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Trypanosoma brucei, the causative agent of African trypanosomiasis, contains a soluble,
vacuolar pyrophosphatase, TbVSP1, not present in humans, which is essential for the growth
of bloodstream forms in their mammalian host. Here, we report the inhibition of a recombinant
TbVSP1 expressed in Escherichia coli by a panel of 81 bisphosphonates. The ICs, values were
found to vary from ~2 to 850 uM. We then used 3D QSAR (comparative molecular field and
comparative molecular similarity index; CoMFA and CoMSIA) methods to analyze the enzyme
inhibition results. The R? values for the experimental versus the QSAR-predicted activities
were 0.78 or 0.61 for COMFA and 0.79 or 0.68 for CoMSIA, for two different alignments. The
root-mean-square (rms) pICsg error for the best CoOMFA model was 0.41 for five test sets of five
activity predictions, which translates to a factor of ~2.6 error in IC5¢ prediction. For CoMSIA,
the rms pIC;y error and error factors were 0.35 and 2.2, respectively. In general, the most
active compounds contained both a single aromatic ring and a hydrogen bond donor feature.
Thirteen of the more potent compounds were then tested in vivo in a mouse model of T. brucei
infection. The most active compound in vivo provided a 40% protection from death with no
apparent side effects, suggesting that further development of such compounds may be of interest.

Introduction

Trypanosoma brucei is the protozoan parasite that
causes human African trypanosomiasis (HAT) or sleep-
ing sickness, a disease that is transmitted by the bite
of the tsetse fly and is fatal if not treated.! In East
Africa, the causative agent is T. brucei rhodesiense,
while in West Africa, it is T. brucei gambiense. The
actual number of cases each year are thought to be
between 300 000 and 500 000,2 with some 60 million
individuals at risk of infection.! There are two drugs
currently used to treat the initial phase of the disease:
suramin and pentamidine, employed in the treatment
of trypanosomiasis caused by T. brucei rhodesiense and
T. brucei gambiense, respectively.? For the treatment
of the second or neurological phase, melarsoprol, an
arsenical drug, is used for the treatment of both 7.
brucei rhodesiense and T. brucei gambiense infections.*
However, this drug causes severe side effects and can
sometimes be lethal. A newer but much more expensive
drug, eflornithine, has recently been introduced but is
effective only for the treatment of 7' brucei gambiense
infections.® The need for other, less toxic, inexpensive
drugs active against infections caused by both species
is therefore pressing.
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Recently, bisphosphonate drugs such as risedronate
(Actonel) and pamidronate (Aredia), used to treat bone
resorption diseases, have also been found to have
activity against the in vitro proliferation of several
protozoan parasites, including T brucei, T. cruzi, Leish-
mania donovani, Leishmania mexicana, Toxoplasma
gondii, Entamoeba histolytica, and Plasmodium falci-
parum.571* These compounds affect the mevalonate/
isoprene biosynthesis pathway enzyme farnesyl pyro-
phosphate (FPP) synthase'® 18 in humans, and some
bisphosphonates have been shown to be potent inhibi-
tors of FPP synthases from T. brucei and T. cruzi as
well.1419 In T. cruzi, bisphosphonates such as pam-
idronate and risedronate have been found to be quite
effective both in vitro and in vivo,® 10 but such highly
potent bisphosphonates are less effective against 7.
brucei in vivo.l* Additional possible targets for bis-
phosphonates, which chemically are analogues of pyro-
phosphate (or diphosphate), are the T. brucei pyro-
phosphatase (T6VSP1) and the PPX1 exopolyphos-
phatase.2%-21 In T. brucei, the TbVSP1 enzyme contains
415 amino acids (M, = 47.3 kDa) and appears to contain
two domains, a polyphosphatase domain and an EF-
hand domain,?° and is located in the acidocalcisome, an
organelle found in all trypanosomatids and several
apicomplexan parasites.?2 Depending on the nature of
its divalent metal ion cofactors, this soluble, vacuolar
pyrophosphatase (T6VSP1) can act either as a pyro-
phosphatase (+Mg?") or as a short-chain polyphos-
phatase (+Zn?"). In initial experiments, we found that
the polyphosphatase (tripolyphosphatase) activity (in
the presence of Zn?", which is abundant in acido-
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Figure 1. Structures of bisphosphonates (1—40) investigated, ordered by decreasing activity.

calcisomes) of TbVSP1 was inhibited by bisphos-
phonates. Since TbVSP1 has been shown to be essential
for the growth of bloodstream forms of 7. brucei in a
mammalian host,2® where it is involved in osmoregula-
tion and virulence, we have now investigated its inhibi-
tion by a chemically diverse series of bisphosphonates
and used three-dimensional quantitative structure—
activity relationship (3D QSAR) techniques to analyze
the inhibition results. We have also investigated the
activity of some of the more potent bisphosphonates
against T. brucei brucei infected mice, finding that some
of the bisphosphonates that have high activity in vitro
are also active in vivo.

Experimental Section

Synthetic Aspects. The structures of the 81 bisphos-
phonates investigated (1—81) are shown in Figures 1 and 2.

The basic synthetic methods used have been described
elsewhere®~71323-25 and, in brief, involved either (1) phos-
phonylation of a carboxylic acid,?52”

1. PCl3 or POCl3/ H3PO3 PO3H,
R(CH2),COOH > R(CHph—OH
2.H0 PO3H;

(2) condensation of an amine with ethylorthoformate and
diethyl phosphite,?®

(0]

1] 1.140°C
RNH, + HC(OCyHs5)3 + HP(OCyHs),

2. HCl or Me3SiBr
PO3H,

RNH—(
PO3H,

or (3) Michael addition of an aromatic amine to tetraethyl-



6130 Journal of Medicinal Chemistry, 2005, Vol. 48, No. 19

H
N

Kotsikorou et al.

PO3H; H N PO3H
\HNTPOSHZ POSHZ PO3H2 32
PO3H, A POst Po3H2
POzH, PO3H2
41 42 45
H
Il:l{ PO3H2 PO3H2 N P03H2
\ﬂz T PO3H2 POH;
POsH, P03H2 PO H O‘
46 82 49
PO H
O PO3H; PO3H2 3 2 P03H2
‘ POsH; POgH, °3H2 /\Lj PO3H;
P03H2 PO3H2 | N (f? PO3H2 P03H2
P03H2 P03H2 Z P°3H2 PO3H2
56
~N /
PO3H,
PO3H2 PO3H2 PO3H2 Q/\ﬁ
PO3H,
PO3H2 P°3H2 03H2
PO3H2 PO3H2
PO H
H2N 3H2 P03Hz 03H2 03H2
PO3H2 03,_,2
H,N PO3H, PO3H;
(jm w rore Ly 41 rov
PO3H, / PO3H2 O H 2
3H2 1=~03|-|2
PO3H2 P03H2 PO3H2 PO3H2
P03H2
PO3H2 P°3H2 O3H2
72
(1
N POst PO3H2 03H2
H PO H O3H2 O
3H2 P03H2
76
PO3H,
O O °\©*233“2
PO4H
O 32 PO3H, N7 03H2 Lo
cl 78 79 81 $

Figure 2. Structures of bisphosphonates (41—81) investigated, ordered by decreasmg activity.

vinylidene bisphosphonate, followed by TMSBr cleavage,?

1]
P(OCzHs)2
1. H,C
PO3H
NH P(OCzHs), N
N o L LD PO3H,
N 2. Me;SiBr / MeOH N

The syntheses and characterization of 2, 5, 14, 17, 21, 24, 29,
38—40, 42, 43, 46, 47, 52, 54, 56, 57, 61, 67, 69—72, 74, and
80 have been reported before.6~71323 Microchemical analysis
results for all new compounds, 1, 3, 4, 6—13, 15, 16, 18—20,
22,23, 25—28, 30—37, 41, 44, 45, 48—51, 53, 55, 58—60, 62—
66, 68, 73, 75—79, and 81, were satisfactory. All compounds
were also routinely characterized by using 'H and 3'P NMR
spectroscopy at 500 MHz (Varian Unity spectrometer). All
reagents were purchased from Aldrich.

