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ABSTRACT: Bisphosphonates are potent inhibitors of farnesyl pyrophosphate synthase
(FPPS) and geranylgeranyl diphosphate synthase (GGPPS). Current bisphosphonate drugs
(e.g., Fosamax and Zometa) are highly efficacious in the treatment of bone diseases such as
osteoporosis, Paget’s disease, and tumor-induced osteolysis, but they are often less potent in
blood and soft-tissue due to their phosphate moieties. The discovery of nonbisphosphonate
inhibitors of FPPS and/or GGPPS for the treatment of bone diseases and cancers is, therefore,
a current goal. Here, we propose a moiety-linkage-based method, combining a site-moiety map
with chemical structure rules (CSRs), to discover nonbisphosphonate inhibitors from
thousands of commercially available compounds and known crystal structures. Our moiety-
linkage map reveals the binding mechanisms and inhibitory efficacies of 51 human GGPPS
(hGGPPS) inhibitors. To the best of our knowledge, we are the first team to discover two
novel selective nonbisphosphonate inhibitors, which bind to the inhibitory site of hGGPPS, using CSRs and site-moiety maps.
These two compounds can be considered as a novel lead for the potent inhibitors of hGGPPS for the treatment of cancers and
mevalonate-pathway diseases. Moreover, based on our moiety-linkage map, we identified two key residues of hGGPPS, K202,
and K212, which play an important role for the inhibitory effect of zoledronate (IC50 = 3.4 μM and 2.4 μM, respectively). This
result suggests that our method can discover specific hGGPPS inhibitors across multiple prenyltransferases. These results show
that the compounds that highly fit our moiety-linkage map often inhibit hGGPPS activity and induce tumor cell apoptosis. We
believe that our method is useful for discovering potential inhibitors and binding mechanisms for pharmaceutical targets.

■ INTRODUCTION

Geranylgeranyl diphosphate synthase (GGPPS) is a member of
the trans-prenyltransferase family, which a trans-double bond is
formed during the C5 isopentenyl diphosphate (IPP)
condensation with C15 farnesyl diphosphate (FPP). The
members in this familywhich synthesize the final products
of C15 by FPP synthase (FPPS), C20 by GGPPS,1−3 C25 by
farnesylgeranyl diphosphate synthase (FGPPS), C30 by
hexaprenyl diphosphate synthase, C35 by heptaprenyl diphos-
phate synthase, C40 by octaprenyl diphosphate synthase
(OPPS), C45 by solanesyl diphosphate synthase, and C50
decaprenyl diphosphate synthaseshare sequence homology
and possess similar 3D structures consisting of 15 α-helices
connected by loops.4−10 The C20 product of GGPP is the
precursor of biomolecules such as chlorophylls, α-tocepherol,
or longer prenyl diphosphates used in quinine biosynthesis,11

ent-kaurene, taxadiene,12 and phytoene.13 Moreover, GGPP
and FPP are ligands for protein prenylation, a post-translational
modification for signaling proteins (e.g., Ras, Rho, Rab, and
Rac). FPPS and GGPPS have been identified as pharmaceutical
targets for the treatment of cancers and bone resorption
diseases such as osteoporosis, hypercalcemia, and metastatic
bone disease.14,15

Zoledronate (Zometa), a potent bisphosphonate inhibitor of
human FPPS (hFPPS)15,16 but not human GGPPS

(hGGPPS),17 is directed against protein farnesylation.14

However, the dose in blood and soft-tissue is very low after
oral administration, because approximately half of the drug is
rapidly adsorbed to bone and the remainder is rapidly excreted
unchanged via the kidney.18 Several strategiese.g., reducing
bone affinity by deleting the hydroxyl group19 and increasing
side-chain lipophilicity for enhancing cellular uptake20 have
been proposed to optimize the pharmacokinetic properties of
bisphosphonates. Although these approaches have shown
promising results in vitro and in animal models, the
physicochemical properties of the resulting molecules are still
dominated by the bisphosphonate moiety. Recently, the first
nonbisphosphonate FPPS inhibitor that binds to an allosteric
site on FPPS was identified.18 However, there is no
nonbisphosphonate GGPPS specific inhibitor so far. In
considering the poor pharmacokinetic properties of bi-
sphosphonates and no GGPPS specific inhibitors, we attempted
to develop nonbisphosphonate inhibitors of GGPPS.
Here, we propose a moiety-linkage-based method to identify

