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ABSTRACT: Farnesyl diphosphate synthase (FPPS) is an important drug
target for bone resorption, cancer, and some infectious diseases. Here, we
report five new structures including two having unique bound ligand
geometries. The diamidine inhibitor 7 binds to human FPPS close to the
homoallylic (S2) and allosteric (S3) sites and extends into a new site, here
called S4. With the bisphosphonate inhibitor 8, two molecules bind to
Trypanosoma brucei FPPS, one molecule in the allylic site (S1) and the other
close to S2, the first observation of two bisphosphonate molecules bound to
FPPS. We also report the structures of apo-FPPS from T. brucei, together
with two more bisphosphonate-bound structures (2,9), for purposes of
comparison. The diamidine structure is of particular interest because 7 could
represent a new lead for lipophilic FPPS inhibitors, while 8 has low
micromolar activity against T. brucei, the causative agent of human African
trypanosomiasis.
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The bisphosphonate class of drugs1 such as alendronate
(1), risedronate (2), ibandronate (3), and zoledronate (4)

that are used to treat bone resorption diseases (osteoporosis,
hypercalcemia due to malignancy, and Paget’s disease) function
primarily by targeting the enzyme farnesyl diphosphate
synthase (FPPS) in osteoclasts.2,3 They also have other
interesting effects including inhibiting tumor cell invasiveness;4

activating gamma delta T-cells (containing the Vγ2 Vδ2 T-cell
receptor) to kill tumor cells and bacteria;5 they switch tumor-
associated macrophages from a tumor promoting (M2) to a
tumor-inhibiting (M1) phenotype;6 and they have activity as
antiparasitics.7,8 There is, therefore, interest in the further
development of FPPS inhibitors for use against a broad range of
diseases because farnesyl diphosphate (FPP) plays a key role in
many different biosynthetic pathways including protein
prenylation; glycosylation, bacterial cell wall, quinone, and
heme a biosynthesis; as well as in formation of several bacterial
virulence factors.9−12 This interest is reflected in, for example,
the recent development of new classes of FPPS inhibitors13,14

including compounds such as 5 and 6, these more hydrophobic
species being of interest as potential anticancer drug leads that
target soft tissues.13

Here, we report the results of an investigation into the
structures of two FPPS inhibitors that we find have unusual
binding modes, not reported previously: the diamidine inhibitor
7 (BPH-1358; NSC50460; N-[3-(4,5-dihydro-1H-imidazol-2-
yl)phenyl]-4-[4-[[3-(4,5-dihydro-1H-imidazol-2-yl)phenyl]-
carbamoyl]phenyl]benzamide dihydrochloride), bound to
human FPPS; and the bisphosphonate inhibitor 8 (BPH-6;
NE-58051; 1-hydroxy-1-phosphono-3-(pyridin-3-yl)-propyl

phosphonic acid), bound to Trypanosoma brucei FPPS. We
also report the structures of risedronate 2 and the amino-
methylene bisphosphonate 9, bound to T. brucei FPPS
(TbFPPS), as well as that of apo TbFPPS, for purposes of
comparison. The diamidine 7 is of interest since it has quite
potent activity against human FPPS and is hydrophobic,
enabling soft tissue penetration, and is not expected to bind to
bone mineral. The bisphosphonate 8 is of interest because it
has been the topic of a computational investigation into the
mechanism of FPPS inhibition;15 it has activity against the
trypanosomatid parasite Trypanosoma brucei,16 and we report
here that, as with 7, 8 has an unusual FPPS binding mode.
The reactions catalyzed by FPPS involve the sequential

