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We report the results of a three-dimensional quan-
itative structure–activity relationship (3D-QSAR)/
omparative molecular field analysis (CoMFA) of the
ctivity of 18 bisphosphonates and imidodiphosphate
n the inhibition of a mung bean (Vigna radiata L.)
acuolar proton pumping pyrophosphatase (V/H1-
Pase; EC 3.6.1.1). We find an experimental versus
SAR predicted pKi

app R2 value of 0.89, a cross-
alidated R2 5 0.77, and a bootstrapped R2 5 0.89 for 18
isphosphonates plus imidodiphosphate over the 1.3
M to 425 mM range of Ki

app values. We also demon-
trate that this approach has predictive utility (a 0.26
Ki

app rms error for three test sets of 3 activity predic-
ions each), corresponding to about a factor of two
rror in Ki

app prediction. The 3D-QSAR/CoMFA ap-
roach provides a quantitative method for predicting
he activity of V/H1-PPase inhibitors and is likely to be
f use in the design of novel pharmacological agents
ince all of the major human disease-causing parasitic
rotozoa contain large levels of pyrophosphate, to-
ether with V-type proton-pumping pyrophosphatases
ocated in plant-like vacuoles (acidocalcisomes),
hich are absent in their mammalian hosts. © 2001

cademic Press

Key Words: QSAR; CoMFA; pyrophosphatase; bis-
hosphonate.

In recent work (1–4) using nuclear magnetic reso-
ance spectroscopy we found evidence for the presence
f high levels of pyrophosphate (diphosphate) in many
f the major human disease-causing parasitic protozoa:
rypanosoma cruzi (1), Trypanosoma brucei (2), Leish-
ania major (2), Toxoplasma gondii (3, 4), Plasmo-
ium falciparum (4) and Cryptosporidium parvum (4).
hese organisms are, respectively, the causative
gents of Chagas’ disease, human African sleeping
ickness, visceral leishmaniasis, toxoplasmosis, ma-

1 To whom correspondence should be addressed. Fax: (217) 244-
997. E-mail: eo@chad.scs.uiuc.edu.
468006-291X/01 $35.00
opyright © 2001 by Academic Press
ll rights of reproduction in any form reserved.
reds of millions of individuals in less developed na-
ions as well as cause opportunistic infections in the
mmuno-compromised worldwide. The observation of
arge levels of PPi led to the discovery (1, 2) of its
rimary localization in the acidocalcisome (5), an acidic
acuole present in each of the parasites. This then led
o the discovery of plant-like (6) proton-pumping vac-
olar pyrophosphatases in many disease-causing pro-
ozoa (7–10). In earlier work (11, 12), it was found that
ome pyrophosphate analogs, bisphosphonates (con-
aining a non-hydrolysable P-C-P, rather than a P-O-P,
ackbone) as well as imidodiphosphate (containing a
on-hydrolysable P-N-P group), were inhibitors of a
lant (mung bean, Vigna radiata L.) V/H1-PPase, and
ore recently Gordon-Weeks et al. reported a more

xtensive investigation of the structural aspects of the
ffectiveness of bisphosphonates as competitive inhib-
tors of the same enzyme (13). Several of these com-
ounds have also been found to have inhibitory activity
gainst the parasite enzymes (7–10). Given the poten-
ial importance of the V/H1-PPase in parasite cell
rowth and since it is absent from human host cells,
he plant results take on increased significance since
hey may help to facilitate the design of novel anti-
arasitic drugs. However, all of the reports to date
iscuss only qualitative structure–activity relation-
hips. Here, we report the first quantitative structure–
ctivity relationship (3D-QSAR) investigation, using a
omparative molecular field analysis (CoMFA), of the
nhibition of the V. radiata V/H1-PPase by 18 bisphos-
honates and by imidodiphosphate. In particular, we
how that the activities of the V/H1-PPase inhibitors
an be predicted to within about a factor of two. In
ddition, the CoMFA results emphasize the over-
helming importance of electrostatic interactions be-

ween the bisphosphonates and the V/H1-PPase.

