethylidene-
1,1-bisphosphonic Acid (27).3-(6-Methoxypyridin-3-yl)phenyl-
acetic acid was prepared from 6-methoxypyridine-3-boronic acid
(306 mg, 2 mmol) and methyl 3-bromophenylacetate (460 mg, 2
mmol) following general procedure 5 from ref 38, followed by
hydrolysis (1 N NaOH). Compound27was prepared from the acid
obtained following general procedure 2 from ref 38, followed by
hydrolysis (6 N HCl, reflux) (276 mg, 36% overall yield). Anal.
(C13H15NO8P2‚ 0.25H2O) C, H, N.

[3-(6-Hydroxypyridin-3-yl)phenylamino]methylenebisphos-
phonic Acid (28).3-(6-Methoxypyridin-3-yl)aniline was prepared
from 6-methoxypyridine-3-boronic acid (306 mg, 2 mmol) and
N-acetyl-3-bromoaniline (428 mg, 2 mmol) following general
procedure 5 from ref 38, followed by acid hydrolysis (3 N HCl,
reflux). Compound28 was made from the aniline obtained
following general procedure 1 from ref 38, followed by hydrolysis
(6 N HCl, reflux) (400 mg, 35% overall yield). Anal. (C12H14N2O7P2‚
1.5H2O) C, H, N.

(6-Hydroxypyridin-3-yl amino)methylenebisphosphonic Acid
(39).Compound39was prepared from 3-amino-6-methoxypyridine
(372 mg, 3 mmol) following general procedure 1 from ref 38,

followed by hydrolysis (6 N HCl, reflux) (270 mg, 32% overall
yield). Anal. (C6H10N2O7P2) C, H, N.

2-(Pyridin-4-ylamino)ethylidene-1,1-bisphosphonic Acid (42).
Compound42was prepared from 4-aminopyridine (94 mg, 1 mmol)
following general procedure 4 from ref 38 (150 mg, 49% yield).
Anal. (C7H11N2NaO6P2) C, N, H calcd 3.65, found 4.19.

Hexokinase Purification. Native glycosomal TcHK was ob-
tained in a purified form according to Caceres et al.9

Enzyme Assays.Hexokinase activity was determined by mea-
suring the production of NADPH at 340 nm using a coupled
reaction withD-glucose-6-phosphate dehydrogenase.8

Cell Growth Inhibition. T. cruzi, D. discoideum, and the human
KB cell line growth inhibition assays were carried out as described
previously.32,34,37

Computational Methods. To relate the activity of bisphospho-
nates to their 3D chemical structures, we used two computational
methods, catalyst pharmacophore modeling43 and comparative
molecular similarity indices analysis (CoMSIA).44 Pharmacophore
modeling correlates activity with the presence of chemical features
(hydrophobic groups, negative ionizable groups, etc.) and is
particularly useful for examining the spatial arrangements of these
features, while the CoMSIA method calculates similarity indices
based on interactions (e.g., hydrophobic, electrostatic, and steric)
between a molecule and a probe and correlates differences in these
indices with activity. Both approaches have recently been success-
fully applied by us to analyze the inhibitory activity of bisphos-
phonates with for example, an FPPS fromLeishmania major,45 a
geranylgeranyl pyrophosphate synthase,46 Trypanosoma brucei
growth inhibition,47 and bone resorption.48

Pharmacophore modeling was applied to the TcHK activity data
using the HipHop and HypoGen modules in Catalyst 4.10.43 The
TcHK inhibition training set included up to 256 conformations of
each of the most active compounds within a 20 kcal/mol range
from the minimum energy conformer. Two negative ionizable
features, two hydrophobic features, and one custom, neutral
aromatic ring feature were used to construct the pharmacophores
with minimum interfeature spacings of 300 pm, variable weight,
and variable tolerance turned on and default values for all other
settings. The custom-built neutral aromatic feature was necessary
since no default Catalyst feature could account for the variety of
ring types present in the compounds investigated.