The following five general procedures illustrate the synthetic
aspects in more detail.

General Procedure 1. An amine (3 mmol), triethyl ortho-
formate (3.6 mmol), and diethyl phosphite (12 mmol) were
heated at 140 °C under Ny for 12 h.2® The mixture was
subjected to column chromatography to give the tetraethyl
ester, which was then treated with TMSBr (6 equiv) in
acetonitrile for 8 h at room temperature. Upon removal of the
solvent, the residue was dissolved in EtOH/H20 (5:1), after
which a substituted aminomethylene bisphosphonate precipi-
tated as a white powder.

General Procedure 2. To a carboxylic acid (3 mmol) in
benzene (10 mL) was added oxalyl chloride (6 mmol) followed
by 1 drop of DMF. The solution was stirred for 1 h, then the
solvent was removed in vacuo. The residue was dissolved in
THF, and tris(trimethylsilyl)phosphite (6 mmol) was added
dropwise.?? After 2 h, the solvent was evaporated and the
residue was dissolved in MeOH/H20 (4:1). Upon removal of
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MeOH in vacuo, the pH of the solution was adjusted to ~4 by
addition of NaOH (50%), upon which a white precipitate
appeared that was collected by filtration to give a 1-hydroxy-
methylene bisphosphonate as a monosodium salt.

General Procedure 3. A mixture of a carboxylic acid (3
mmol), H3PO3 (15 mmol), and toluene (8 mL) was heated to
80 °C with stirring. After all solids melted, POCI; (15 mmol)
was added slowly and the reaction mixture was vigorously
stirred at 80 °C for 5 h.2” When the mixture was cooled, toluene
was decanted and 6 N HCI (3 mL) was added to the residue.
The resulting solution was refluxed for 1 h, then most of the
solvent was removed in vacuo. 2-Propanol (25 mL) was added
to precipitate a 1-hydroxymethylene bisphosphonate as a white
powder, which was filtered, washed with 2-propanol (5 x 5
mL), dried, and could be further purified by recrystallization
in HyO/i-PrOH. In some cases, the bisphosphonate was neu-
tralized with NaOH and crystallized as its sodium salt from
H,0/i-PrOH.

General Procedure 4. To tetraethylvinylidene bisphos-
phonate?®! (1 mmol) in THF was added an amine (1 mmol), and
the solution was stirred at room temperature overnight.?
Upon removal of solvent, the residue was subjected to column
chromatography to give the tetraethyl ester of 2-amino-
ethylidene 1,1-bisphosphonate, which was then treated with
TMSBr (6 equiv) in acetonitrile for 8 h at room temperature.
Upon removal of the solvent, the residue was dissolved in
EtOH/H20O (5:1), upon which a 2-aminoethylidene-1,1-bis-
phosphonic acid precipitated as a white powder.

General Procedure 5. All of the biphenyl starting com-
pounds (if not commercially available) were prepared by
Suzuki coupling.?? In brief, a substituted phenylboronic acid
(3.3 mmol), a substituted bromobenzene (3 mmol), Pd(PPhs),
(0.075 mmol), KoCO3 (9 mmol) in toluene (10 mL), and water
(3 mL) were refluxed under Ny with vigorous stirring for 10
h. The product was extracted with diethyl ether and purified
by column chromatography.

1-Hydroxy-2-(2—aminophenyl)ethylidene-1,1-bisphos-
phonic Acid (1). 1 was prepared from 2-nitrophenylacetic acid
(540 mg, 3 mmol), following general procedure 3, followed by
hydrogenation overnight (10% Pd/C, Hs, 60 psi) (580 mg, 62%
yield). Anal. (CsH;1NNay,O-P5-1.5H,0) C, H, N.

(3-Bromophenylamino)methylenebisphosphonic Acid
(3). 3 was prepared from 3-bromoaniline (516 mg, 3 mmol),
following general procedure 1 (468 mg, 40% yield). Anal. (C;H7-
NBrNasOsP2+0.56H20-0.5EtOH) C, H, N.

(2,4-Dichlorophenylamino)methylenebisphosphonic
Acid (4). 4 was prepared from 2,4-dichloroaniline (490 mg, 3
mmol), following general procedure 1 (420 mg, 34% yield).
Anal. (C;HsNNaOgP,-3H,0) C, H, N.

1-Hydroxy-2-(3-iodophenyl)ethylidene-1,1-bisphos-
phonic Acid (6). 6 was prepared from 3-iodophenylacetic acid
(786 mg, 3 mmol), following general procedure 2 (470 mg, 35%
yield). Anal. (CgH;0(INaO7P2-H20) C, H.

[3-(3,5-Difluorophenyl)phenylamino]methylene-1,1-
bisphosphonic Acid (7). 3-(3,5-Difluorophenyl)aniline was
prepared from N-acetyl-3-bromoaniline (642 mg, 3 mmol) and
3,5-difluorophenylboronic acid (474 mg, 3 mmol) following
general procedure 5, followed by acid hydrolysis (3 N HCI,
reflux). Compound 7 was made from the fluoroaniline, follow-
ing general procedure 1 (349 mg, 30% yield). Anal. (CysH;s-
NF.0¢P2-H20) C, H, N.

(3-Nitrophenylamino)methylenebisphosphonic Acid
(8). 8 was prepared from 3-nitroaniline (414 mg, 3 mmol),
following general procedure 1 (651 mg, 46% yield). Anal.
(C7HgN32NasOsP2-4.5H,0) C, H, N.

1-Hydroxy-2-(3-chlorophenyl)ethylidene-1,1-bisphos-
phonic Acid (9). 9 was prepared from 3-chlorophenylacetic
acid (512 mg, 3 mmol), following general procedure 2 (457 mg,
41% yield). Anal. (CsHyCINaO7P2-0.25H20) C. H: calced, 3.09;
found, 2.47.

