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ABSTRACT

We report the X-ray crystallographic structures
of the bisphosphonate N-[methyl(4-phenylbu-
tyl)]-3-aminopropyl-1-hydroxy-1,1-bisphosphonate
(BPH-210), a potent analog of pamidronate
(Aredia), bound to farnesyl diphosphate synthase
(EPPS) from Trypanosoma brucei as well as to
geranylgeranyl diphosphate synthase from Sac-
charomyces cerevisiae. BPH-210 binds to FPPS,
together with 3 Mg”", with its long, hydrophobic
phenylbutyl side-chain being located in the same
binding pocket that is occupied by allylic diphos-
phates and other bisphosphonates. Binding is
overwhelmingly entropy driven, as determined by
isothermal titration calorimetry. The structure is
of interest since it explains the lack of potency of
longer chain analogs against FPPS, since these
would be expected to have a steric clash with an
aromatic ring at the distal end of the binding site.
Unlike shorter chain FPPS inhibitors, such as
pamidronate, BPH-210 is also found to be a
potent inhibitor of human geranylgeranyl diphos-
phate synthase. In this case, the bisphosphonate
binds only to the GGPP product inhibitory site,
with only 1 (chain A) or 0 (chain B) Mg2+, and
AS is much smaller and AH is ~6 k cal more neg-
ative than in the case of FPPS binding. Overall,
these results are of general interest since they show
that some bisphosphonates can bind to more than
one trans-prenyl synthase enzyme which, in some
cases, can be expected to enhance their overall
activity in vitro and in vivo.

Proteins 2008; 73:431-439.
© 2008 Wiley-Liss, Inc.

Key words: bisphosphonate; farnesyl diphos-

phate synthase; geranylgeranyl diphosphate syn-
thase; isoprenoid biosynthesis pathway.

© 2008 WILEY-LISS, INC.

INTRODUCTION

Bisphosphonates such as pamidronate (1, Aredia), risedronate (2, Acto-
nel), zoledronate (3, Zometa) and ibandronate (4, Boniva) are used to
treat a variety of bone resorption diseases,1>2 and there is also current in-
terest in the use of bisphosphonates in immunotherapy of cancer since
they activate yd T cells (containing the Vy2V82 T cell receptor) of the
immune system to kill tumor cells. >4 In earlier work,” we proposed that
these so-called nitrogen-containing bisphosphonates acted as cationic
transition state/reactive intermediate analogs, binding to the allylic sub-
strate binding site in the enzyme farnesyl diphosphate synthase (EC
2.5.1.10). This proposal turned out to be correct, and there are currently
several published X-ray crystallographic structures of bisphosphonates
bound to FPPSs from a variety of organisms, including Escherichia coli6
human,’-8 Trypanosoma cruzi,? Trypanosoma brucei,!V and Cryptospori-
dium parvum.ll The vast majority of published structures have focused
on commercially available bisphosphonates, such as those shown below.
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However, another particularly potent class (in bone resorption) of
bisphosphonates, which have not yet been investigated structurally are the
“aryl-x” bisphosphonates, such as 5 (BPH-210, using our previous