CoMSIA analyses were performed by using default settings in
the Sybyl 7.0 program.49 Molecular mechanics minimizations using
the Tripos force field were carried out in Sybyl 7.049 using a
convergence criterion requiring a minimum RMS gradient of 0.01
kcal/(mol‚Å) at a steepest descent step and an RMS gradient of
0.001 kcal/(mol‚Å) at the following Powell50 and Broyden, Fletcher,
Goldfarb, and Shanno (BFGS)51 steps. Structures were optimized
to convergence at each minimization step. Atomic charges for the
CoMSIA analyses were determined for the minimized structures
by using the Gasteiger-Marsili (GM) method52 in Sybyl 7.0.49 In
addition, geometry-optimized structures and atomic charges for the
most active compounds were calculated using Hartree-Fock theory
(the Merz-Singh-Kollman (MK) method53,54) in the Gaussian 03
program,55 employing a 6-31G* basis set. Compounds were aligned
to the (H)O-PC-P-O(H) atoms of5 (Figure 1) using the Align
Database command in Sybyl 7.0. CoMSIA indices were calculated
on a rectangular grid containing the aligned molecules using
hydrophobic, electrostatic, donor, acceptor, and steric fields. The
atomic coordinates of the models were then used to compute field
values at each point of a 3D grid using the default+1 sp3 carbon
probe and a grid spacing of 2.00 Å. To obtain a quantitative analysis
of the dependence of activity on the CoMSIA descriptors, a partial
least-squares (PLS) analysis was applied. The optimal number of
components for each equation was determined using standard error
of prediction values and SAMPLS56 leave-one-out cross-validation
statistics.

Results and Discussion

Recent work from our laboratories has shown that glycosomal
hexokinase (HK) fromTrypanosoma cruzi(TcHK) is inhibited
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by inorganic pyrophosphate,9 PPi, which acts as a heterotropic
allosteric regulator. This observation suggested to us the
possibility of designing more potent synthetic PPi analogue
molecules, which could also bind into this site, leading to
selective TcHK inhibition. We investigate here the activity of
a diverse set of such compounds including mono- and bispho-

sphonates, as well as a phosphonosulfonate, having varied alkyl
and 1-, 2-, and 3-ring aryl-containing species, to see to what
extent they have activity against TcHK. These compounds were
selected from a library of>500 bisphosphonates on the basis
of their chemical diversity. Some compounds were indeed found
to inhibit TcHK, and the structures of all 42 compounds

Table 1. Experimental (IC50 and pIC50) and Predicted CoMSIA (pIC50) Results for Bisphosphonate Inhibition ofT. cruziHexokinase, Related Statistics,
and Field Contributions

CoMSIA predicted pIC50 (M)

experimental
activity test setsa

compd IC50 (µM) pIC50 (M)
training

set 1 2 3 4 5 6 7 8 9 pred error

5 0.81 6.09 6.00 5.87 5.90 5.90 5.88 5.88 5.91 5.82 5.97 5.93 5.82 0.27
6 0.95 6.02 5.93 5.79 5.70 5.81 5.70 5.70 5.10 5.98 5.99 5.92 5.10 0.92
7 1.45 5.84 5.96 5.92 5.95 5.99 5.81 5.91 5.93 5.94 5.98 5.97 5.92 -0.08
8 1.82 5.74 5.67 5.53 5.12 5.52 5.52 5.51 5.69 5.66 5.64 5.69 5.12 0.62
9 1.95 5.71 5.63 5.72 5.69 5.64 5.69 5.69 5.58 5.64 5.70 5.67 5.64 0.07

10 2.29 5.64 5.65 5.56 5.50 5.53 5.51 5.31 5.72 5.68 5.63 5.73 5.31 0.33
11 2.29 5.64 5.57 5.54 5.62 5.53 5.62 5.61 5.58 5.62 5.614.75 4.75 0.89
12 2.40 5.62 5.68 5.78 5.77 5.78 5.74 5.77 5.63 5.655.63 5.60 5.63 -0.12
13 2.75 5.56 5.44 5.19 5.12 5.19 4.63 5.14 5.41 5.50 5.43 5.45 4.63 0.93
14 2.75 5.56 5.57 5.67 5.52 5.61 5.61 5.59 5.54 5.54 5.60 5.61 5.52 0.04
15 3.47 5.46 5.55 5.61 5.63 5.61 5.62 5.66 5.80 5.47 5.48 5.50 5.80 -0.34
16 3.63 5.44 5.54 5.68 5.70 5.63 5.69 5.70 5.53 5.535.62 5.59 5.62 -0.18
17 4.07 5.39 5.33 5.46 5.36 5.32 5.34 5.38 5.29 5.33 5.37 5.35 5.32 0.07
18 12.60 4.90 4.90 4.94 4.91 4.87 4.48 4.86 4.86 4.80 4.94 4.82 4.48 0.42
19 14.80 4.83 4.79 5.29 4.95 4.96 4.94 4.95 4.89 4.75 4.81 4.77 5.29 -0.46
20 34.70 4.46 4.50 4.37 4.38 4.42 4.36 4.77 4.58 4.44 4.54 4.46 4.77 -0.31
21 45.74 4.34 4.52 4.47 4.40 4.48 4.46 4.39 4.53 3.63 4.52 4.27 3.63 0.71