1-Hydroxy-2-adamantanylethylidene-1,1-bisphos-
phonic Acid (10). 10 was prepared from adamantane acetic
acid (583 mg, 3 mmol), following general procedure 2 (457 mg,
41% yleld) Anal. (C12H21N307P2‘0.5H20) C, H.
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1-Hydroxy-2-(3-bromophenyl)ethylidene-1,1-bisphos-
phonic Acid (11). 11 was prepared from 3-bromophenylacetic
acid (645 mg, 3 mmol), following general procedure 2 (597 mg,
52% yield). Anal. (CgH10BrNaO-P) C. H: caled, 2.63; found,
2.12.
(3-Methoxymethylphenylamino)methylenebisphos-
phonic Acid (12). To NaH (132 mg, 3.3 mmol, 60% in oil) in
THF (10 mL) was added successively 3-aminobenzyl alcohol
(370 mg, 3 mmol) and Mel (426 mg, 3 mmol). After 1 h, the
reaction was quenched by addition of NaCl(aq) and 3-meth-
oxymethylaniline was extracted with diethyl ether and purified
by column chromatography (silica gel; ether/CHyCly 1:5).
Compound 12 was prepared from the aniline obtained, follow-
ing general procedure 1 (315 mg, 34% overall yield). Anal.
(CoH15NO7Py) C, H, N.
(3-Isopropylphenylamino)methylenebisphosphonic
Acid (13). 13 was prepared from 3-isopropylaniline (406 mg,
3 mmol), following general procedure 1 (455 mg, 39% yield).
Anal. (CloH15NN306P2'2H20) C, H, N.
(2-Dimethylaminophenylamino)methylenebisphos-
phonic Acid (15). 2-Dimethylaminoaniline was prepared by
monoprotection of 1,2-diaminobenzene (650 mg, 6 mmol) with
benzyl chloroformate, followed by alkylation with Mel and
hydrogenation (5% Pd/C). Compound 15 was prepared from
the aniline obtained, following general procedure 1 (400 mg,
21% overall yield). Anal. (CoH16N20gP2:0.5H20) C, H, N.
(3-Hydroxymethylphenylamino)methylenebisphos-
phonic Acid (16). To NaH (132 mg, 3.3 mmol, 60% in oil) in
THF (10 mL) was added successively 3-aminobenzyl alcohol
(370 mg, 3 mmol) and TBSCI (450 mg, 3 mmol). After 1 h, the
reaction was quenched by addition of NaCl(aq), and O-TBS-
protected 3-hydroxymethylaniline was extracted with diethyl
ether and purified by column chromatography (silica gel, ether/
CH;Cl; 1:10). Compound 16 was prepared from the aniline
obtained following general procedure 1 (370 mg, 40% overall
yield). Anal. (CgH13N07P2'0.5H20) C, H, N.
1-Hydroxy-2-(1-naphthyl)ethylidene-1,1-bisphos-
phonic Acid (18). 18 was prepared from 1-naphthylacetic acid
(559 mg, 3 mmol), following general procedure 2 (520 mg, 49%
yield). Anal. (C12H13N307P2'0.25H20) C, H.
1-Hydroxy-2-(3-fluorophenyl)ethylidene-1,1-bisphos-
phonic Acid (19). 19 was prepared from 3-fluorophenylacetic
acid (462 mg, 3 mmol), following general procedure 2 (652 mg,
60% yield). Anal. (CsHyFNayO7Py-H,0) C, H.
(4-Ethylphenylamino)methylenebisphosphonic Acid
(20). 20 was prepared from 4-ethylaniline (360 mg, 3 mmol),
following general procedure 1 (336 mg, 38% yield). Anal.
(CoH15NO6P,) C, H, N.
(3-tert-Butylphenylamino)methylenebisphosphonic
Acid (22). 22 was prepared from 3-tert-butylaniline (448 mg,
3 mmol), following general procedure 1 (532 mg, 52% yield).
Anal. (C11H1sNOgPs-H,0) C, H, N.
Hydroxy-[(4-phenyl)phenyllmethylenebisphos-
phonic Acid (23). 23 was prepared from 4-phenylbenzoic acid
(595 mg, 3 mmol), following general procedure 2 (817 mg, 54%
yleld) Anal. (Cl3H10Na407P2‘4H20) C, H.
1-Hydroxy-2-(3-nitrophenyl)ethylidene-1,1-bisphos-
phonic Acid (25). 25 was prepared from 3-nitrophenylacetic
acid (540 mg, 3 mmol), following general procedure 2 (430 mg,
40% yield). Anal. (CsH;0)NNaOyP,-0.5H20) C, H, N.
1-Hydroxy-2-(3-trifluoromethylphenyl)ethylidene-1,1-
bisphosphonic Acid (26). 26 was prepared from 3-trifluoro-
methylphenylacetic acid (612 mg, 3 mmol), following general
procedure 2 (705 mg, 57% yield). Anal. (CoHyNF35Na.O7P2-H0)
C, H, N.
1-Hydroxy-2-(3-methoxyphenyl)ethylidene-1,1-bisphos-
phonic Acid (27). 27 was prepared from 3-methoxyphenyl-
acetic acid (512 mg, 3 mmol), following general procedure 2
(564 mg, 44% yield). Anal. (CngoNa4OgP2‘1.5H20) C, H.
(3-Phenyl-4-methylphenylamino)methylenebisphos-
phonic Acid (28). 3-Phenyl-4-methylaniline was prepared
from phenylboronic acid (366 mg, 3 mmol) and N-acetyl-3-
bromo-4-methylaniline (684 mg, 3 mmol), following general
procedure 5, followed by acid hydrolysis (3 N HCI, reflux).
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Compound 28 was made from the aniline obtained, following
general procedure 1 (420 mg, 36% overall yield). Anal. (C14H16-
NNaOgP»-0.25H,0) C, H, N.
[3-(3,4-Difluorophenyl)phenylaminolmethylenebis-
phosphonic Acid (30). 3(3,4-Difluorophenylaniline was
prepared from 3,4-difluorophenylboronic acid (474 mg, 3 mmol)
and N-acetyl-3-bromoaniline (642 mg, 3 mmol), following
general procedure 5, followed by acid hydrolysis (3 N HCI,
reflux). Compound 30 was made from the aniline obtained,
following general procedure 1 (353 mg, 31% overall yield).
Anal. (CmHmNFzOePz) C, H, N.
1-Hydroxy-2-[3-(4-fluorophenyl)phenyllethylidene-1,1-
bisphosphonic Acid (31). 31 was prepared from 3-(4-
fluorophenyl)phenylacetic acid (691 mg, 3 mmol), following
general procedure 2 (690 mg, 53% yield). Anal. (Ci14Hy4-
FNaO7P2-2H20) C, H.
1-Hydroxy-2-(3-methylphenyl)ethylidene-1,1-bisphos-
phonic Acid (32). 32 was prepared from 3-methylphenylacetic
acid (450 mg, 3 mmol), following general procedure 2 (410 mg,
43% yleld) Anal. (C9H13Na07P2-0.25H20) C, H.
(2,6-Diisopropylphenylamino)methylenebisphos-
phonic Acid (33). 33 was prepared from 2,6-diisopropyl-
aniline (532 mg, 3 mmol), following general procedure 1 (443
mg, 40% yield). Anal. (C13H23sNOgP2-1.25H,0) C, H, N.
(4-Benzylphenylamino)methylenebisphosphonic Acid
(34). 34 was prepared from 4-benzylaniline (550 mg, 3 mmol),
following general procedure 1 (417 mg, 35% yield). Anal.
(C14H16NNaOgP-H20) C, H, N.
[3-(2,4-Difluorophenyl)phenylamino]methylenebis-
phosphonic Acid (35). 3-(2,4-Difluorophenyl)aniline was
prepared from 2,4-difluorophenylboronic acid (470 mg, 3 mmol)
and N-acetyl-3-bromoaniline (640 mg, 3 mmol), following
general procedure 5, followed by acid hydrolysis (3 N HCI,
reflux). Compound 35 was made from the aniline obtained,
following general procedure 1 (410 mg, 35% overall yield).
Anal. (013H13NF206P2'0.5H20) C, H, N.
2-[(3-Phenyl)phenylamino]ethylidene-1,1-bisphos-
phonic Acid (36). 36 was prepared from 3-aminobiphenyl