ATERIALS AND METHODS

3D-QSAR/CoMFA. CoMFA was performed within the QSAR
odule of Cerius2 4.5 using default settings (14). Molecular mechan-
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cs calculations for geometry optimization were performed by using a
niversal molecular mechanics force field (UFF), with a convergence
riterion requiring a minimum energy change of 0.001 kcal/mol.
harge calculations were performed by using the Gasteiger method

15). The CoMFA calculated probe interaction energies on a rectan-
ular grid around the surface of the aligned molecules. The atomic
oordinates of the models were used to compute field values at each
oint on a 3D grid whose spacing was adjusted to 1.00 Å. CoMFA
valuated the energy between probes (H1, CH3, and hydrogen bond
onor/acceptor) and a given inhibitor at a series of points defined by
he rectangular grid. In a first set of calculations, we used 18 bisphos-
honates plus imidodiphosphate to evaluate the QSAR of V. radiata
/H1-PPase inhibitors. Then, to better estimate predictive ability we
sed three reduced training sets, each containing 16 compounds, to
redict the activities of three test sets, each containing 3 compounds,
s discussed in detail below.

ESULTS AND DISCUSSION

We show in Fig. 1 the structures of the 19 compounds
nvestigated. The trivial names or the code numbers

FIG. 1. Structures of the bisphosphonates investigated. The
469
iven by Gordon-Weeks et al. (13) are also shown in
ig. 1 and Table 1. The compounds are ordered in Fig.
in terms of increasing K i

app. The corresponding K i
app

alues for V. radiata V/H1-PPase inhibition (in mM) for
hese compounds are given in Table 1 (12, 13). Bisphos-
honate structures were generated for CoMFA inves-
igation by using steepest descents followed by conju-
ate gradient, then Newton-Raphson, algorithms for
eometry optimization, with no constraints on the in-
ernal geometry of the molecules, using the Minimizer
unction of the OFF Methods module in Cerius2 4.5
14). Each molecule was aligned to the most active

olecule (aminomethylene bisphosphonate, AMBP)
cting as a template by performing an rms-fitting of
he pharmacophoric atoms of each conformer to those
f the template by using the shape reference alignment
unction of the QSAR module of Cerius2 4.5. The align-

ents of each structure, obtained through pairwise

mbers and trivial names are those used in Refs. 12 and 13.
nu
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uperpositioning using the maximum common sub-
roup (MCSG) method, placed all 19 structures in the
tudy table in the same reference frame as the shape
eference compound. After visual inspection, the align-
ent was further refined by matching the P-C-P atoms

f compound 10 and the P-N-P atoms of imidodiphos-
hate to the P-C-P atoms in AMBP (reference model)
y an rms-fitting atom-matching algorithm in the Ce-
ius2 4.5 software program. The aligned set of struc-
ures is shown in Fig. 2. For the aromatic species, the
ing nitrogens were singly protonated while the amino-
lkyl species had ammonium groups present. Monop-
otonated phosphonate groups [P(O)2(OH)]21 were
sed throughout. We then used CoMFA 3D-QSAR
ethodologies, as embodied in the Cerius2 4.5 suite of

rograms, to analyze the inhibition data shown in Ta-
le 1 using the relationship pK i

app 5 2log10 (K i
app, M).

e performed a regression analysis of the inhibition
esults by using a genetic function approximation

Experimental K i
app and pK i

app and Predicted
Statistical Results of 3

Compound

Experimental a

K i
app (mM)

minomethylene bisphosphonate (AMBP) 1.32 6 0.05
1.92 6 0.06

ydroxymethylene bisphosphonate (HMBP) 5.70
tidronate 6.5

6.58 6 0.37
amidronate 10.2 6 0.51
midodiphosphate 12

ethylene bisphosphonate (MBP) 14.0 6 0.811
18.7 6 1.22

lendronate 33.7 6 2.39
37.2 6 1.84

0 62.0 6 2.85
63.2 6 1.22
173 6 19.2

5 185 6 12.9
3 227 6 17.0
4 252 6 17.4

313 6 21.1
4.25 6 31.4

2 c

test
d

cv
2 e

bs
2 f

g

h

a From Refs. 12 and 13.
b Bold values represent predicted activities of compounds that we
c Correlation coefficient.
d Ratio of R2 explained to unexplained 5 R2/(1–R2).
e Cross-validated correlation coefficient after leave-one-out proced
f Average squared correlation coefficient calculated during the val
g Optimal number of principal components.
h Number of observations.
470
GFA) algorithm (16) to obtain the following QSAR
quation:

K i
app 5 4.359 1 0.051 p “H1/78”