The atomic coordinates and structure factors for FPPS complexed with BPH-210 (2P1C) and GGPPS
complexed with BPH-210 (2Z7H) have been deposited in the RCSB Protein Data Bank.
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nomenclature), a very potent inhibitor from Novartis,12
containing a long (phenylbutyl) side-chain. This compound
is of interest since in addition to being very active as a bone
anti-resorptive agent, it is also one of the most potent
bisphosphonate inhibitors of bacterial (E. coli) cell
glrowth,13 as well as having low LM activity against T. brucei
(the causative agent of African sleeping sickness), with an
ICs of 250 nM (K; = 21 nM) against T. brucei FPPS (Yin
et al., unpublished result) and an IC5y = 2.4 puM in T. brucei
cell growth inhibition (Croft et al, personal communica-
tion). Moreover, BPH-210 has activity against P. falcipa-
rum,14 the causative agent of one form of malaria. There is,
therefore, interest in determining how this molecule binds
to FPPS from one or more of these organisms, and here we
report the first X-ray crystallographic structure of BPH-210
bound to FPPS, from T. brucei. We also show that, unlike
most other bisphosphonates (e.g., 1-4), BPH-210 is also a
relatively potent inhibitor of geranylgeranyl diphosphate
synthase (GGPPS). In recent work, the structures of GGPPS
from two species, human and Saccharomyces cerevisiae, have
been reported15’16 and it has been shown that, unlike
FPPS, there are three possible bisphosphonate binding sites,
with the most potent GGPPS inhibitors binding to the
GGPPS product inhibitory site.12>16 We investigate here the
binding of BPH-210 to the S. cerevisiae enzyme. In addition,
we have also determined the thermodynamics of binding of
BPH-210 to both FPPS and GGPPS. While AG values are
similar, AH and AS vary considerably, although in both
cases, binding is entropy driven.

METHODS

Crystallization and data collection for
T. brucei FPPS BPH-210

Protein expression and crystallization were based on
the crystallization conditions reported by Mao et al 10,17
To obtain inhibitor bound crystals, protein at 5.55 mg/
mL in 10 mM Hepes, pH 7.4, 1 mM MgCl, and 10 mM
mercaptoethanol was mixed with 2.5 mM BPH-210 and
2.5 mM MgCl,, then incubated overnight on ice before
setting up the drops. Crystals were grown at room tem-
perature in hanging drops by mixing 1 pL of protein/
bisphosphonate solution and 1 pL of precipitant, consist-
ing of 10% (v/v) MPD and 100 mM ammonium acetate,
pH 5.75. Prior to data collection, crystals were mounted
in a cryo-loop and flash-frozen in liquid nitrogen after
addition of 40% (v/v) MPD as a cryoprotectant. Diffrac-
tion data were obtained at 100 K using an ADSC Q4
CCD detector at the Advanced Photon Source, beamline
22BM (A = 1.0 A). Diffraction data were processed and
scaled by using the program HKL2000.18 The crystals
belonged to the P3,21 space group, with unit cell param-
eters of a = b = 92.214 A and ¢ = 177.747 A. Each
asymmetric unit contained two FPPS molecules. Data
collection statistics are shown in Table I.
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Structure determination of T. brucei
FPPS BPH-210

The crystal structure of T. brucei FPPS- BPH-210 was
determined by using the molecular replacement method
using the program Molrep.!9 The previously solved T.
brucei FPPS structure (PDB: 2EWG)!0 minus the ligand
was used as a starting model. The 2Fo-Fc difference Fou-
rier map showed clear electron densities for most amino
acid residues, including those in the substrate binding
site. Bisphosphonate density was obvious. Iterative
rounds of refinement using CNS20 and rebuilding using
Coot?! were then carried out. Rgreer computed with 3%
randomly selected reflections was used as a quality moni-
tor.22 Solvent molecules were finally added and verified
from the electron density map. This yielded R/Rg.. values
of 0.266/0.299. The quality of the refined model was
assessed by using the Procheck?3 program. The Rama-
chandran plot for the structure was of good quality.
Additional statistics for the final model (PDB: 2P1C) are
shown in Table I.

Crystallization and data collection for
S. cerevisiae GGPPS BPH-210

Crystals of GGPPS-BPH-210 were prepared as
described previously.1® Basically, native GGPPS crystals
were prepared by using the hanging drop method by
mixing 2 pL of GGPPS solution with 2 pL of precipitant
solution containing 0.08M CH3;COONa, pH 4.6, 16%
PEG 4000, 6-10% glycerol, and 6-10% 1, 2-propanediol.
Crystals were then soaked in a cryoprotectant solution
containing 2.5 mM MgCl,, 2.5 mM BPH-210, 0.08M
CH3;COONa, pH 4.6, 20% PEG 4000, 10% glycerol, and
10% 1, 2-propanediol, for 3-12 h. X-ray diffraction data
were collected at beam line BL13B1 of the National Syn-
chrotron Radiation Research Center (NSRRC, Hsinchu,
Taiwan). Diffraction data were processed and scaled by
using the program HKL2000.18 Data collection statistics
are shown in Table I. Prior to use in structural refine-
ments, 5% randomly selected reflections were set aside
for calculating Rg.. as a quality monitor.22