(508 mg, 3 mmol), following general procedure 4 (771 mg, 48%
yield). Anal. (C14H13NNasO6P2-5H50) C, H, N.
Hydroxy-[(3-phenyl)phenyllmethylenebisphos-
phonic Acid (37). 37 was prepared from 3-phenylbenzoic acid
(595 mg, 3 mmol), following general procedure 2 (552 mg, 49%
yield). Anal. (C13H13N8.07P2'0.5H20) C, H.
[(R)-1-(1-Naphthyl)ethylamino]methylenebisphos-
phonic Acid (41). 41 was prepared from (R)-1-(1-naphthyl)-
ethylamine (171.24 mg, 1 mmol), following general procedure
1 (132 mg, 37% yield). Anal. (C13H17NOgP2-0.25H,0) C, H, N.
1-Hydroxy-2-(3-dimethylaminomethylphenyl)ethyl-
idene-1,1-bisphosphonic Acid (44). Ethyl 3-formylphenyl-
acetate (384 mg, 2 mmol)*® was reductively aminated with
dimethylamine hydrochloride (326 mg, 4 mmol) and NaBH4
(150 mg, 4 mmol) in the presence of Ti(i-PrO), (1.18 mL, 4
mmol).3* The product was then refluxed in 2 N HCI to give
3-dimethylaminomethylphenylacetic acid. Compound 44 was
prepared from the acid obtained, following general procedure
3 (285 mg, 31% yleld) Anal. (CnHleNNa307P2-3H20) C, H, N.
(3-Benzylphenylamino)methylenebisphosphonic Acid
(45). 45 was prepared from 3-benzylaniline (550 mg, 3 mmol),
following general procedure 1 (494 mg, 45% yield). Anal.
(C14H17NOgP5-0.5H,0) C, H, N.
2-(Adamantanylamino)ethylidene-1,1-bisphosphonic
Acid (48). 48 was prepared from adamantanamine (454 mg,
3 mmol), following general procedure 4 (440 mg, 40% yield).
Anal. (C12H23N06P2'1.5H20) C, H, N
[(S)-1-(1-naphthylethyl)amino]methylenebisphos-
phonic Acid (49). 49 was prepared from (S)-1-(1—naphthyl)-
ethylamine (171 mg, 1 mmol), following general procedure 1
(142 mg, 41% yield). Anal. (C13H17NOgP3) C, H, N.
2-[(3-Phenyl)phenyl]ethylidene-1,1-bisphosphonic Acid
(50). Tetraethylmethylene bisphosphonate (288 mg, 1 mmol)
in THF (5 mL) was treated successively with NaH (44 mg, 1.1
mmol, 60% in oil) and 3-bromomethylbiphenyl (248 mg, 1
mmol) at room temperature for 3 h. The resulting tetraethyl
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ester of 50 was purified by column chromatography (silica gel;
ethyl acetate/MeOH 20:1) and was then treated with TMSBr
(6 equiv), followed by hydrolysis (MeOH/H20) to give com-
pound 50 as a white powder (200 mg, 45% overall yield). Anal.
(C14H12Na406P2-0.75H20) C, H.
1-Hydroxy-2-[3-(3,4-difluorophenyl)phenyllethylidene-
1,1-bisphosphonic Acid (51). 3-(3,4-Difluorophenyl)phenyl-
acetic acid was prepared from 3,4-difluorophenylboronic acid
(470 mg, 3 mmol) and methyl 3-bromophenylacetate (690 mg,
3 mmol), following general procedure 5, followed by hydrolysis
(1 N NaOH). Compound 51 was prepared from the acid
obtained, following general procedure 2 (536 mg, 42% overall
yield). Anal. (Cl4H13F2NaO7P2-O.5H20) C, H.
(6-Ethylpyridin-2-ylamino)methylenebisphosphonic
Acid (53). 53 was prepared from 2-amino-6-ethylpyridine (367
mg, 3 mmol), following general procedure 1 (374 mg, 32%
yield). Anal. (CsHmNgN&OePg‘ZHzO) C, H, N.
1-Hydroxy-2-[(3-phenylphenyl]ethylidene-1,1-bisphos-
phonic Acid (55). 3-Bromomethylbiphenyl (248 mg, 1 mmol)
in DMSO (5 mL) was treated with NaCN (54 mg, 1.1 mmol)
at room temperature for 6 h. The product was purified by
column chromatography (silica gel; CHyCly/ether 10:1) and was
then refluxed in 3 N NaOH in EtOH/H20 for 1 h to give (3-
phenyl)phenylacetic acid. Compound 55 was prepared from the
acid obtained, following general procedure 2 (170 mg, 36%
overall yield). Anal. (C14H12N8.407P2‘1.75H20) C, H.
1-Hydroxy-2-[3-(3,5-difluorophenyl)phenyllethylidene-
1,1-bisphosphonic Acid (58). 3-(3,5-Difluorophenyl)phenyl-
acetic acid was prepared from 3,5-difluorophenylboronic acid
(470 mg, 3 mmol) and methyl 3-bromophenylacetate (690 mg,
3 mmol), following general procedure 5, followed by hydrolysis
(1 N NaOH). Compound 58 was prepared from the acid
obtained, following general procedure 2 (560 mg, 42% overall
yleld) Anal. (C14H13F2NaO7P2-1.5HzO) C, H.
(Adamantanylamino)methylenebisphosphonic Acid
(59). 59 was prepared from adamantanamine (454 mg, 3
mmol), following general procedure 1 (480 mg, 47% yield).
Anal. (011H21N06P2'H20) C, H, N.
1-Hydroxy-2-(2-dimethylaminophenyl)ethylidene-1,1-
bisphosphonic Acid (60). 2-Dimethylaminophenylacetic acid
was prepared by methylation (Mel) of 2-aminophenylaceto-
nitrile (396 mg, 3 mmol), followed by hydrolysis (2 N NaOH,
reflux). Compound 60 was prepared from the acid obtained,
following general procedure 3 (285 mg, 26% overall yield).
Anal. (ClongNNaO7P2-H20) C, H, N.
1-Hydroxy-2-[N-(3-methylbenzyl)pyridinium-3-ylleth-
ylidene-1,1-bisphosphonic Acid (61). Ethyl 3-pyridylacetate
(495 mg, 3 mmol) was reacted with 3-methylbenzyl bromide
(555 mg, 3 mmol) in MeOH at room temperature overnight.
Upon removal of solvent, the white powder was refluxed in 1
N HCI for 1 h to give N-(3-methylbenzyl)pyridinium-3-ylacetic
acid. Compound 61 was prepared from the acid, following
general procedure 3 (640 mg, 48% overall yield). Anal. (C15H;s-
NNaO7P,-0.75H,0-0.5 i-PrOH) C, H, N.
(3-Aminophenylamino)methylenebisphosphonic Acid
(62). 1,3-Diaminobenzene (650 mg, 6 mmol) was monopro-
tected with acetyl anhydride. Compound 62 was prepared from
the aniline obtained following general procedure 1, followed
by acidic hydrolysis (3 N HCI, reflux) (670 mg, 35% overall
yield). Anal. (C7H11N;NaOgP2-H0) C, H, N.
1-Hydroxy-2-[3-(2,4-difluorophenyl)phenyl]ethylidene-
1,1-bisphosphonic Acid (63). 3-(2,4-Difluorophenyl)phenyl-
acetic acid was prepared from 2,4-difluorophenylboronic acid
(470 mg, 3 mmol) and methyl 3-bromophenylacetate (690 mg,
3 mmol) following general procedure 5, followed by hydrolysis
(1 N NaOH). Compound 63 was prepared from the acid
obtained, following general procedure 2 (490 mg, 40% overall
yleld) Anal. (Cl4H14F207P2‘H20) C, H.
1-Hydroxy-2-[4-(4-fluorophenyl)phenyl]lethylidene-1,1-
bisphosphonic Acid (64). 64 was prepared from 4-(4-
fluorophenyl)phenylacetic acid (691 mg, 3 mmol), following
general procedure 2 (633 mg, 53% yield). Anal. (Ci4His-
FNaO-Py) C, H.
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1-Hydroxy-2-[(4-phenyl)phenyl]ethylidene-1,1-bisphos-
phonic Acid (65). 65 was prepared from 4-phenylphenylacetic
acid (637 mg, 3 mmol), following general procedure 2 (676 mg,
56% yield). Anal. (C14H14N3207P2) C, H.