nonbisphosphonate hGGPPS inhibitors. Our method integrates
site-moiety map (SiMMap)21 with chemical structure rules
(CSRs) strategy to derive pharmacophore rules of hGGPPS for
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identifying new nonbisphosphonate hGGPPS inhibitors from a
large compound-library. Descriptive statistics and model
performance revealed that the scores of CSRs and SiMMap
are highly correlated to the half-maximal inhibitory concen-
tration (IC50) for hGGPPS. These results illustrate the
feasibility of using our derived hGGPPS pharmacophore rules
and scoring methods to identify adapted hGGPPS inhibitors. In
addition, the nonbisphosphonate compound was the specific
hGGPPS inhibitor; conversely, it was not the inhibitor for
human FPPS, E. coli UPPS, and some family members (such as
yeast GGPPS and E. coli OPPS). Further, we explored what
makes the inhibitor specifically binding to hGGPPS and found
that K202 and K212 in hGGPPS are likely the key residues for
providing such unique binding mechanism. The site-directed
mutagenesis on these two Lys residues gained the inhibitory
activity of zoledronate against hGGPPS at low micromolar
concentrations. Our method and moiety-linkage maps are
useful to discover potential inhibitors for the treatment of bone
diseases and cancers and binding mechanisms for pharmaceut-
ical targets.

■ MATERIALS AND METHODS

Overview of Moiety Linkage-Based Method for
hGGPPS Inhibitors. Figure 1 illustrates the major steps of
the moiety-linkage-based method for identifying hGGPPS
inhibitors according to the site-moiety map (SiMMap) and
chemical structure rules (CSR). First, we identified the binding
site of hGGPPS using the pocket of the product and inhibitor

of the crystal structure (PDB code 2Q80_chain A;9 Figures 1A
and 1B) in Protein Data Bank (PDB22). Our in-house docking
tool (GEMDOCK23,24) was utilized to screen compound
libraries (e.g., >100,000 compounds), and then we selected the
top-ranked 1% of compounds (∼1000 compounds; Figure 1C)
based on the piecewise linear potential (PLP) score of
GEMDOCK for generating the residue-compound interacting
profiles (Figure 1D). After the interacting profiles were
generated, we inferred the site-moiety map (Figure 1E),
which consists of several anchors (Figure 1F), according to
statistically significant interaction residues and moieties.21

Finally, we selected top-ranked compounds for the bioassay
by combining SiMMap and CSR scores (Figure 1G).

Virtual Screening. To discover the small-molecule
inhibitors of hGGPPS, the hGGPPS cocrystal structure with
the geranylgeranyl diphosphate (PDB code 2Q80;9 Figures 1A
and 1B) was downloaded from the PDB. The inhibitor binding
site of hGGPPS was defined as the residues within a 10 Å radius
sphere centered around the inhibitory product GGPP in FPP-
GGPP site.15 The coordinates of the atoms in the binding
pocket were obtained from the PDB. Compound libraries used
for virtual screening included the compounds from the
National Cancer Institute (NCI) and Sigma-Aldrich (St.
Louis, MO). The compounds were selected for docking if
their molecular weights ranged between 200 and 700 Da.
Finally, we selected 103,387 compounds.
We then used GEMDOCK to screen these compounds and

selected the candidate compounds that fit into the binding site

Figure 1. Overview of moiety linkage-based method for hGGPPS inhibitors. (A) Identify protein surface and (B) binding site (in green) of human
GGPPS using cocrystal structure (PDB code 2Q80). (C) Identify potential inhibitors for human GGPPS from NCI compound library using the in-
house tool GEMDOCK. (D) Generate residue-compound interaction profiles, including H-bonds, electrostatic forces, and vdW force interactions,
by selecting the top-ranked 1% (∼1000) of compounds based on the piecewise linear potentials (PLP) of GEMDOCK. (E) Identify site-moiety map
and (F) moiety compositions of the human GGPPS inhibitory-site based on conserved residue-compound interactions between binding pocket and
chemical moieties. (G) Perform in vitro bioassay for compound candidates using rank-based consensus scores by combining pharmacophore-based
and CSR-based scores (P+R scores).
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of hGGPPS. GEMDOCK is an in-house program and easy to
use. In addition, GEMDOCK used piecewise linear potential
(PLP) that is a simple scoring function and was comparable to
some scoring functions for estimating binding affinities.25−27