condensation of the allylic species dimethylallyl diphosphate
(DMAPP, 10) with isopentenyl diphosphate (IPP, 11) to form
geranyl diphosphate (GPP, 12) and thence farnesyl diphos-
phate (FPP, 13), Figure 1. Carbocations are transition state/
reactive intermediates,17 and the side-chains in the most potent
bisphosphonate FPPS inhibitors have been proposed to act as
carbocation isosteres,2,9 while the bisphosphonate groups
themselves act as diphosphate isosteres. Bisphosphonate
inhibitors have all been found to bind to the allylic site S1, as
shown in Figure 2, with the two phosphonate groups
interacting with a [Mg2+]3 cluster18 in site S1, the Mg2+ in
turn being bound to the protein via a cluster of highly
conserved Asp residues (a so-called DDXXD motif). The
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homoallylic substrate 11 binds to a second site, S2, with the
diphosphate group interacting with Arg/Lys residues. Much
larger inhibitors (e.g., the diterpene quinone methide,
taxodione, and another quinone methide, arenarone) have
also recently been found19 to bind to the S2 site. A third site,
S3, is occupied by the “allosteric” inhibitors developed by
Novartis.13 These are very potent FPPS inhibitors, developed
to target tumors in soft tissue,13 and are located below the S2
site, in S3, as shown in Figure 2.
We first determined the structure of the FPPS inhibitor 7,

which is of interest since it has an IC50 = 1.8 μM against human
FPPS20 under assay conditions where the IC50 for the potent
FPPS inhibitor 4 (zoledronate) is 0.2 μM.20 Since it is also
quite lipophilic (clogP = 4.3), 7 could be a new lead for
anticancer therapeutics (e.g., against Ras-bearing tumors).21

We expressed, purified, and crystallized human FPPS as
described previously19 and obtained crystals with 7 by
cocrystallization. Full sample preparation, data acquisition,
and data processing details are given in the Supporting
Information and Table 1. The basic structure of FPPS is now
well-known,22−25 and as noted above, there are three main
inhibitor binding sites, S1−S3, Figure 2. As can be seen in
Figure 3A, with the diamidine inhibitor 7, we find that about
one-half of the molecule (three rings) binds to sites S2/S3,
while the second half of the molecule (again, three rings) binds
to a new site, called here S4, that is outside the S1−S3 site
regions reported previously with all other FPPS inhibitors. The
2Fo−Fc electron density is shown contoured at 1σ in Figure
3A, and all rings are well resolved. The discovery map used for
initial inhibitor refinement is shown in Figure 3B. Specific
ligand−protein interactions are shown in the ligand interaction
diagram26 in Figure 3C and indicate the presence of
electrostatic, hydrogen bonding, cation−pi, and hydrophobic
(Supporting Information Figure S1A) interactions. In addition,
as can be seen in Supporting Information Figure S1B, the
central biphenyl ring is quite solvent-exposed. This structure
thus represents a new FPPS inhibitor binding mode and may be
of interest in the development of more potent compounds.
Next, we investigated the binding of the bisphosphonate 8 to

TbFPPS. TbFPPS is a homologue of HsFPPS with 44%
identity and 64% similarity overall, and 68% identity and 89%
similarity in the active site region. In early work we proposed2

that bisphosphonates might bind to the FPPS allylic site S1,
and this was later found to be the case.23 It was then
suggested15 that some bisphosphonates might be able to bind
to the homoallylic site S2, but to date, no such structures have
been reported. As part of our investigation into the structures of
FPPS inhibitors, we chose to investigate 8 (BPH-6; NE-58051;
1-hydroxy-1-phosphono-3-(pyridin-3-yl)propyl) phosphonic
acid) since this was the subject of the earlier computational
docking study.15 Plus, 8 is of interest because it is an inhibitor
of trypanosomatid FPPSs (Leishmania donovani, IC50 = 5.4 μM;
T. brucei IC50 ≈ 33 μM) and is also active against T. brucei
rhodesiense with an EC50 of 1.7 μM.16

We crystallized T. brucei FPPS in its apo form in addition to
obtaining cocrystals in the presence of 8, as well as in the
presence of the potent inhibitors 2 (risedronate; IC50 = 300
nM) and 9 (IC50 = 230 nM), and solved their structures. Full
crystallographic data acquisition and data processing details are
given in the Supporting Information and Table 1. The
structures of 2 and 9 were as expected, based on all previous
FPPS−bisphosphonate structures, the inhibitors binding to S1

Figure 1. Structures of FPPS inhibitors, substrates, the GPP intermediate, and the FPP product.