1-Hydroxy-2-(3-aminophenyl)ethylidene-1,1-bisphos-
phonic Acid (66). 66 was prepared from 3-aminophenylacetic
acid (450 mg, 3 mmol), following general procedure 3 (450 mg,
40% yield). Anal. (CnglNNazo7P2‘2H20) C, N H: calcd, 4.00;
found, 3.49.

1-Hydroxy-2-[3-(4-methoxyphenyl)phenyl]ethylidene-
1,1-bisphosphonic Acid (68). 68 was prepared from 3-(4-
methoxyphenyl)phenylacetic acid (727 mg, 3 mmol), following
general procedure 2 (604 mg, 47% yield). Anal. (C15H17NaOgPs-
H:0) C, H.
1-Hydroxy-2-[3-(4-(chlorophenyl)phenyl]lethylidene-
1,1-bisphosphonic Acid (73). 73 was prepared from 3-(4-
chlorophenylphenylacetic acid (740 mg, 3 mmol), following
general procedure 2 (649 mg, 48% yield). Anal. (Ci4His-
CINaO;P,-2H,0) C, H.
2-(4-Phenylphenylamino)ethylidene-1,1-bisphos-
phonic Acid (75). 75 was prepared from 4-aminobiphenyl
(508 mg, 3 mmol), following general procedure 4 (384 mg, 33%
yield). Anal. (C14H16NN306P2'0.5H20) C, N. H: calcd, 4.41;
found, 4.98.
1-Hydroxy-2-[3-(2,5-difluorophenyl)phenyllethylidene-
1,1-bisphosphonic Acid (76). 3-(2,5-Difluorophenyl)phenyl
acetic acid was prepared from 2,5-difluorophenylboronic acid
(470 mg, 3 mmol) and methyl 3-bromophenylacetate (690 mg,
3 mmol), following general procedure 5, followed by hydrolysis
(1 N NaOH). Compound 76 was prepared from the acid
obtained, following general procedure 2 (510 mg, 38% overall
yleld) Anal (Cl4H13F2NaO7P2‘2H20) C, H.
1-Hydroxy-2-[4-(4-methoxyphenyl)phenyl]lethylidene-
1,1-bisphosphonic Acid (77). 77 was prepared from 4-(4-
methoxyphenyl)phenylacetic acid (727 mg, 3 mmol), following
general procedure 2 (591 mg, 46% yield). Anal. (C15H17NaOgPs-
H:0) C, H.
1-Hydroxy-2-[4-(4-chlorophenyl)phenyl]ethylidene-
1,1-bisphosphonic Acid (78). 78 was prepared from 4-(4-
chlorophenyl)phenylacetic acid (740 mg, 3 mmol), following
general procedure 2 (577 mg, 49% yield). Anal. (C14His-
CINaO-P,) C, H.
1-Hydroxy-2-(3—phenoxyphenyl)ethylidene-1,1-bisphos-
phonic Acid (79). 79 was prepared from 3-phenoxypheny-
lacetic acid (685 mg, 3 mmol), following general procedure 2
(415 mg, 32% yleld) Anal. (Cl4H15Na08P2'2H20) C, H.

[2-(3-Phenyl)phenyl]-1-phosphonoethylidene-1-sulfon-
ic Acid (81). Cyclohexyl diethylphosphonomethylsulfonate
(315 mg, 1 mmol)3® was treated successively with NaH (44 mg,
1.1 mmol, 60% in oil) and 3-bromomethylbiphenyl (248 mg, 1
mmol) in THF at room temperature overnight. The triester of
compound 81 was purified by column chromatography (silica
gel, ethyl acetate) and was then hydrolyzed successively with
excess ammonia in MeOH at 50 °C for 5 h, followed by TMSBr,
to give compound 81 (175 mg, 42% overall yield). Anal. (C14H;2-
Na306PS~0.5H20) C, H.

Computational Aspects. To relate the 3D structures of
the bisphosphonates to their activity, we used two com-
putational methods: comparative molecular field analysis
(CoMFAS3%) and comparative molecular similarity indices analy-
sis (CoMSIA%7). Compounds were built by using the Cerius?,
version 4.6,°® program and geometry-optimized using a
three-step protocol consisting of steepest-decent,?® conjugate-
gradient,** and Newton—Raphson*! minimizations, with no
constraints on the internal geometries of the molecules,
using the minimizer function of the OFF methods module in
Cerius?.3® We used a universal molecular mechanics force field
with a convergence criterion requiring a minimum energy
change of 0.001 kcal/mol. Since there is no crystallographic or
other three-dimensional structure of 76VSP1 with a bound
inhibitor, we first used the extended or all-trans form of the
larger alkyl substituents to provide the basis for one align-
ment, while in a second alignment, we chose to use the
structure of farnesyl diphosphate bound to farnesyl diphos-
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Figure 3. Dose response curve for four representative com-
pounds: 3, 22, 48, and 60.

phate synthase,*? in which there is a pronounced curvature of
the side chain. This provided at least one measure of the
sensitivity of the QSAR analysis to side chain conformation.
The bisphosphonate backbone conformations were based
on the crystallographic structure of risedronate (80*%). The
CoMFA and CoMSIA analyses were performed by using the
Sybyl, version 6.9, program** with default settings. To calculate
charges, we used the Gasteiger—Marsili*> method. We then
used default settings in Sybyl, version 6.9, to automatically
build a 3D rectangular grid with a 2.00 A spacing and used a
partial least-squares (PLS) analysis* approach to deduce the
3D QSAR relationships. The optimal number of components
for each equation was determined by using standard error of
prediction values and SAMPLS* leave-one-out cross-validation
statistics.

Additional data analyses were carried out using an in-house
implementation of the JChem software package*® from
ChemAxon, Ltd.*

Enzyme Inhibition by Bisphosphonates. An amount of
2 ug of desalted TbVSP1 was incubated for 2 min at 20 °C in
a buffer containing 50 mM Tris-HCI, pH 7.5, 1 mM ZnCl,, 100
uM sodium tripolyphosphate, and a variable concentration of
the bisphosphonate of interest. Released Pi was quantitated
as described previously.?®

Animal Testing. For the in vivo assays, the parasite strain
used was T brucei brucei 427.2° Female Swiss—Webster mice,
20 g, were injected intraperitoneally with 500 bloodstream
form parasites that had been cultivated at 37 °C in minimum
essential medium containing 10% fetal calf serum. Mice were
sorted randomly into groups of five and given 5 mg/kg of
bisphosphonate twice per day ip for 5 days.

Results and Discussion

We show in Figures 1 and 2 the structures of the 81
bisphosphonates investigated, shown in order of de-
creasing activity. The compounds shown in Figure 1
have ICs values less than 40 uM; those in Figure 2 have
ICsp values greater than 40 uM. In Figure 3, we show
four representative dose response curves, for compounds
3, 22, 48, and 60. The IC5¢ values for TbVSP1 tripoly-
phosphatase inhibition were fitted to a rectangular
hyperbola,

ImaxC

I=1,,+c

(D

where I is the percent inhibition, I},ax is 100% inhibition,
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Table 1. Experimental (IC5p and pICso) and CoMFA Predicted (pICsp) Values for Bisphosphonates against T. brucei Soluble
Pyrophosphatase TbVSP1 and Statistical Results of 3D QSAR CoMFA Models

predicted pICso predicted pICso
exptl activity five-compound test sets exptl activity five-compound test sets
ICso training ICso training
compd (uM) plICso set compd (uM) pICso set