Structure determination of S. cerevisiae
GGPPS BPH-210

The structure of GGPPS-BPH-210 was determined by
using native GGPPS (PDB: 2DH4) as the model for mo-
lecular replacement. For GGPPS-BPH-210, the 2Fo-Fc
difference Fourier map showed clear electron densities
for most amino acid residues, including those in the in-
hibitor binding site, but several loops and the C-terminal
segments were disordered. The density for BPH-210 was
obvious. Subsequent refinement with incorporation of
the cofactors and water molecules at a 1.0 map level
yielded R and Rge. values of 0.195 and 0.271, respec-
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Table |

Data Collection and Refinement Statistics for BPH-210, N-[methyl(4-phenylbutyl) |-3-aminopropyl-1-hydroxy-1,

1-bisphosphonate, Bound to T. brucei FPPS (2P1C) and S. cerevisiae GGPPS (2Z7H)

Refinement statistics°
Resolution range (A)

30.0-2.45 (2.54-2.45)

PDB number 2P1C 2Z7H

Data collection
Space group P3;21 P2,2,2,
Unit cell
a=p() 90 90
v () 120 90
a(A) 92.124 47.41
b (A) 92.124 116.64
c (A) 177.747 128.14
X-ray source APS-22BM? NSSRC-BL13B1°
Resolution (A)b 30-2.37 (2.45-2.37) 30-2.08 (2.15-2.08)
No. of reflection observed 315,360 213,350
Unique 34,615 (2,457) 77,404 (7,152)
Completeness (%) 95.7 (69.7) 94.3 (89.5)
R-merge 0.087 (0.664) 0.045 (0.287)
/ol 243 30.9
Multiplicity 9.1 (5.1) 5.2 (4.7)

30.0-2.08 (2.15-2.08)

R-work/R-free (%) 26.6/29.9 19.5/27.1

RMSD

Bond lengths 0.006 0.015

Bond angles 1.100 1.600

No. of atoms

Protein 5,704 4,955

Bisphosphonates 48 48

Magnesium ion 6 1

Solvent (water) 306 633

B average (A%) of protein 53.70 429

B average (éz) of solvents 51.77 60.3

B average (A?) of ligands 4546 573
(bisphosphonates, Mg?")

Ramachandran plot (%)

Most favored 91.6 96.1

Additionally allowed 8.4 39

Generously allowed 0 0

“Advanced Photon Source at the Argonne National Laboratory.

"Values in parentheses are for the highest resolution shell.

“National Synchrotron Radiation Research Center (NSRRC, Hsinchu, Taiwan).

tively, at 2.08 A resolution. Additional statistics for the
final model (PDB: 2Z7H) are shown in Table 1.

Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) measurements
were performed at 25°C using a MicroCal VP-ITC
(MicroCal, Northampton, MA), basically as described
previously.24 For FPPS, we titrated 8 pL of a 0.3 mM
ligand solution from a 250-pL syringe (rotating at 300
rpm) into the sample cell containing 1.42 mL of a 0.018
mM T. brucei FPPS solution. The buffer solution was 50
mM Hepes (pH 7.4) and 5 mM MgCl,. The duration of
injection was set to 19.2 s, and the delay between injec-
tions was 240 s. The initial delay prior to the first injec-
tion was 60 s. To derive the heat associated with each
injection, the area under each heat burst curve (micro-
calories per second versus seconds) was determined by

integration (using Origin version 5.0 software; MicroCal,
Northampton, MA). Fitting to a one-site binding model
gave good accord with experiment. For GGPPS, the ex-
perimental conditions were basically the same except that
0.015 mM GGPPS and 0.8 mM BPH-210 were used. The
buffer was 50 mM phosphate, pH 7.0, 1 mM MgCl,
and, again, fitting to a one-site binding model gave good
accord with experiment. In this instance, we used the
human enzyme since this gave higher GGPPS expression
levels, and previously we showed that there was a very
good correlation (R = 0.9, P = 0.0035) between the K; val-
ues for inhibition of both species by bisphosphonates.16