Figure 2. FPPS structures. The structures of 4 + 11 (PDB ID code
2F8Z) and 5 (PDB ID code 3N6K) are shown superimposed.
Compound 4 binds in S1, 11 binds in S2, and 5 binds in S3.
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and interacting with 3 Mg2+, as shown in Figures 4A,B.
Surprisingly, however, we found that the TbFPPS·8 structure,
Figure 4C, contained two bisphosphonates, not just the one
found in all other (∼50) reported bisphosphonate-containing
FPPS structures. In addition, there were four , not three, Mg2+.

Electron densities are shown in Figure 4C and ligand−protein
interactions in Figure 4D. Figure 4E shows the structure of the
complex with 8 superimposed on the structure with risedronate
2 (in S1), in stereo. Clearly, in the structure with 8, one
molecule of 8, henceforth called 8a, binds in the allylic site S1

Table 1. Data Collection and Refinement Statistics

crystal (PDB ID) HsFPPS·7 (4RXA) TbFPPS (4RYP) TbFPPS·8 (4RXC) TbFPPS·2 (4RXD) TbFPPS·9 (4RXE)

Data Collection
radiation source 21-ID-G 21-ID-G 21-ID-G 21-ID-G 21-ID-G
wavelength (Å) 0.97857 0.97857 0.97857 0.97857 0.97857
space group P41212 C2 C2 C2 C2
a (Å) 110.83 134.34 133.01 133.21 134.15
b (Å) 110.83 119,439 120.92 119.55 119.15
c (Å) 77.95 62.04 63.34 62.44 62.82
β (deg) 90 117.18 117.18 111.93 112.24
resolution (Å)a 50.0−2.20 50.0−2.20 50.0−2.30 50.0−2.30 50.0−2.30

(2.24−2.20) (2.28−2.20) (2.38−2.30) (2.38−2.30) (2.38−2.30)
no. of reflections 23767 (1173) 42016 (3334) 37381 (3082) 41878 (2595) 49429 (5184)
completeness (%) 94.4 (95.8) 96.4 (76.7) 97.1 (80.4) 91.0 (56.5) 94.2 (98.4)
Rmerge (%) 8.2 (75.3) 9.6 (21.7) 12.9 (28.9) 7.3 (42.4) 7.3 (57.6)
I/s(I) 30.8 (3.1) 20.9 (4.4) 16.1 (3.0) 10.1 (3.3) 23.9 (3.1)
Refinement
resolution (Å)a 50.0−2.20 30.0−2.20 50−2.30 50.0−2.30 50.0−2.50

(2.25−2.20) (2.28−2.20) (2.38−2.30) (2.38−2.30) (2.57−2.50)
Rwork (%) 22.5 (34.3) 18.0 (22.8) 20.0 (24.7) 21.1 (23.7) 19.7 (23.0)
Rfree (%) 25.9(34.6) 24.1 (27.4) 25.4 (27.4) 25.1 (32.0) 25.5 (33.4)
Geometry Deviations
bond lengths (Å) 0.018 0.016 0.002 0.010 0.015
bond angles (deg) 0.881 1.669 0.684 1.203 1.826
Mean B-Values (Å2)/Number of Non-H Atoms
protein atoms 33.8/2659 52.2/5596 43.0/5639 28.3/8549 48.7/5737
compound atoms 63.4/40 51.4/72 18.1/51 34.4/34
PO4 ions 65.4/5
Mg ions 46.4/8 19.1/9 41.0/6
water 52.3/104 48.5/176 42.9/153 32.8/484 41.7/158
Ramachandran Plot (%)
most favored 91.8 91.9 92.2 93.6 90.9
additionally allowed 7.9 7.8 7.8 6.1 9.1
generously allowed 0 0.3 0 0 0
disallowed 0 0 0 0 0

aValues in parentheses represent the highest resolution shell.