30 300 3.52 3.64 3.43 3.45 3.50 3.42 3.47 3.61 3.59 3.64 3.57
28 300 3.52 3.44 3.63 3.66 3.64 3.69 3.65 3.45 3.47 3.39 3.38
27 300 3.52 3.58 3.52 3.52 3.47 3.58 3.47 3.52 3.63 3.59 3.50
25 300 3.52 3.51 3.46 3.45 3.44 3.42 3.39 3.54 3.50 3.48 3.56
24 300 3.52 3.37 3.37 3.37 3.35 3.36 3.37 3.41 3.50 3.43 3.46
23 300 3.52 3.48 3.59 3.60 3.60 3.54 3.60 3.49 3.49 3.53 3.56
22 300 3.52 3.64 3.79 3.77 3.73 3.75 3.84 3.66 3.61 3.68 3.70
44 300 3.52 3.57 3.61 3.60 3.62 3.58 3.59 3.59 3.54 3.50 3.64
43 300 3.52 3.42 3.43 3.45 3.45 3.40 3.46 3.35 3.49 3.38 3.46

4 300 3.52 4.41 4.50 4.39 4.41 4.10 4.38 4.55 4.16 4.43 4.36 4.37b -0.85
42 300 3.52 5.28 5.42 5.36 5.36 5.03 5.23 5.14 5.10 5.30 5.27 5.25b -1.73
41 300 3.52 3.39 3.36 3.42 3.38 3.45 3.42 3.35 3.35 3.34 3.36 3.38b 0.14
36 300 3.52 4.25 4.39 4.40 4.35 4.16 4.44 4.33 4.11 4.28 4.29 4.30b -0.78
38 300 3.52 4.36 4.28 4.37 4.32 4.34 4.35 4.39 4.04 4.36 4.22 4.30b -0.78
32 300 3.52 3.37 3.37 3.42 3.37 3.34 3.36 3.42 3.09 3.34 3.28 3.34b 0.19
36 300 3.52 5.27 5.29 5.24 5.28 5.18 5.22 4.95 5.23 5.30 5.35 5.23b -1.71
35 300 3.52 5.41 5.55 5.41 5.42 5.49 5.47 5.36 5.34 5.49 5.32 5.42b -1.90
34 300 3.52 3.54 3.58 3.72 3.60 3.71 3.77 3.33 3.45 3.57 3.21 3.55b -0.02
33 300 3.52 4.47 4.57 4.46 4.48 4.12 4.43 4.76 4.24 4.48 4.47 4.45b -0.92
31 300 3.52 4.56 4.58 4.61 4.53 4.58 4.59 4.64 4.61 4.60 4.33 4.56b -1.04
45 300 3.52 3.11 3.08 3.19 3.15 3.18 3.13 3.00 3.17 3.07 3.05 3.11b 0.41
29 300 3.52 3.74 3.90 3.98 3.81 3.89 4.05 3.84 3.78 3.82 3.51 3.83b -0.31
26 300 3.52 1.59 1.64 1.82 1.73 1.87 1.83 1.90 1.71 1.48 1.55 1.71b 1.81
32 300 3.52 3.95 4.00 3.97 3.94 3.85 4.00 3.88 3.97 3.98 3.88 3.94b -0.42
40 300 3.52 4.19 4.04 4.06 4.10 3.78 4.02 4.30 4.15 4.19 4.22 4.10b -0.58

test sets

training
set 1 2 3 4 5 6 7 8 9

q2 c 0.602 0.55 0.57 0.57 0.62 0.53 0.61 0.61 0.56 0.57
R2 d 0.991 0.98 0.97 0.98 0.98 0.97 0.99 0.99 0.99 0.99
F teste 457 207 181 212 249 171 398 638 467 543
N f 5 4 4 4 4 4 5 5 5 5
ng 24 22 22 22 22 22 22 22 22 22