2 0.091 p “H1/88” 2 0.013 p “H1/114”

1 0.028 p “H1/179” [1]

here the descriptor, H1, defines the corresponding
robe interaction energy between a proton and the
olecule of interest, at specified grid points. The loca-

ions of the descriptors in Eq. 1 are shown in Fig. 2. The
ptimal number of components in the final GFA model
as determined by cross-validated R2 and standard
rror prediction values, as obtained from the leave-one-
ut cross-validation technique. The GFA analysis gave
correlation coefficient of 0.89, with a cross-validated
cv
2 of 0.77, and an optimal number of components of 5.
o obtain statistical confidence limits, the non-cross-

i
app Values for V/H1-PPase Inhibitors and
SAR/CoMFA Models

vitya Predicted pK i
appb

pK i
app Training set 3-compound test sets

5.88 5.69 5.64 5.72 5.73
5.72 5.45 5.45 5.44 5.39
5.24 5.10 5.07 5.16 5.09
5.19 5.10 5.07 5.16 5.09
5.18 5.44 5.38 5.45 5.40
4.99 4.49 4.56 4.49 4.42
4.92 5.10 5.07 5.16 5.09
4.85 5.10 5.07 5.16 5.09
4.73 4.97 5.04 4.94 4.95
4.47 4.60 4.67 4.60 4.54
4.43 4.34 4.42 4.34 4.27
4.21 4.34 4.42 4.34 4.27
4.20 3.73 3.83 3.73 3.67
3.76 3.62 3.63 3.63 3.60
3.73 3.62 3.63 3.63 3.60
3.64 3.74 3.74 3.74 3.72
3.60 3.62 3.63 3.63 3.60
3.50 3.87 3.98 3.88 3.82
3.37 3.73 3.83 3.73 3.67

0.89 0.89 0.89 0.91
27.9 23.1 22.1 28.2
0.77 0.72 0.78 0.79
0.89 0.90 0.89 0.91
5 5 5 5

19 16 16 16

ot included in the training set.

.
tion procedure.
pK
D-Q

cti
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ure
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alidated analysis was repeated with 10 bootstrap
roups, which yielded an Rbs

2 of 0.89. These statistical
arameters are given in Table 1. Cross-validation pro-
ides information concerning the predictive ability of
he QSAR data set by minimizing the occurrence of
hance correlations in the QSAR model, and the boot-
trapped Rbs

2 value of 0.89 indicates a good degree of
onfidence in the analysis. Experimental and predicted
K i

app values are shown in Table 1 and Fig. 3A. These
esults were of interest since they implied that it might
e possible to predict K i

app values for V. radiata V/H1-
Pase inhibition. The experimental range of activity

K i
app) varies from 1.32 mM for AMBP to 425 mM for

isphosphonate 5, as listed in Table 1. However, the R2

alues obtained from the results shown in Fig. 3A were
ower than might typically be obtained for a larger
raining set and of course there may be additional
ncertainties introduced by use of an intact tonoplast
ssay (as opposed to the use of a purified enzyme).
herefore, in order to better test the predictive ability
f this 3D-QSAR/CoMFA model of V/H1-PPase inhibi-
ion, we carried out three additional sets of calcula-
ions in which we deleted at random three (test set)
oints from the training set. The QSAR equations were
hen recomputed, the results of which were used to

FIG. 2. Structure alignment: superposition of 19 compounds ac-
ive in V. radiata L. V/H1-PPase inhibition and descriptors from
q. 1.
471
i

ach test set (Table 1, bold).
The QSAR equations from the three reduced training

ets were:

K i
app 5 4.349 1 0.047 p “H1/78”

2 0.087 p “H1/88” 2 0.011 p “H1/114”

1 0.027 p “H1/179” [2]

K i
app 5 4.308 1 0.054 p “H1/78”

2 0.102 p “H1/88” 2 0.011 p “H1/113”

1 0.035 p “H1/179” [3]

K i
app 5 4.344 1 0.052 p “H1/78”

2 0.092 p “H1/88” 2 0.014 p “H1/114”