RESULTS
Structure of FPPS BPH-210

We show in Figure 1(A) the structure of BPH-210
bound to T. brucei FPPS. There are two FPPS molecules
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Figure 1

Structure and interactions in FPPS-BPH-210. (A) Schematic of T. brucei FPPS-BPH-210 dimer. (B) Ligplot interaction diagram show FPPS-BPH-210 interactions in
chain A. (C) Ligplot interaction diagram of FPPS-BPH-210 interactions in chain B. (D) 2Fo-Fc electron density map for BPH-210 bound to FPPS in chain A (green
contoured at 16, red at 36). (E) 2Fo-Fc electron density map for BPH-210 in chain B (green contoured at 1o, red at 3G).

in the asymmetric unit and one molecule of BPH-210
binds per FPPS. There are 3 Mg2+ bound to each FPPS,
as first observed with risedronate (2) bound to the E. coli
protein by Hosfield et al® The phosphonate groups
make multiple contacts with these 3 Mg”", which in turn
interact with Asp residues in both the first and second
DDXXD repeats, as well as with neighboring Arg 112

and Lys 212, 269, as shown in the ligand interaction dia-
gram in Figure 1(B). Very similar interactions are seen in
the B chain, Figure 1(C). 2Fo-Fc density maps are shown
in Figure 1(D,E). The phenylbutyl side-chain is involved
in hydrophobic contacts with, among others, A169,
M106, T168, and T213, and, the ammonium group of
BPH-210 is close to the OH group in Y216. As can be
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LN

Comparison of FPPS-BPH-210 and other FPPS structures. (A) superimposed structures of T. brucei FPPS-BPH-210 with avian FPPS containing GPP or FPP (PDB:
1UBX, 1UBW). BPH-210 is in yellow; GPP, green; FPP, blue. The three Mg>" in the T. brucei FPPS structure are in dark blue, the Mg®" in the avian FPPS structures
are in pink. (B) T. brucei FPPS-BPH-210 structure as in A (same colors) superimposed on T. brucei minodronate (PDB: 2EWG)-FPPS structure (minodronate in blue,
Mg2 " in this structure in pink). (C) T. brucei FPPS-BPH-210 structure (colors as in A) superimposed on human zoledronate FPPS complex; PDB: 1ZW5) (zoledronate,
blue; Mg2+ in this structure in pink). Also shown is the close proximity between Y99 (red) in the T. brucei structure and F99 (purple) in the human structure.

Figure 2

seen more clearly in Figure 2(A), the phenylbutyl side-
chain essentially fully occupies the GPP/FPP binding site
first identified by Tarshis et al in the avian protein2>
and, as expected, the Mg2+ seen in those structures
(PDB: 1UBW and 1UBX) are in close spatial proximity
to the Mg®" seen in the FPPSeBPH-210 structure. The
positions of these Mg>", as well as the two phosphonate
groups, are also very close (~0.97 A, rmsd) to those seen
with other aromatic bisphosphonate-Mg”" structures,
such as in zoledronate (3), bound to human FPPS.7>8 In
addition, the position of the positively charged (ammo-
nium) center in BPH-210 is likewise very close to the
cationic charge centers in, e.g., the minodronate and
zoledronate [Fig. 2(B,C)] FPPS structures !0 (PDB:
2EWG and 1ZW5). Unlike these smaller bisphosphonates,
however, BPH-210 has a very long side-chain, and as can
be seen in Figure 2(C), this extends to the end of the
allylic binding site pocket, where it interacts with Y99, as

evidenced by the blue disc feature on Tyr99 in the ligand
interaction diagram, Figure 1(B,C). The para-carbon on
the phenyl ring on the ligand is also partially solvent
exposed (blue feature on the ring), as shown in Figure
1(B,C), similar to the partial solvent exposure of the dis-
tal isoprene group seen in the FPPS-FPP structure (PDB:
1UBX).