Our previous studies revealed that GEMDOCK has similar
performance to other docking methods such as DOCK,28

FlexX,29 and GOLD.24,30,31 Furthermore, GEMDOCK has
been successfully applied to identify the inhibitors and binding
sites for some targets.32−35 We then evaluated the accuracy of
GEMDOCK by docking several known GGPPS inhibitors,
GGPP (PDB code 2Q809), BPH-675 (PDB code 2E9515), and
BPH-628 (PDB code 2E9A15), into the binding site because
their structures are diverse. The docked conformations of three
known compounds with the lowest scoring values were
compared with the crystal structures based on the root-mean
square deviation (RMSD) of heavy atoms. The average RMSD
from GEMDOCK was less than 2.5 Å for these three
compounds. Thus, the derived GEMDOCK parameters were
adapted to screen thousands of commercially available
compounds to identify nonbisphosphonate inhibitor candi-
dates. After the docking procedure, we selected top-ranked 1%
of compounds (∼1000) based on the PLP scores of to
construct three residue-compound interaction profiles, includ-
ing electrostatic (E), hydrogen-bonding (H), and van der Waals
(V), for inferring the site-moiety map21 (Figures 1C and 1D).
Site-Moiety Map. Based on the residue-compound

interaction profiles, we constructed the site-moiety map
(SiMMAP)21 with several anchors describing the interaction
preferences between protein pockets and compound moieties
(Figures 1E and 1F). The SiMMAP, using thousands of docked

poses generated by virtual screening tools (e.g., GEMDOCK,
GOLD,36 or AutoDock37), elucidates protein−ligand binding
mechanisms and enriches the screening accuracy for post-
screening analysis.38−40 An anchor, which can be considered as
a binding environment or a pharmacophore spot, possesses
three essential elements: (i) conserved interacting residues of a
binding subsite (i.e., a part of the binding site); (ii) moiety
preference of this binding subsite; and (iii) an interaction type
(i.e., electrostatic (E), hydrogen-bonding (H) or van der Waals
(V)) between the moieties and the binding subsite. Our
previous works show that SiMMAPs can present moiety
preferences and physicochemical properties of binding sites and
decipher the binding mechanisms.38,41

An interaction profile consists of L representative com-
pounds (here, L = 1000) and R interacting residues of the FPP-
GGPP site. For the E or H profiles, an entry (Ci,j) was set to 1 if
the compound i forms electrostatic or hydrogen-bonding
interactions with the residue j; otherwise, Ci,j was set to 0.
For the V profile, an entry (Ci,j) was set to 1 if the van der
Waals interaction was less than −4 kcal/mol. After the
generation of the interaction profiles, we calculated the z-
score value (Zj) of the interacting residue j to measure the
interaction conservation between residue j and L representative
compounds. The interacting conservation is treated as a
binomial distribution, which is approximated as a normal
distribution when either p ≤ 0.5 and Lp > 5 or p > 0.5 and
L(1−p)>5, where L is the number of selected compounds, and
p is the probability of a compound forming an interaction.
Theoretically, at least 500 compounds (here, we selected 1,000
compounds) should be selected to construct a target-

Figure 2. Chemical structure rules (CSRs) and moiety linkage map of hGGPPS inhibitors. (A) Four chemical structure rules (CSRs) are derived
from the moiety linkage map of the hGGPPS inhibitory site. These four CSRs are described in Supplemental Figures S2−S4 in detail. (B) The
highest-percentage moiety and the respective conserved interacting residues of each anchor in our hGGPPS SiMMap. (C) Co-crystal structure of
hGGPPS (PDB code 2Q80) and its inhibitor. (D) Superimposed GGPP binding mode combining the hGGPPS SiMMap and four CSRs.
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compound interaction profile. The Zj is given as Zj = f j − μ/σ,
where f j = ∑i=1

L Cij/L, and standard deviation (σ) and mean (μ)
are derived from 1,000 randomly shuffled profiles. Interactions
between compounds and the residue j with a Z-score ≥1.645, a
commonly used statistical threshold, were regarded as
consensus interactions. The spatially neighboring consensus
residues with their interaction moieties form an anchor.
Moiety-Linkage Map and Chemical Structure Rules.