% electrostatic 42.6 42.7 42.7 41.8 41.4 43.1 43.7 41.9 42.0 44.3
% hydrophobic 24.3 23.5 23.5 24.3 24.5 24.1 23.4 24.5 24.6 23.1
% steric 14.5 14.0 14.0 14.7 14.2 13.5 15.6 14.4 14.0 13.7
% donor 12.0 13.3 13.3 13.0 13.4 12.6 10.8 12.4 12.6 12.0
% acceptor 6.5 6.5 6.5 6.3 6.5 6.7 6.5 6.8 6.7 6.9

a Bold values represent predicted activities of compounds that were not included in the training set. Note that test set 9 has only one compound predicted.
b Average predicted value.c Cross-validatedR2. d Correlation coefficient.e Ratio ofR2 explained to unexplained) R2/(1 - R2). f Optimal number of principal
components.g Number of compounds.
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investigated are shown in Figure 1, ranked in terms of decreasing
potency in TcHK inhibition. The IC50 and pIC50 () -log IC50

[M]) values for each compound are shown in Table 1. Of the
10 most active compounds (which all have TcHK inhibition
activities of<3 µM), it can be seen that eight have relatively
large side chains when compared to those present in the
bisphosphonates commonly used in bone resorption therapy,
such as2-4. Also of interest is the observation that none of
the most potent TcHK bisphosphonates have been reported to
have high activity versus an expressed FPPS (fromLeishmania
major, ref 45) or in bone resorption. For example,5 and7 have
low activity versus FPPS (IC50 ) 100 µM), and 8 is a very
poor inhibitor of bone resorption in rats.57 On the other hand,
several of the compounds that are inactive (IC50 ) 300 µM)
against TcHK are already known to be potent FPPS inhibitors,
including species such as risedronate (4) and olpadronate (45).
It thus appears, qualitatively, that activity against TcHK might
be associated with the presence of bulky hydrophobic groups
and (for the most part) noncharged side chains, while as
expected based on previous QSAR investigations,45,48 FPPS
inhibition requires a charged (protonated or pyridinium) side
chain, which mimics one or more of the transition state/reactive
intermediates that occur in FPP biosynthesis, for the most potent
activity. To probe these ideas in more detail, we next investi-
gated the factors that contribute to TcHK inhibition by using
the Catalyst pharmacophore modeling approach. We used data
for all 17 active species (IC50 values of 0.81-46 µM) and the
maximum common subgroup method to produce the pharma-
cophore model shown in Figure 2 superimposed on5, 6, 9, and
4 (risedronate), Figure 2, panels A-D, respectively. This
hypothesis contains, as expected, two negative ionizable groups
(the two bisphosphonate groups), in addition to two hydrophobic
features and one neutral aromatic ring feature. Two phosphonate
groups are clearly required since conversion of9 into 23 results
in loss of all activity seen experimentally. Likewise, the
phosphonocarboxylate25 and the phosphonosulfonate26 are
both inactive (with IC50 values ofg300 µM).

These pharmacophore modeling results are very different from
those found previously for bisphosphonates acting as inhibitors
of the FPPS enzyme in which the presence of a positive charge
feature (mimicking an isoprenoid carbocation transition state/
reactive intermediate) plays a key role, and the good cor-
respondence of4 (risedronate) with the FPPS pharmacophore45

but poor overlap with the TcHK pharmacophore can be clearly

seen in Figure 2D. In fact, our results suggest that HK and FPPS
inhibition by bisphosphonates might actually be inversely
correlated, that is, good HK inhibitors are generally bad FPPS
inhibitors and vice versa. This turns out to be the case for many
of the more potent TcHK inhibitors, as discussed below.