The interaction between Tyr99 and the phenyl ring in
BPH-210 is of interest since it suggests a role for this res-
idue in the regulation of isoprenoid diphosphate chain
length elongation. As shown in Figure 3, a Clustal W26
alignment of T. brucei FPPS with rat, human and avian
FPPS shows that there are two conserved aromatic
amino-acids 4 and 5 residues upstream of the conserved
DDXXD repeats in all four proteins. In rat, human, and
avian FPPS, these amino-acids are both Phe, but in the
T. brucei FPPS, they are His and Tyr. In the avian
enzyme, mutation of Phe to Ala results in isoprenoid

Rat 80 SLQRALTVGWCVELLQA SSHTRRGQICW
Human 80 SLQRAWTVGWCVELLQA SSLTRRGQICW
Chicken 95 SLRCALAVGWCIELFQA SLTRRGQLCW
T. brucei 81 VLHDACVCGWMIEFLQA SVTRRGKPCW
T. gondii 308 SFRCLAALGWCVELLQS SLTRRGKQCW

Figure 3

Partial sequence alignment of rat, human, chicken, T. brucei, T. gondi, FPPSs. The “first DDXXD” repeat is shaded in red, the two aromatic amino-acids 4 and 5
residues upstream of the first DDXXD repeat (PhePhe in rat, human and chicken, HisTyr in T. brucei) that control to a significant extent, product specificity, and which

are likely to interact with the phenyl ring in BPH-210, are shown in green.
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diphosphates having chain lengths >15 carbons,2> so
these Phe residues (and by analogy His, Tyr in the T.
brucei protein) appear to act as a “wall,” inhibiting chain
elongation beyond C;s (FPP), a steric effect. A similar
effect is also seen in the Toxoplasma gondii “FPPS)” in
which there is a Phe— Cys substitution in the fifth amino
acid upstream of the first DDXXD motif (see Fig. 3),
resulting in the production of the C,, species, GGPP.27
This steric effect is also reflected in the ability of different
bisphosphonates to inhibit bone resorption, in rats.!2
Specifically, shorter chain species (having fewer CH,
groups attached to the phenyl ring) have slightly less ac-
tivity than does BPH-210: 1 and 1.4 ng/kg, as opposed
to 0.4 ug/kg, for bisphosphonates containing three and
two CH, spacer groups, respectively (as opposed to the
four in BPH-210), due at least in part to decreased
hydrophobic stabilization in the active site of the protein.
However, a much larger effect is seen on chain elonga-
tion: for the analog of BPH-210 containing five CH,
groups, the EDs, for bone resorption increases from 0.4
to 20 pg/kg, and for the species with six CH, groups, the
EDs increases further, to 1500 ug/kg.12 The lack of po-
tency of the longer chain species is likely to be due, at
least in part, to steric interactions with the aromatic
group(s) at the end of the binding site, and, increased
solvent accessibility of the phenyl group in the longer-
chain bisphosphonates would also contribute to a
decrease in activity, due to unfavorable hydrophobic
interactions.

Structure of GGPPS. BPH-210

We next investigated the interaction between BPH-210
and GGPPS. In previous work, it has been shown that
small nitrogen-containing bisphosphonates have potent
activity (low pM ICs, values, low nM K; values) against
FPPS, from a variety of species.28-31 However, these
compounds (such as risedronate, 2) have very little activ-
ity (typically >100 uM ICs, values) against GGPPS.32
On the other hand, larger, more hydrophobic bisphosph-
onates can be potent GGPPS inhibitors,16>32 although of
course if they are sufficiently large, they will not bind to
the smaller binding pocket in FPPS. Since BPH-210 is
clearly much larger than 1-4, it seemed that it might
also be a GGPPS inhibitor. This turns out to be the case,
and we find an IC5y = 4.17 uM for BPH-210 in GGPPS
inhibition, corresponding to a K; = 115 nM, to be com-
pared with an IC5y of ~200 pM (K; ~ 5.6 puM) for
risedronate (2).32 This “dual” activity is of course of
potential interest in the context of cell based activity,
where inhibitors of both FPPS and GGPPS might lead to
synergistic effects.