To discover nonbisphosphonate chemical structures with high
binding affinity in the binding site of hGGPPS, we faced this
challenge without known nonbisphosphonate inhibitor struc-
tures. To address this issue, we inferred the chemical structure
rules to design the inhibitor candidates by connecting the
preferred moiety compositions of each anchor in the hGGPPS
site-moiety map (Figure 2A). We first superimposed the
docked preferred moieties of three anchors (V1, V2, and V3;
Figure 2B) and the product (or inhibitor), GGPP, of hGGPPS
based on crystal structure (PDB code 2Q80;9 Figure 2C). The
compositions show that the preferred moieties of three
hydrophobic anchors (benzene rings) and the hydrophobic
part of GGPP were fitted well (Figure 2D). According to
docked poses of the top-ranked 1,000 candidates, we selected
well-fitted docked compounds and observed the consensus
moiety linkages between any two moieties located in these
three anchors. These results allowed us to derive four chemical
structure rules (CSRs) and moiety linkages to construct the
scaffold of potential inhibitor candidates for drug targets. We
inferred the moiety-linkage map of the inhibitory site for
discovering the nonbisphosphonate inhibitors for hGGPPS
(Figure 2A and 2D).
Chemical Structure Rule Scores. After the moiety-linkage

map was generated, we calculated the CSR score for a
compound x as follows: S(x) = ∑c=1

n Ac(x)Wc, where Ac(x) is
the CSR score of compound x in the anchor c; Wc is the weight
of the anchor c; and n is the number of anchors in a binding
site. Ac(x) is 1 if the moiety of compound x fits the related CSR
and is located in the anchor c; Ac(x) is 0.5 when the moiety of
compound x only conforms to one of these two events. Wc is
based on the importance of each CSR. In this study, Wc was 3,
3, 1, and 3 for the anchor E1, the linkage of E1 and V1, the
connection of V1 and V2, and linkage between V2 and V3,
respectively. The CSR score can be used to obtain new
rankings of screened compounds and known bisphosphonate
inhibitors.
Materials for Bioassays. PfuTurbo, the plasmid miniprep

kit, DNA gel extraction kit, and Ni-NTA resin were purchased
from Qiagen. The protein expression kit (including the pET-
28a vector and competent JM109 and BL21 cells) was obtained
from Novagen. The QuikChange site-directed mutagenesis kit
was obtained from Stratagene. FPP, IPP, FOH, and GGOH
were obtained from Sigma. All commercial buffers and reagents
were of the highest grade.
Expression and Purification of Wild-Type and

Mutated Human GGPPS. The wild-type and mutated
hGGPPS were expressed in E. coli and purified using NiNTA
chromatography as previously described.8 The constructed
plasmids were used to transform Escherichia coli JM109
competent cells at the same time, and the transformed cells
were streaked on a Luria−Bertanim (LB) agar plate containing
100 μg/mL ampicillin. Ampicillin-resistant colonies were
selected from the agar plate and grown in 5 mL of LB culture
containing 100 μg/mL ampicillin overnight at 37 °C. The

correct constructs, as confirmed by sequencing, were trans-
formed into E. coli BL21(DE3) for protein expression.
A 20-mL overnight culture of a single transformant was used

to inoculate 2 L of fresh LB medium containing 100 μg/mL
ampicillin. The cells were grown to A600 = 0.6 and induced with
1 mM IPTG at 20 °C. After 16 h, the cells were harvested by
centrifugation at 6000 x g for 20 min to collect the cell pellet.
The enzyme purification was conducted at 4 °C. The cell pellet
was suspended in 20 mL of lysis buffer containing 25 mM Tris-
HCl, 150 mM NaCl, and 0.5 mM TCEP at pH 7.5. Cell lysate
was prepared with a French pressure cell press (AIM-AMINCO
Spectronic Instruments) and centrifuged at 20000 x g for 40
min to remove cell debris. The cell-free extract was then loaded
onto the NiNTA column, which had previously been
equilibrated with lysis buffer. The column was washed with
10 mM imidazole followed by 30 mM imidazole-containing
buffer. His-tagged hGGPPS was eluted with 300 mM imidazole,
dialyzed twice against 4 L of lysis buffer, subjected to FXa
protease digestion to remove the His-tags, and then reloaded
into another NiNTA column to collect the unbound flow-
through. SDS-PAGE analysis was used to check the purity of
hGGPPS.