1 2.1 5.68 4.80 4.82 4.82 4.77 4.72 4.71 45 46.7 4.33 4.46 4.52 454 447 4.46 447
2 2.4 5.62 5.19 520 5.25 5.24 497 5.02 46 47.7 4.32 4.39 4.38 4.35 4.29 4.27 4.22
3 3.8 5.42 5.16 5.11 5.15 5.17 5.01 4.98 47 47.7 4.32 4.40 4.42 4.46 432 415 425
4 4.3 5.37 4.89 491 490 4.54 4.85 4.87 48 48.0 4.32 4.64 5.05 4.63 4.57 4.73 4.78
5 4.3 5.37 5.18 5.17 5.27 5.16 5.23 5.26 49 49.7 4.30 4.20 4.02 4.20 4.30 3.92 3.96
6 5.5 5.26 491 494 498 491 482 4.78 50 52.3 4.28 4.20 4.18 4.29 4.16 4.50 445
7 6.2 5.21 4.92 489 5.04 488 5.13 5.16 51 53.3 4.27 3.72 3.70 3.72 3.72 3.94 3.87
8 6.5 5.19 5.10 5.07 5.11 5.11 5.00 4.99 52 55.0 4.26 4.61 4.60 4.60 4.57 450 4.46
9 75 512 4.94 497 4.98 494 487 4.83 53 55.0 4.26 3.88 3.67 3.88 3.76 3.91 3.83
10 8.0 5.10 4.86 4.86 4.90 4.90 4.72 4.74 54 56.7 4.25 4.00 4.00 4.02 3.53 3.58 3.64
11 9.0 5.05 4.94 497 498 494 4.86 4.83 55 65.7 4.18 4.29 4.26 4.42 4.30 4.44 4.44
12 9.7 5.01 5.07 5.06 5.05 5.11 4.97 4.95 56 70.0 4.15 3.95 4.04 3.95 4.07 4.04  4.00
13 9.7 5.01 5.08 5.13 5.05 5.13 5.07 5.09 57 78.0 4.11 3.93 4.02 3.97 3.92 3.94 3.91
14 9.7 5.01 5.08 5.02 5.04 5.05 4.81 4.82 58 82.7 4.08 3.76 3.74 3.76 3.78 3.96 3.91
15 10.0 5.00 4.83 4.89 4.84 4.73 497 4.96 59 98.3 4.01 3.87 3.80 3.88 3.86 4.05 4.12
16 10.2  4.99 5.20 5.19 5.20 5.22 5.03 5.02 60 108.3 3.97 4.23 4.20 4.25 4.23 4.38  4.52
17 10.3  4.99 4.92 491 491 4.88 4.55 4.64 61 130.0 3.89 3.88 3.97 3.95 3.92 3.95 3.95
18 11.3 4.95 491 492 493 492 4.85 4.81 62 133.3 3.88 4.49 4.34 4.50 4.46 4.60 4.56
19 11.3  4.95 4.84 4.86 4.88 4.81 4.78 4.74 63 138.3 3.86 3.69 3.70 3.69 3.71 3.98 3.92
20 12.3 491 4.70 4.58 4.65 4.61 4.40 4.41 64 191.7 3.72 3.58 3.60 3.59 3.66 3.44 3.43
21 12.7 4.90 5.04 5.03 5.04 5.01 4.84 4.82 65 211.7 3.67 3.65 3.66 3.65 3.72 3.50 3.49
22 13.3 4.88 4.97 510 4.93 5.00 5.04 5.07 66 215.0 3.67 4.32 4.29  4.33 431 451 439
23 14.7 4.83 4.77 5.28 4.78 4.68 5.00 5.07 67 226.7 3.64 3.44 3.47 3.42 3.45 3.76 3.72
24 16.3 4.79 4.46 449 450 4.55 4.85 4.95 68 300.0 3.52 3.68 3.65 3.68 3.67 3.98 3.91
25 16.7 4.78 5.07 5.11 5.09 5.06 4.88 4.85 69 325 3.49 3.72 3.68 3.72 3.69 3.39 3.41
26 17.3 4.76 4.97 5.00 5.01 5.00 4.81 4.80 70 340.0 3.47 3.41 344 378 331 3.45 3.53
27 18.7 4.73 5.04 5.05 5.09 5.02 4.98 4.94 71 355.0 3.45 3.78 3.64 3.82 3.72 3.95 3.99
28 19.0 4.72 4.61 4.63 4.62 452 4.79 4.88 72 356.7 3.45 4.01 4.03 4.10 3.90 3.99 4.04
29 215 4.67 492 494 492 487 4.80 4.81 73 366.7 3.44 3.51 3.49 3.56 3.54 3.89 3.80
30 24.3 4.61 4.94 491 5.06 4.88 5.14 5.16 74 383.3 3.42 3.61 3.61 3.53 3.54 3.86 3.86
31 25.0 4.60 3.76  3.74 3.76 3.78 3.99 3.92 75 420.0 3.38 3.54 3.53 3.66 3.41 3.62 3.62
32 25.3 4.60 4.93 496 495 494 4.84 4.81 76 430.0 3.37 3.69 3.70 3.68 3.72 3.95 3.91
33 25.3  4.60 4.43 449 4.42 439 4.72 4.88 77 435.0 3.36 3.25 3.29 3.23 3.28 3.13 3.13
34 28.3 4.55 4.57 4.61 4.62 4.56 4.53 4.65 78 446.7 3.35 3.46 3.48 3.46 3857 3.36 3.34
35 28.7 4.54 4.90 489 5.01 485 5.15 5.17 79 540.0 3.27 3.98 4.02 4.51 3.96 4.13 4.13
36 29.7 4.53 4.49 449 4.46 455 4.60 4.62 80 656.7 3.18 3.50 3.52 3.48 3.49 3.79 3.74
37 31.0 451 4.65 4.87 4.59 4.55 4.43 4.50 81 841.7 3.08 3.43 3.38 3.40 3.36 3.61 3.52
38 35.3 445 3.94 390 4.03 3.96 3.98 3.98

39 38.0 4.42 4.16 426 4.17 412 4.63 4.81 q? 0.47 0.49 0.48 0.48 0.46 0.47
40 39.7 440 4.22 413 4.30 4.15 4.01 4.05 R? 0.78 0.79 0.79 0.79 0.70 0.70
41 42.7  4.37 451 4.29 452 4.61 4.04 4.07 N¢ 81 76 76 76 76 76
42 43.3 4.36 4.66 4.65 4.61 445 438 4.40 % S b 0.770 0.775 0.762 0.774 0.779 0.779
43 44.3 4.35 4.47 447 4.48 442 433 4.35 % E ¢ 0.230 0.225 0.238 0.226 0.221 0.221
44 44.7 4.35 4.36 4.36 4.34 4.47 4.46 4.44

@ N denotes the number of compounds used to generate the model. ¢ %S denotes the steric contribution to the model. ¢ %E denotes the

electrostatic contribution to the model.

C is the concentration of the inhibitor, and ICs¢ is the
concentration for 50% enzyme inhibition. A regression
analysis was performed by using Sigma Plot 5.0 (SPSS
Inc., Chicago, IL), and all ICsy values have errors of
~20%. The ICs5 values for all compounds investigated
are given in Table 1 (and again, for convenience, in
Table 2) as are the pICsy values, defined as

pIC5o = —logy, ICs, 2)
with ICsg in units of M. As may be seen in Table 1, the
ICs values vary considerably, from ~2 uM (compound
1) to ~1 mM (compound 81). For the more potent
compounds (1—40), it can be seen that bisphosphonates
containing o-NH groups are relatively common (20/40
compounds), while for the less active compounds (41—
81), such species are less prominent (only 11/41). In
addition, there is a slightly larger number of more bulky
compounds (containing two, as opposed to one, aromatic

rings) in the less active set (23 versus 15 compounds).
However, it should be possible to improve upon these
empirical observations by using QSAR techniques such
as CoMFA and CoMSIA.

To begin with, we built two sets of alignments. In both
cases, we used the crystallographic structure of 80
(risedronate) as a shape reference compound for the
bisphosphonate moiety and used singly protonated
phosphonate groups in all cases, basically as described
previously for our studies of FPPS inhibition, bone
resorption, y6 T cell activation, and Dictyostelium
discoideum and T. brucei growth inhibition by bisphos-
phonates.”23:245152 Since the side chain conformations
are not known, we used both an all-trans (alignment I)
and a bent (alignment II) conformation, as used previ-
ously in our investigation of bone resorption,’! to assess
the sensitivity of the QSAR results to side chain
conformation. Aniline or substituted aniline side chains
were not protonated, while more basic species such as
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Table 2. Experimental (IC5p and pICso) and CoMSIA Predicted (pICso) Values for Bisphosphonates against 7. brucei Soluble
Pyrophosphatase TbVSP1 and Statistical Results of 3D QSAR CoMSIA Models

predicted pICso predicted pICso
exptl activity five-compound test sets exptl activity five-compound test sets
ICso training ICso training
compd (uM) plICso set compd (uM) plICso set