1 0.029 p “H1/179” [4]

he three sets of predicted pK i
app values are shown in

old in Table 1, as are the R2, Rcv
2 , Rbs

2 and F-test
tatistical results for each QSAR equation. Quite
learly, as can be seen from Eqs. 2–4, the new QSAR/
oMFA equations are extremely similar to the original
odel derived from the 19-compound training set. In

ddition, there is generally good agreement between
he pK i

app predictions for the nine test set compounds
Table 1, } in Figs. 3B–3D) and the experimentally
bserved values with an rms error of 0.26, correspond-
ng to an R2 value of 0.80. The predictions of the activ-
ties of those compounds in the training sets are also
hown (Table 1, E in Figs. 3B–3D). These results
trongly suggest, therefore, that it is now possible to
redict the pK i

app values for V/H1-PPase inhibition by
hese bisphosphonates and by imidodiphosphate to
ithin about a factor of two (rmsd 5 0.26). Based on

he QSAR/CoMFA results (Eqs. 1–4), it is also appar-
nt that the competitive inhibition of V/H1-PPase by
he bisphosphonates studied is overwhelmingly elec-
rostatic in nature.

These QSAR results are to be compared with
isphosphonate inhibition of two other enzymes: farne-
yl diphosphate synthase (FPPSase) and geranylgera-
yl diphosphate synthase (GGPPase) (17–19). In the
ase of pamidronate and alendronate (Fig. 1), both
olecules are '0.5 mM inhibitors of FPPSase. This is
uch lower than the ;10–30 mM values seen in V/H1-
Pase inhibition (Table 1), but in both enzymes the
oMFA results indicate that primarily electrostatic

nteractions dominate. In the case of FPPSase, it is
hought that the potent nitrogen-containing bisphos-
honates used in bone resorption therapy, which also
ave considerable activity against parasitic protozoa,
ct as carbocation transition state/reactive intermedi-
te analogs (20). There are thus strong interactions
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etween both the phosphonate headgroups and the
mmonium (pyridinium) side-chains with FPPSase.
ith GGPPSase, however, hydrophobic interactions

etween the long alkyl/alkenyl sidechains of bisphos-
honate inhibitors and the protein are very important
19) and the QSAR model is dominated by such steric/
ydrophobic interactions. In the case of the V/H1-
Pase, however, hydrophobic interactions (manifest as
ontributions of CH3 probe interaction energies to the
alculated activity) are very small and indeed need not
e incorporated into the QSAR model at all, as shown
n Eqs. 1–4. Thus, bisphosphonates clearly inhibit dif-
erent enzymes in quite different ways, through vari-
us types of interactions, ranging from overwhelmingly
lectrostatic with the V/H1-PPase, to mixed electro-
tatic/H-bonding/steric with FPPSase, to primarily
teric or hydrophobic with GPPSase (17–19).
In conclusion then, the results we have shown above

re of importance for several reasons. First, they rep-
esent the first QSAR analysis of the inhibition of a
acuolar, proton-pumping pyrophosphatase by imido-
iphosphate and by a series of bisphosphonates. Sec-

FIG. 3. Graph of CoMFA-derived QSAR predictions versus ex
nhibition, 19-compound training set. (B–D) As A but 16-compound t
nd statistical results are given in Table 1. The line represents the
472
nd, the results obtained indicate that it is possible to
redict the activity (pK i

app) of a broad range of V/H1-
Pase inhibitors with an rms error of 0.26, correspond-

ng to an average K i
app prediction error of about a factor

f 2. Since all of the major human disease-producing
rotozoa possess this enzyme while their human hosts
o not, V/H1-PPase is a potentially attractive target for
hemotherapeutic intervention and the results pre-
ented above indicate that it may now be possible to
egin to use QSAR methods to develop improved inhib-
tors against both plant and parasite enzymes. Third,
ur QSAR results show the overwhelming dominance
f purely electrostatic interactions in the bisphos-
honate/imidodiphosphate V/H1-PPase QSAR, unlike
esults recently obtained with these and related com-
ounds acting as inhibitors of the prenyl synthases,
PPSase and GGPPSase (17–19), in which donor/
cceptor and purely steric/hydrophobic/dispersive in-
eractions become increasingly important, presumably
ue to the fact that the bisphosphonates mimic much
arger carbocation species which are buried in the ac-
ive sites of the FPP and GGPP synthases.

imental bisphosphonate drug activity. (A) V. radiata V/H1-PPase
ing set (E) and 3-compound test set (}) predictions. The numerical

al slope of 1.
per
rain
ide
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