Expression and Purification of Human FPPS, E. coli
OPPS, E. coli UPPS, and S. cerevisiae GGPPS. Preparation
of recombinant human FPPS, E. coli OPPS, E. coli UPPS, and S.
cerevisiae GGPPS followed the methods of previous refer-
ences.8,42−44

Enzymatic-Activity Assays. For enzymatic-activity meas-
urements, 1 μM human GGPPS was used. The reaction was
initiated in 200 μL solution containing 1 mM TCEP, 200 μM
MESG, 10 μM FPP, 20 μM IPP, 50 mM Tris, 2 mM MgCl2,
0.2% Tween20, PNP (0.2 U), pyrophosphatase (0.006 U),
DMSO (or inhibitors), and ddH2O at 25 °C. For human FPPS,
yeast GGPPS, E. coli OPPS, and E. coli UPPS activity assays, 1
μM enzyme was used in the reaction mixtures containing 200
μM MESG, 10 μM FPP (or GPP), 20 μM IPP, 100 mM
Hepes−KOH (pH 7.5), 0.5 mM MgCl2, 50 mM KCl, 0.1%
Triton X-100, PNP (0.2 U), pyrophosphatase (0.006 U),
DMSO (or inhibitors), and ddH2O at 25 °C. The enzyme
concentration used in all experiments was determined from its
absorbance at 280 nm (ε = 20,340 M−1 cm−1). The
quantification of inorganic phosphate consumed in the reaction
at 360 nm was detected by using ELISA. The IC50 values were
obtained by fitting the inhibition data to the dose−response
curve.

Tumor Cell Growth Inhibition Assays. Two human
tumor cell lines, MCF-7 and MDA-MB-231, were cultured in
MEM medium supplemented with 10% fetal bovine serum and
1.5 g of NaHCO3 and DMEM medium supplemented with
10% fetal bovine serum and 3.7 g of NaHCO3, respectively.
MCF-7 and MDA-MB-231 cells were plated in a 96-well plate
at 100 μL of medium per well and incubated (37 °C, 5% CO2)
overnight to allow the cells to attach to the wells. Inhibitors
dissolved in DMSO were added to each well to make various
concentrations (NSC351204: from 12.5 μM to 0.7 mM;
zoledronate: from 0.0625 μM to 0.7 mM) when the growing
area of the cells covered 70% of the wells. Mixed samples were
incubated for 4 days (37 °C, 5% CO2) to allow the drug to take
effect. Ten μL of MTT ([3-(4,5-dimethylthiazole-2-yl)-2,5-
diphenyltetrazolium bromide]) solution at 5 mg/mL in DPBS
was then added to each well. After thoroughly mixing the MTT
into the media, the mixture was then incubated (37 °C, 5%
CO2) for 4 h to allow the MTT to be metabolized. The media
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was removed, and formazan (MTT metabolic product) was
resuspended in 50 μL of DMSO in each well. The mixture’s
optical density was read at 540 nm by ELISA. The EC50 values
were obtained by fitting the inhibition data to the dose−
response curve. For the “rescue” experiments, the requisite
amounts of FOH and GGOH were added to the incubation
media to produce a fixed 20 μM concentration.