1 2.1 5.68 5.43 544 544 535 522 559 45 46.7 4.33 4.54 4.64 451 4.54  4.59 4.53
2 2.4 5.62 5.09 5.12 5.09 5.12 5.03 5.07 46 47.7 4.32 4.50 4.44  4.48 4.43 4.50 4.43
3 3.8 5.42 5.42 541 5.49 542 525 5.38 47 47.7 4.32 4.17 4.20 4.16 4.17 399 4.12
4 4.3 5.37 5.17 5.16 5.19 4.96 5.16 5.22 48 48.0 4.32 4.06 4.12 4.05 4.07 4.20 4.05
5 4.3 5.37 4.99 5.01 5.01 5.03 5.04 4.94 49 49.7 4.30 4.22 4.09 4.24 427  4.00 4.20
6 5.5 5.26 5.34 534 5.28 5.33 5.27 5.34 50 52.3 4.28 3.89 3.87 3.93 3.89 406 3.75
7 6.2 5.21 4.62 4.63 4.72 4.63 4.77 4.62 51 53.3 4.27 3.78 3.77 3.84 3.76 3.87 3.78
8 6.5 5.19 5.14 5.15 5.11 5.13 5.14 5.12 52 55.0 4.26 3.98 3.99 4.07 3.95 3.71 3.96
9 75 512 5.00 4.97 5.03 4.99 4.95 5.00 53 55.0 4.26 4.19 4.15 4.22 4.15 4.12 4.17
10 8.0 5.10 5.11 5.12 5.11 5.15 4.83 5.14 54 56.7 4.25 4.14 4.22 4.15 391 4.00 4.10
11 9.0 5.05 5.12 5.10 5.12 5.12 5.07 5.13 55 65.7 4.18 4.31 4.31 4.37 4.32 4.28 4.30
12 9.7 5.01 4.84 4.88 4.76 4.85 4.93 4.81 56 70.0 4.15 4.28 4.29 4.29 4.28  4.40 4.29
13 9.7 5.01 5.19 522 513 5.22 5.14 5.15 57 78.0 4.11 4.06 4.08 4.07 4.03 4.21 4.07
14 9.7 5.01 5.14 5.16 5.13 5.14 5.01 5.14 58 82.7 4.08 3.78 3.77 3.83 3.76 3.88 3.78
15 10.0 5.00 5.17 5.16 5.18 5.14 5.37 5.16 59 98.3 4.01 4.02 3.92 4.01 4.03 4.03 4.10
16 10.2  4.99 498 5.00 4.95 498 5.01 4.95 60 108.3 3.97 4.38 4.34  4.35 4.34 445 4.66
17 10.3  4.99 4.47  4.46 4.45 449 4.30 4.44 61 130.0 3.89 3.70 3.72 3.78 3.69 3.80 3.67
18 11.3 495 4.96 493 5.00 497 5.00 4.93 62 133.3 3.88 3.95 3.91 3.97 3.88 3.83 4.00
19 11.3  4.95 4.81 4.78 4.89 4.81 4.79 4.82 63 138.3 3.86 3.85 3.84 388 3.83 3.98 3.84
20 12.3 491 4.92 493 4.89 491 4.79 4.92 64 191.7 3.72 3.43 3.43 3.44 3.52 3.46 3.44
21 12.7 4.90 4.51 448 4.49 455 450 4.43 65 211.7 3.67 3.64 3.62 3.63 3.69 3.62 3.65
22 13.3 4.88 520 5.22 514 5.25 5.17 5.17 66 215.0 3.67 3.94 3.91 3.97 3.89 394 395
23 14.7 4.83 4.64 4.40 4.69 4.66 4.62 4.61 67 226.7 3.64 3.98 3.95 3.89 3.98 4.12 3.99
24 16.3 4.79 4.69 4.70 4.65 4.68 4.72 4.76 68 300.0 3.52 3.96 3.95 3.97 3.96 4.03 3.97
25 16.7 4.78 4.71 4.66 4.82 4.70 4.69 4.71 69 325 3.49 3.25 3.26 3.32 3.23 3.07 3.37
26 17.3 4.76 4.76  4.76 4.70 4.77 4.78 4.77 70 340.0 3.47 3.52 3.59 857 3.50 3.44 3.49
27 18.7 4.73 4.65 459 4.82 4.64 4.63 4.62 71 355.0 3.45 4.23 4.24  4.19 4.23 4.22 4.24
28 19.0 4.72 4.56 459 449 449 469 4.60 72 356.7 3.45 3.98 4.01 3.98 3.97 3.87 3.92
29 215 4.67 441 436 4.40 444 443 4.29 73 366.7 3.44 3.91 3.90 3.91 3.90 4.02 3.89
30 24.3 4.61 4.69 4.72 4.76 4.70 4.86 4.70 74 383.3 3.42 3.27 3.26 3.22 3.25 3.52 3.21
31 25.0 4.60 3.98 3.97 3.99 3.98 4.05 3.98 75 420.0 3.38 3.34 3.38 3.38 3.24 3.43 3.30
32 25.3 4.60 4.71 4.69 4.72 472 4.71 4.71 76 430.0 3.37 3.79 3.77 3.85 3.77 3.87 3.76
33 25.3  4.60 4.50 4.49 4.45 445 4.74 4.60 77 435.0 3.36 3.32 3.31 3.34 3.34 3.37 3.32
34 28.3 4.55 4.67 470 4.66 4.69 4.68 4.78 78 446.7 3.35 3.37 3.37 3.38 3.50 3.40 3.37
35 28.7 4.54 4.71 473 4.77 4.72 4.87 4.70 79 540.0 3.27 3.92 3.90 4.27 3.89 3.91 3.89
36 29.7 4.53 4.55 453 4.51 454 4.61 4.58 80 656.7 3.18 4.14 4.11 4.12 4.14  4.22 4.15
37 31.0 451 4.50 4.46 4.47 448 4.37 4.51 81 841.7 3.08 3.07 3.07 3.04 3.05 3.36 2.97
38 35.3 4.45 4.43  4.43 4.49 442 442 4.49

39 38.0 4.42 4.28 4.29 4.25 422 4.45 4.36 q2 0.50 0.51 0.50 0.47 0.50 0.52
40 39.7 440 4.17  4.23 4.20 4.13 4.07 4.17 R? 0.79 0.80 0.80 0.79 0.77 0.80
41 42.7  4.37 4.36 4.21 4.40 4.40 4.05 4.35 Na 81 76 76 76 76 76
42 43.3 4.36 4.83 485 4.81 465 4.76 4.77 % S b 0.203 0.197 0.195 0.200 0.212 0.193
43 44.3 4.35 4.65 4.63 4.65 4.53 4.57 4.63 % H ¢ 0.453 0.453 0.463 0.434 0.456 0.461
44 44.7 435 4.59 4.59 4.63 4.61 4.52 4.59 %D 0.344 0.350 0.341 0.366 0.333 0.346

@ N denotes the number of compounds used to generate the model. ® %S denotes the steric contribution to the model. ¢ %H denotes the
hydrophobic contribution to the model. ¢ %D denotes the donor contribution to the model.

ibandronate (43) and risedronate (80) were protonated
on their basic nitrogen sites. Results with protonated
anilines were poor (data not shown) and are not
discussed in the text. The results of these CoMFA
analyses showed slightly improved results for the curved
side chain conformations. Using a partial least-squares*6
method, we found the optimum number of components
for both models to be 4, based on the g2 values obtained
by the SAMPLS*’ leave-one-out cross-validation method
implemented in Sybyl, version 6.9.4 The CoOMFA models
yielded correlation coefficients R? = 0.78 and 0.61, ¢% =
0.47 and 0.30, and F-test results of 68.0 and 39.4 for
the curved and linear geometries, respectively. To test
the validity of these models, we then used a data
randomization method in which SAMPLS cross-valida-
tion was performed using randomly generated pICso
values instead of the experimentally determined ones.
The average g2 value for 100 randomized sets was less
than zero, and even the highest values were substan-

tially lower than the g2 of the experimental data set,
indicating that the models are not the result of a chance
correlation.

To further test the validity of the CoMFA models, as
well as their predictive utility, we randomly deleted five
compounds from the training sets and recalculated the
CoMFA models. We then used the new CoMFA models
to predict the activities of the omitted compounds. The
process was repeated four more times, predicting a total
of 25 pICsg values, shown in Table 1. The predicted pICs
values are in relatively good agreement with experiment
(Figure 4A), the average error of prediction being ~3.0
(alignment I) or ~2.6 (alignment II). For alignment II
(Table 1), the steric terms contribute ~77% to the
interaction energy while electrostatic interactions con-
tribute ~23%.

As an alternative to the CoMFA technique, we next
used the CoMSIA method,?” which differs from CoMFA
in the use of Gaussian functions, as opposed to Lennard-
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Figure 4. Plots of experimental pICs versus predicted pICso
values for the CoOMFA (A) and CoMSIA (B) models of bisphos-
phonates inhibiting 7. brucei soluble pyrophosphatase Tb-
VSP1: (blue) training set; (red) test sets.