Next, we carried out a CoMSIA44 investigation to see to what
extent it might be possible to predict the activities of the
compounds shown in Figure 1. This was expected to be difficult
given the small range in IC50 values and the fact that many
compounds investigated had only limits on their activity (i.e.,
IC50 values wereg300µM, Table 1). Indeed, in an initial series
of calculations using only the 17 active compounds, we found
that q2 values were low, 0.382. We therefore next chose to
incorporate a small subset of inactive compounds (22, 23, 24,
25, 27, 28, 30, 43, 44) into the training set calculations to provide
at least some information about which structural features
contribute to low potency, then used a reduced training set
approach to predict the activities of random groups of active
compounds, basically as described previously,48 to see if
predictive utility improved. In addition, these training sets were
also used to predict the activity of the “inactives” (IC50 g 300
µM). Using this approach, we obtainedq2 values from 0.55 to
0.62 andR2 values of 0.97-0.99 for the training sets, Table 1,
with F-test values in the range 171-543. The reduced training
set pIC50 values for the active test set compounds are shown in
bold in the top part of Table 1 and indicate an average pIC50

error for the test set predictions of 0.397, corresponding to about
a factor of 2.4 error in predicted IC50 values. Moreover, 13 of
the 16 inactive compounds were correctly identified (predicted
activity on average∼206µM), showing that this approach has
considerable predictive utility. These training and test set results
are shown graphically in Figure 3. We also used the data
randomization method described previously,36 assigning random
activity values within the range of experimentally determined
values to each of the compounds and performing SAMPLS56

cross-validation. The averageq2 was-0.03 for 100 iterations,
considerably lower than theq2 values obtained using the
experimental values in the training and test sets, further
validating the CoMSIA results by suggesting that the training
and test set results did not occur by chance.

As may be seen in Table 1, the electrostatic field contribution
(43%) is large, as is the hydrophobic contribution (24%),

Figure 2. Catalyst pharmacophore for TcHK inhibition superimposed
on (A-C) three of the most active compounds,5, 6, and9, and (D)
risedronate (4). The pharmacophore consists of two negative ionizable
features (dark blue), two hydrophobic features (cyan), and one neutral
aromatic feature (orange).

Figure 3. Graphical comparison between experimental and predicted
pIC50 values for TcHK inhibition: CoMSIA training set ([) and test
set predictions (O). For the training set only,R2 ) 0.992; for the test
set, R2 ) 0.44 with an average 2.4× error in IC50 prediction.
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followed by the steric and donor contributions (both∼13-14%).
The CoMSIA electrostatic, hydrophobic, steric, and donor fields
resulting from the calculations are shown in Figure 4A-D
superimposed on the most active compound,5, and are clearly
similar to the results of the Catalyst pharmacophore modeling
study shown in Figure 2. In particular, the positive charge
disfavored (red) feature seen in Figure 4A corresponds to the
neutral (i.e., not positive) aromatic ring feature (orange) seen
in the pharmacophore model, Figure 2. The favored hydrophobic
(yellow) and steric (green) field features (Figure 4B,C) cor-
respond to the blue and orange hydrophobic (aromatic ring)
features also shown in Figure 2, while the favored donor field
(orange) in Figure 4D appears to be associated with theR-NH
feature.

These results are of interest since they imply that bisphos-
phonates, such as the most active TcHK inhibitor,5, are unlikely
to be toxic to human cells, at least at the level of FPPS inhibition,
since they lack the key positive charge feature identified
previously in the FPPS (and bone resorption) pharmacophores,
and some may be just too large to dock into the FPPS active
site. To investigate this topic of selectivity further, we calculated
a “therapeutic index” (TI) value defined as

in which LD50 is the concentration of bisphosphonate that kills
50% of a human (nasopharyngeal carcinoma, KB) cell line and
IC50 is that for TcHK inhibition. This approach enables an
estimate of which compounds might be efficacious in human
cell-based assays and potentially, in vivo. The numerical results
for each compound are given in Table 2. We then plotted these
therapeutic indices versus the TcHK IC50 values, obtaining the
results shown in Figure 5A. Here, the solid circles indicate data
points for which discrete LD50 values were obtained, while the
open circles indicate only lower limits for the therapeutic index,
since no toxicity was observed at the highest bisphosphonate
levels tested (300µg mL-1). These results show that TcHK
inhibitors such as5 have relatively low cytotoxicity, and indeed,
in a separate assay for cytotoxicity employingD. discoideum,
Table 2, we found that the majority of the most potent TcHK

inhibitors are indeed very poor (millimolar) growth inhibitors
against this organism as well.