We thus crystallized and determined the X-ray crystal-
lographic structure of BPH-210 bound to GGPPS. As
with FPPS, there are two molecules in the unit cell [Fig.
4(A)] and one molecule of BPH-210 binds to each
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GGPPS molecule. Interestingly, the bisphosphonate does
not bind to the FPP substrate site seen previously,16
rather, it binds to the GGPP product inhibitory site, first
identified by Kavanagh et al in human GGPPS,1> and
more recently in the yeast enzyme (PDB: 2Z4V), as can
be seen in the superposition (PDB: 2Z7H, 2Q80) shown
in Figure 4(B). And, unlike the three Mg seen in the
FPPS structures (with bisphosphonates present), there is
only one Mg>" present in chain A, and zero in chain B.
Protein-ligand interactions are very similar in both
chains, and are illustrated in Figure 4(C,D). The residue
numbering scheme is that used in the deposited coordi-
nate file and includes five “spacer” residues in the N-ter-
minus. 2Fo-Fc density maps are in Figure 4(E,F). As with
FPPS, there is evidence for solvent exposure of the phe-
nyl ring on the bisphosphonate, together with a far more
pronounced solvent exposure of one of the bisphospho-
nate groups [which interacts with Arg89, Fig. 4(C,D)],
an interaction seen also in several other bisphosphonate-
GGPPS structures. 10

Protein-ligand interactions

We next consider the question of the nature of the
interactions between BPH-210 and FPPS, and GGPPS.
As can be seen in Figures 1(B,C) and 4(C,D), there are a
larger number of protein-ligand contacts in the
FPPSeBPH-210 structure than in the GGPPS-BPH-210
structure (19, 19 versus 11, 12) and, while it is not possi-
ble to quantitate the strength of these interactions from
the X-ray structures alone, the much larger number of
contacts seen in the FPPS structure does suggest that
binding of BPH-210 may be stronger in the case of FPPS
than with GGPPS. There are also more hydrophobic
interactions in the FPPS structure, and in the
GGPPS-BPH-210 structure, one phosphonate is exposed.
To assess the actual thermodynamics of binding, we used
isothermal titration calorimetry. The interaction between
BPH-210 and FPPS is overwhelmingly entropy driven,
with AH = 4.0 kcal mol™' and AS = 49.9 cal deg '
mol ! (TAS = —14.9 kcal mol™}), as shown in Figure
5(A). This is very similar to the result obtained previ-
ously with ibandronate (4) and T. brucei FPPS, where we
found AH = 6.03 kcal mol™" and AS = 50.9 cal deg™'
mol ™' (at pH = 7.4).24 Very similar results were also
seen in the human enzyme.”8 As can also be seen in
Figure 5(A), we find 0.92 mols of BPH-210 bound per
FPPS, in accord with the single site occupancy seen in
the X-ray result, Figure 1.