Figure 3. Structure of the diamidine 7 bound to HsFPPS (PDB ID code 4RXA). (A) Compound 7 contoured at 1σ, superimposed on 4, 5, and 11
(PDB ID codes 2F8Z and 3N6K) bound to HsFPPS. (B) Discovery map used for initial inhibitor refinement. (C) Ligand interaction diagram for 7
computed by using MOE.26
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(as do all other bisphosphonates), and in this site, there are
interactions with three Mg2+ (MgA

2+, MgB
2+ and MgC

2+), as
shown in Figure 4C,D. These Mg2+ are involved in diphosphate
removal/carbocation formation. However, as can be seen in
Figure 4C,D, there is a fourth Mg2+ present in the structure,
MgD

2+, and the second 8 molecule, 8b, binds with its
bisphosphonate groups interacting with MgC

2+ in addition to
MgD

2+, Figure 4C,D. The pyridine side-chain in 8b is located
between the allylic site S1 and the homoallylic site S2 (Figure 5

shows the comparison with zoledronate and 11), and the
pyridine ring in 8b is more solvent exposed than is found in 8a,
bound to S1. This FPPS structure is interesting because it is the
first to contain two bisphosphonate inhibitors bound in the
active site; plus, the inhibitor has activity against two
trypanosomatid FPPS enzymes as well as against T. brucei,
but its activity against human FPPS is ∼1000-fold less than is
found with more potent bisphosphonates such as risedronate
(2),27 and under our assay conditions, 8 did not inhibit human
FPPS. We used ITC to investigate the binding of the inhibitor

to T. brucei FPPS, and the results are shown in Supporting
Information Figure S3. There are two binding sites with similar
ΔH and ΔS values, but there is only 19% and 62% occupancy,
so there may be stabilization of the two-ligand structure due to
lattice packing in the crystalline solid state, or binding of two
ligands is just very slow.
When the 8 TbFPPS structure (PDB ID code 4RXC) is

compared with the corresponding 2 TbFPPS structure (PDB
ID code 4RXD), Supporting Information Figure S2, it is
apparent that the α2 helix is closer to the risedronate ligand 2
than it is when in the presence of 8. There are also rotations of
the A and B helices, not observed in the apo-FPPS structure
(PDB ID code 4RYP), and the apo-FPPS and 8 structures are
very similar. What these results show is that addition of a
potent inhibitor causes a closing of the active site pocket, in
particular, rotation of helix α2. In the absence of any
preincubation with inhibitor, it has been reported that 2 and
8 have basically similar IC50 values for human FPPS inhibition
(2, 82 nM; 8, 363 nM), but on preincubation, the IC50 values
are very different (2, 0.36 nM; 8, 78 nM). These results are
consistent with the TbFPPS structural results in which the
more potent inhibitor 2 causes a closing of the active site that is
not seen with 8, whose structure (even in the presence of two
bisphosphonates) is very similar to that of the open, apo-form
structure, Figure S2, Supporting Information.
The results we have described above are of interest for two

main reasons. First, we find that the novel FPPS inhibitor 7, a
member of a new class of lipophilic FPPS inhibitors, binds to a
novel ligand binding site, called here S4, in addition to binding
to S2/S3, Figure 5. Such lipophilic FPPS inhibitors could be of
interest in the context of the development of inhibitors that
inhibit prenylation in Ras-bearing tumors,21 and the availability
of structural data may help guide future lead development.
Second, the structure of the TbFPPS complex with 8 is of
interest because while all previously reported bisphosphonate−

Figure 4. Structures of 2, 8, and 9 bound to TbFPPS: (A) 2 (PDB ID code 4RXD); (B) 9 (PDB ID code 4RXE); (C) 8 (PDB ID code 4RXC). (D)
Ligand−protein interactions with 8. (E) Comparison between 2 and 8 TbFPPS structures, in stereo. In panels A−C, the electron density maps are
2Fo−Fc and are contoured at 1σ.

Figure 5. Comparison between the structures of 4, 5, 7, 8, and 11
bound to FPPS, in stereo.
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FPPS structures contain a single bisphosphonate ligand, this
complex, at least in the crystalline solid state, contains two,
again as shown in the superposition in Figure 5, and 8 is a
potential lead for selective T. brucei cell growth inhibitors.
Overall, the results reported here are thus of general interest
since they describe two new structures of FPPS−inhibitor
complexes, of potential use in the design of new drug leads.
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