Of course, it is also necessary that bisphosphonates such as
5 have activity againstT. cruzi in cell-based assays. To check
that activity is in fact seen with the most potent TcHK inhibitors
in vitro, we investigated growth inhibition of the intracellular
amastigote form ofT. cruzi. Dose-response curves for5 and9
are shown in Figure 5B and yield IC50 values of 2.2µM and
47 µM against this clinically relevant intracellular amastigote
form. Since5 has no significant cytotoxicity to a human cell
line (LD50 g 0.7 mM) or D. discoideum(2.1 mM, Table 2)
and has a relatively low IC50, it appears to represent a promising
lead for the development of novel specific antiparasitic agents.

It is possible that the lack of toxicity of the most active TcHK
inhibitors to the human cell line and toD. discoideum is related
to the fact that they are expected to be poor inhibitors of FPPS.
Of the top 10 TcHK inhibitors, only8 and10 have or might be
expected to have charged side chains, but apparently, unfavor-
able steric interactions in the active site of the FPPS enzyme
make 2-phenyl-substituted imidazole bisphosphonates poor
inhibitors of bone resorption (LED> 3000µg/kg for 2-phenyl-
isozoledronate versus 0.3µg/kg for isozoledronate57), and10
may be too large to effectively dock into the FPPS active site.
On the other hand, small charged species, such as4, 40, and
45, can all dock into the FPPS active site (there now being a
series of crystal structures of4-FPPS complexes58,59), and all
are very active in FPPS inhibition and bone resorption. However
these compounds have only one aromatic or hydrophobic
feature, not the two or three features identified in the TcHK
pharmacophore models. Plus, it appears that the presence of
positive charge features found in the potent FPPS inhibitors

Figure 4. Graphical representation of the CoMSIA fields superimposed
on the most active compound,5: (A) electrostatic favorable (blue) and
unfavorable (red); (B) hydrophobic favorable (yellow) and unfavorable
(white); (C) steric favorable (green) and unfavorable (purple); (D) donor
favorable (orange) and unfavorable (magenta).

TI )
LD50(KB)

IC50(TcHK)

Table 2. T. cruziHexokinase IC50, Human Nasopharyngeal Carcinoma
(KB) LD50, andD. discoideumIC50

compd
TcHK

IC50 (µM)
KB

LD50 (µM)
therapeutic

indexa
DD

IC50 (µM)

5 0.81 698 862 2052
6 0.95 g771 g812 112
7 1.44 211 147 10
8 1.81 b b 122
9 1.97 827 420 211

10 2.29 b b 2
12 2.39 g635 g266 78
13 2.77 g892 g322 10
14 2.78 g791 g285 77
15 3.46 g560 g162 62
17 4.06 g964 g237 253
18 12.7 1041 82 b
19 14.5 g980 g67 351
20 35 797 23 103
21 46.2 840 18 3
4 g300 822 e2.7 3

45 g300 163 e0.5 2
44 g300 242 e0.8 30
43 g300 457 e1.5 4
42 g300 384 e1.3 3
40 g300 311 e1.0 2
41 g300 g1055 c 4
39 g300 302 e1.0 52
38 g300 g765 c 1
37 g300 446 e1.5 2
29 g300 728 e2.4 889
35 g300 b b 75
34 g300 b b 7
33 g300 b b 2
32 g300 g1060 c 3
31 g300 12 e0.04 3
29 g300 b b 8
22 g300 b b 30

a Therapeutic index) KB LD50/TcHK IC50. b Value not determined.
c Indeterminate value.
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decreases TcHK inhibition, opening up the possibility of
designing specific TcHK bisphosphonate inhibitors that do not
target (human) FPPS. In fact, for many compounds there appears
to be an inverse correlation between FPPS inhibition and TcHK
inhibition, as shown in Figure 6, where we plot the reported
pIC50 results for the inhibition of an expressedLeishmania major
FPPS versus those for TcHK inhibition. The solid squares are
for compounds having two discrete IC50 values, the open circles
indicate that IC50 lower limits were observed in one assay.