As previously discussed in the case of ibandronate
binding to FPPS, since the configurational entropy of
BPH-210 can be expected to decrease on binding to
FPPS, these results indicate the key importance of hydro-
phobic effects, that is, water molecules which are ordered
around BPH-210 increase their entropy on movement of
BPH-210 into the FPPS active site, and ordered water
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Figure 4
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Structures and interactions in GGPPS-BPH-210. (A) Structure of GGPPS-BPH-210. (B) Close-up view of GGPPS-BPH-210 (in blue, PDB: 2Z7H) superimposed on
human GGPPS with bound GGPPS (yellow; PDB: 2Q80). The Mgz+ in the S. cerevisae GGPPS-BPH-210 structure is in blue, the Mgz+ in the human GGPPS-GGPP
structure, in red. (C) Ligplot interactions in chain A of the GGPPS-BPH-210 complex. (D) Ligplot interactions in chain B. (E) 2Fo-Fc electron density map for BPH-210
bound to GGPPS in chain A (green contoured at 10, red at 36). (F) 2Fo-Fc electron density map for BPH-210 in chain B (green contoured at 1o, red at 3G).

molecules in the active site also increase their entropy as
they transfer to the bulk solvent, on ligand binding. On
the other hand, in the case of BPH-210 binding to
GGPPS, although binding is still entropy driven, binding
is weaker and is exothermic, not endothermic, Figure
5(B). For FPPS, we find that AG = —11 kcal mol ™}

while for GGPPS, we find that AG = —9.3 kcal mol !
[Fig. 5(A,B)] with the TAS term (—15 kcal vs. —6.9
kcal) clearly resulting in enhanced binding to FPPS over
GGPPS. This result is also consistent with our K; values
(obtained of course under different experimental condi-
tions and in the presence of isopentenyl diphosphate and
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Isothermal titration calorimetry results. (A) ITC results at 300 K for BPH-210 binding to T. brucei FPPS. Binding is overwhelmingly entropy driven (AH = 4.0 kcal
mol ™', AS = 49.9 cal deg ' mol, —TAS = 14.9 kcal mol %, y* = 67712) and n = 0.92. (B) ITC results at 300 K for BPH-210 binding to H. sapiens GGPPS. Binding
is enthalpy driven (AH = —2.41 kcal mol 1, AS = 23.07 cal degfl mol ™!, —TAS = 6.92 kcal mol™*, xz = 7595) and n = 1.00.

either geranyldiphosphate or farnesyl diphosphate): K;
(BPH-210, T. brucei FPPS) = 21 nM and K; (BPH-210,
human GGPPS) = 115 nM (data not shown).

CONCLUSIONS

The results we have described above are of interest
since they represent the first X-ray crystallographic struc-
tures of a potent farnesyl diphosphate synthase inhibitor,
which also inhibits geranylgeranyl diphosphate synthase.
The bisphosphonate binds exclusively to the allylic site in
FPPS, with its terminal phenyl ring having a face to face
interaction with Y99, in the T. brucei protein. This bind-
ing motif and interaction pattern helps to explain why
this compound is a particularly potent inhibitor in bone
resorption: shorter polymethylene side-chains can be
expected to have poorer hydrophobic interactions in the
FPPS active site, while larger ones lose almost all activity
(n = 4, EDso = 0.4 ng/kg; n = 5, EDsg = 20 pg/kg; n =
6, EDsy = 1500 pg/kg, in bone resorption, where n is
the number of methylene group spacers attached to the
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phenyl ring), due to repulsive steric interactions with F99
(in rat FPPS), located at the end of the allylic binding
site, together with energetically unfavorable increased sol-
vent exposure with the longer-chain species. The close
proximity of the phenyl ring in BPH-210 to residues that
are likely to be involved in chain-length determination in
some pathogenic species is also of interest since, with
suitable functionalization, it may be possible to more
specifically target these systems. In the case of GGPPS
inhibition, the bisphosphonate binds exclusively to the
GGPP product inhibitory site, not the FPP substrate site.
There are fewer protein-ligand contacts seen in the
GGPPS structure, and binding is weaker, as determined
by both isothermal titration calorimetry and by K; values,
but in both enzymes, binding is still entropy driven. The
ability of some bisphosphonates to inhibit both FPPS as
well as GGPPS suggests that “dual function” bisphospho-
nates targeting more than one prenyltransferase may be
worth pursuing further, since they may have enhanced
activity in inhibiting protein prenylation, by inhibiting
the sequential steps in the isoprenoid biosynthesis path-
way.
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