Jones and Coulombic terms, to calculate interaction
energies at grid points. The CoMSIA method is, in
general, less sensitive to alignment deficiencies (i.e.,
when grid points are close to the surface of a molecule).
We used the same setup and procedures as described
for the CoOMFA analysis, but this time we used steric,
hydrophobic, and donor CoMSIA fields instead of just
steric and electrostatic probes, as used in the CoOMFA
analyses. Training and test set results are presented
in Table 2 (alignment II) and Figure 4B, and the
CoMSIA field maps are shown in Figure 5.

The resulting CoMSIA models for all 81 com-
pounds had R? = 0.79 and 0.72, g2 = 0.5 and 0.35,
and F-test results of 72.7 and 65.3 using four compo-
nents for alignments II and I, respectively. We then
tested the validity of the CoMSIA model, as we did for
CoMFA, by randomizing the pICs¢ values and perform-
ing SAMPLS cross-validation. We obtained very low
average g2 for 100 runs, which supports the validity of
the analysis. We also followed the method described
above to test the predictive utility of the models,
predicting the activity of five sets of five compounds
using reduced training sets. The average error in
activity for the 25 compounds was approximately a
factor of 2.2 for alignment II and ~2.6 for alignment I,
consistent with the lower ¢2 and F-test results for
alignment I. For alignment II, the steric plus hydro-
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phobic field contribution was 65.6% (20.3% steric, 45.3%
hydrophobic) while the remaining 34.4% was attribut-
able to donor interactions. Clearly, in both the CoMFA
and CoMSIA models, electrostatic or donor interactions
make a relatively minor contribution to the overall
range in activity, with the steric or steric-plus-hydro-
phobic interactions, dominating.

In Figure 5A—C we show the steric (Figure 5A),
hydrophobic (Figure 5B), and donor (Figure 5C) field
features superimposed on the structure of an active
compound (3, one of the most active compounds), while
in Figure 5D—F the same features are shown super-
imposed on the least active compound 81. The color
codes are as follows: steric favored (green), steric
disfavored (yellow), hydrophobic favored (yellow), hy-
drophobic disfavored (white), donor favored (cyan), and
donor disfavored (purple). On inspection, the CoMSIA
field results confirm the qualitative observations made
above, in particular, that the presence of o-NH contain-
ing side chains generally favors activity (donor favored)
while the presence of large (biphenyl or biphenyl-
methane) side chains is associated with low activity due
to steric repulsions.

In Vivo Results. After obtaining the activity results
shown in Table 1, we selected a series of compounds for
in vivo testing in 7. brucei brucei infected Swiss—
Webster mice, where T. brucei infections are fatal. We
investigated compounds 1-5, 7—11, 13, 15, and 22,
which were chosen primarily for their activity against
TbVSP1 and availability and, for 22, known high
activity versus T. cruzi in vitro. Most compounds
provided little protection against death. However, three
of the four compounds most active in the in vitro
TbVSP1 assay, 1, 2, and 4, did provide a moderate
increase in long-term survival (Figure 6A), with a 40%
survival rate for 2, 30 days postinfection. But why is 2
the most effective compound?

For 34 of the compounds investigated as inhibitors
of THVSP1, their in vitro activity against a human (KB)
cell line has been reported previously,!? which enables
an estimate of a “therapeutic index” ratio (TI) defined
as

1 — LD;,(KB cell line)
~ IC,(TbVSP1)

3

in which LDs5 refers to that dose which produces a 50%
inhibition of the growth of a human (KB) cell line and
ICs0 is the concentration required to produce a 50%
inhibition of the exopolyphosphatase activity of ToVSP1.
These ICso, LDs5o, and TI ratios are presented in Table
3 and are shown graphically in Figure 6B. As may be
seen in Figure 6B (and Table 3), the compound found
to be the one most effective in prolonging survival,
compound 2, also had a rather large therapeutic index
value (>400), implying low toxicity.

At present, we cannot be certain that these bisphos-
phonates inhibit the 76VSP1 enzyme in 7. brucei
infected animals, and it is possible that other enzymes
might also be involved, although the results shown in
Figure 6 (and the ICj5, values) certainly support a
TbHVSP1 target. The most plausible alternative targets
would presumably be FPP synthase, since FPPS is
known to be potently inhibited by many different
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Figure 5. CoMSIA fields for an active compound (3) (A—C) and for an inactive compound (81) (D—F): (A, D) steric field (green
favored, yellow disfavored); (B, E) hydrophobic field (yellow favored, white disfavored); (C, F) acceptor field (cyan favored, purple
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Figure 6. (A) Cumulative survival results for 7. brucei brucei
infected mice after administration of selected drugs in vivo.
(B) Therapeutic index results for selected bisphosphonates.

bisphosphonates. In addition, it could be that pyrophos-
phatase activity could be involved. To investigate these
possibilities in more detail, we first investigated the
activity of a diverse subset of our bisphosphonates (2—
11, 13, 20, 22, 29, 45, 57, 61, 67) for their ability to
inhibit the pyrophosphatase activity of T6VSP1 (PPi —
2Pi, in the presence of Mg?") and a yeast pyrophos-
phatase. With the exception of 3 (IC50 = 25 uM), the

Table 3. Experimental Activity Values for Bisphosphonates
against T. brucei Soluble Pyrophosphatase TbVSP1 and a
Human (KB) Cell Line and the Estimated Therapeutic Index

exptl toxicity therapeutic
compd 1Cs0 (uM) EDs5o (uM) index (TI)
2 2.4 1016 423
5 4.3 749 174
4 4.3 728 169
14 9.7 976 101
21 12.7 1041 82
13 9.7 771 79
18 11.3 847 75
25 16.7 727 44
24 16.3 634 39
9 7.5 283 38
33 25.3 713 28
11 9 228 25
20 12.3 257 21
19 11.3 225 20
39 38 710 19
54 56.7 919 16
53 55 847 15
45 46.7 645 14
46 47.7 499 10
17 10.3 107 10
26 17.3 109 6.3
40 39.7 210 5.3
42 43.3 212 4.9
52 55 218 4.0
43 44.3 166 3.7
72 356.7 892 2.5
70 340 729 2.1
71 355 495 14
47 47.7 64 1.3
69 325 312 1.0
80 656.7 255 0.4
74 383.3 144 0.4
67 226.7 63.7 0.3
32 25.3 0.9 0.04

1C5p values were all >200 uM, making inhibition of
TbVSP1 pyrophosphatase activity an unlikely target.
Second, we investigated the activity of another subset
of the bisphosphonates (1, 2, 4, 6, 9, 11, 15, 38, 46, 47,
50, 54—57, 60—62, 67, 70, and 74) for their ability to
inhibit the FPPS of another trypanosomatid, Leishma-
nia major, where numerous FPPS inhibition results
have already been obtained?? and analyzed using QSAR
techniques. There is a 60% identity and 72% similarity
between the L. major and T. brucei FPPS enzymes,
sufficient to represent a good model for 7. brucei FPPS
inhibition. Of 33 compounds tested against both the
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TbVSP1 and L. major FPPS enzymes, only 19 had
measurable activity in both assays, but the overall
correlation between the two data sets was only R2 =
0.095. More significantly, of the three compounds (1, 2,
4) providing some protection against death, the com-
pound most active in vivo (2) has no effect on FPPS
inhibition (IC59 > 100 M), as also found with compound
4. In the case of 1, this compound has been reported to
be an inhibitor of a human FPPS, so it is certainly
possible that in this case, both FPPS and the TbVSP1
are inhibited in vivo, but this is clearly not the case for
2 (the most active compound in vivo) or for 4. Of the 13
compounds investigated in vivo, the three providing
protection against death are among the top four inhibi-
tors of TbVSP1. The compound most active in vivo (2)
also has a very high therapeutic index in vitro and is
not an inhibitor of FPPS. These results therefore
support the idea that the most active compounds in vivo
act, at least in part, by inhibiting T6VSP1, an enzyme
that is critical for osmoregulation and virulence in 7.
brucei. Since ThVSP1 is absent in humans, this work
opens up a potential route to the development of novel
trypanocides.
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