Since there is a good correlation between the inhibition ofL.
major and human FPPS23,45 by bisphosphonates, it may be

possible in the future to produce TcHK inhibitors that have even
less activity against human FPPS and thus less toxicity by using
a “difference QSAR” approach based on∆pIC50 data, defined
as

in much the same spirit that Khanna et al.60 have used “sum
QSAR” methods to optimize activity against two targets
(PPARR and PPARγ), although this approach would naturally
be limited to compounds falling close to the correlation line.
By way of illustration, we show in Table 3∆pIC50 values for
TcHK/FPPS in which it can be seen that there is a large range
in ∆pIC50 (∼5 units), which encouraged us to determine the
CoMSIA fields for selective TcHK inhibition, shown in Figure
7. These results are consistent with those for TcHK and FPPS
inhibition alone and emphasize the importance of the increasing
steric/hydrophobic features and of reducing positive charge near
the bisphosphonate backbone. As more data for human FPPS
and TcHK inhibition becomes available, this approach should

Figure 5. Therapeutic index andT. cruzi growth inhibition results;
(A) TcHK therapeutic index plot with (b) points where discrete LD50

data is available and (O) points where no toxicity was observed at the
highest level (300µg mL-1) tested (a trend line has been added to
“guide the eye”); (B) dose-response curve forT. cruzi intracellular
amastigote growth inhibition for the most active compound,5, in
addition to9. The IC50 are 2.2 and 47µM, respectively.

Figure 6. Graph showing proposed inverse correlation between HK
and FPPS inhibition by bisphosphonates. Points with discrete values
are designated by (9); those with only limit values are designated by
(O). The discrete values together with points clustered in the ellipses
were used to construct the differential CoMSIA model shown in Figure
7.

Table 3. Differential pIC50
a Values forT. cruziHexokinase andL.

major FPPS Inhibition

TcHK activity
L. majorFPPS

activity

compd IC50 (µM) pIC50 IC50 (µM) pIC50 ∆pIC50
a

5 0.81 6.09 g100 4.00 g2.09
7 1.45 5.84 g100 4.00 g1.84
9 1.95 5.71 11.46 4.94 0.77

11 2.29 5.64 12.28 4.91 0.73
13 2.75 5.56 2.37 5.63 -0.07
16 3.63 5.44 28.6 4.54 0.90
18 12.60 4.90 1.34 5.87 -0.97
21 45.74 4.34 0.112 6.95 -2.61
45 g300 3.52 0.228 6.64 e-3.12
26 g300 3.52 11 4.96 e -1.44
40 g300 3.52 0.42 6.38 e-2.85
4 g300 3.52 0.17 6.77 e-3.25

a ∆pIC50 ) pIC50(TcHK) - pIC50(FPPS).

Figure 7. Graphical representation of the differential CoMSIA fields
superimposed on the most active compound,5: (A) electrostatic
favorable (blue) and unfavorable (red); (B) hydrophobic favorable
(yellow) and unfavorable (white); (C) steric favorable (green) and
unfavorable (purple); (D) donor favorable (orange) and unfavorable
(magenta). For this limited data set, theq2 value was 0.714.

∆pIC50) pIC50(TcHK) - pIC50(FPPS))

-log10(IC50(TcHK)

IC50(FPPS))
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greatly facilitate the development of more potent and selective
T. cruzigrowth inhibitors.

Conclusions

The results that we have discussed above are of interest for
several reasons. First, we have found a series of inhibitors of
T. cruzi hexokinase, some of which are effective against the
native enzyme at submicromolar levels. The most potent species
is also active against the clinically relevant intracellular amastig-
ote form ofT. cruzi with an IC50 value of 2.2µM. The most
potent TcHK inhibitors are relatively inactive against FPPS,
while potent FPPS inhibitors, such as risedronate and incadr-
onate, are inactive versus TcHK. Computational SAR methods
provide an explanation of the activity patterns seen in TcHK
inhibition and identify the importance of two negative ionizable,
one neutral (not positively charged) aromatic, and two hydro-
phobic pharmacophore features. CoMSIA methods reveal similar
features and enable the prediction of the activities of 17
compounds within a factor of 2.4 and correctly select 13/16
inactives (experimental IC50 g 300µM). The compounds most
active against TcHK have little activity against a human cell
line or against another eukoryote,D. discoideum(IC50 values
in the 0.5-2 mM range), makingT. cruzihexokinase inhibition
by bisphosphonates of interest in the development of new
chemotherapeutic agents for Chagas disease.
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