■ RESULTS AND DISCUSSION

Site-Moiety Map of the Inhibitory Site in hGGPPS. The
site-moiety map of the inhibitory site (FPP-GGPP site)15 in
hGGPPS consists of one electrostatic force anchor (E1, red)
and three van der Waals (vdW) anchors (V1, V2, and V3, gray;
Figure 1E). To construct a site-moiety map of hGGPPS, we
obtained the protein−ligand interacting profile by screening
large compound-libraries using GEMDOCK.24 After the site-
moiety map was generated, a set of entities was identified for
each anchor that was chemically related, supporting the concept
that a given hotspot shares a chemical-physical binding
environment with conserved binding residues (Figure 1F).
Among the top-ranked ∼1000 compounds, 180 formed
electrostatic forces with residues R73, K151, K202, and K212
as well as chelating with magnesium in the anchor E1, and 752
formed steric interactions with residues R28, L31, and F156 in
the V3 anchor (Figure 1D).
The anchor of a site-moiety map can describe the interacting

preference between a binding pocket (forming by several
residues) and its preferred moieties. For example, the anchor
E1 is an electrostatic pocket with four residues (R73, K151,
K202, and K212) that often form hydrogen bonds and
electrostatic forces with three main moiety types (i.e., sulfate,
carboxylate, and phosphate; Figure 1F). In addition, benzene,
alkene, and toluene are the major functional groups that
associate with vdW anchors V1, V2, and V3. For example, the
V1 anchor consists of a pocket with conserved interactions
between residues K151, T152, and Q185 and preferred bulky
moieties, such as aromatic rings and toluene. V2 is situated
between V1 and V3 and forms a steric pocket via residues H57,

F156, and F184. V3, which is adjacent to V2, constitutes a vdW
environment with residues R28, L31, and F156.

Chemical Structure Rules for hGGPPS Inhibitors.
Chemical structure rules (CSRs), the moiety-based linkage
rules which link several anchors of the hGGPPS SiMMap, can
help to outline the essential chemical structures of potent
inhibitors (Figure 2). To explore the moiety linker and the
scaffolds of preferred compounds in the binding site, we
superimposed the most-preferred moieties of anchors in the
hGGPPS site-moiety map (Figures 1F and 2B) and the binding
pose of product GGPP in the crystal structure (Figure 2C).
The efficiently superimposed moieties of anchors V1−V3 and
the hydrophobic parts of the product GGPP (Figure 2D)
provided clues for linking the four anchors of the hGGPPS site-
moiety and comprised the moiety-linkage map of the inhibitory
site in hGGPPS. We were then able to identify four CSRs
(Figure 2A) linking the functional groups to describe probable
chemical structures of hGGPPS inhibitors based on the moiety-
linkage map. Rule 1 states that a negatively charged group (i.e.,
sulfate, carboxylate, or phosphate) is essential in anchor E1,
based on the site-moiety map; Rule 2 indicates that anchor E1
prefers a distance of two bonds to optimally connect with
anchor V1, especially if the moiety in anchor V1 is a ring-type
(Supplementary Figure S2); Rule 3 states that anchor V1 is
linked to anchors E1 and V2 by two bonds that form a ∼120°
angle to connect the moiety in V1 via positions a and b (meta-
position) to neighboring moieties (Supplementary Figure S3);
Rule 4 indicates that the linkage between anchor V2 and
neighboring anchors (V1 and V3) should have two bonds that
form a ∼180° angle (linear bond) to connect the moiety in V2
via positions c and d (para-position) to neighboring functional
groups in V1 and V3, respectively (Supplementary Figure S4).

Evaluation of the Chemical Structure Rules Score. To
verify the relationship between the four CSRs and inhibitory
efficiency, we collected 51 hGGPPS bisphosphonate inhibitors
that are known from previous work to bind to the FPP-GGPP
site under investigation45 (Figure 3 and Supplementary Figure
S1). Among these 51 inhibitors, all of the inhibitors fit Rule 1

Figure 3. Relationship between CSRs and IC50 values of 51 hGGPPS inhibitors. (A) The most potent hGGPPS ring-type (9, IC50: 0.72 μM) and
linear-type (1, IC50: 0.1 μM) inhibitors match the four CSRs well. In addition, the IC50 of compound 35, which fits rules 1−3 (53.7 μM), is better
than that of compound 46, which fits only rules 1 and 2 (169.82 μM). (B) The average IC50 (8.86 μM) of 26 compounds that fit four CSRs is much
better than the average of those compounds fitting three (13 compounds, 51.92 μ M) and two (10 compounds, 172.55 μ M) CSRs.
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and 50 inhibitors (the exception being compound 51) fit Rule
2. In addition, 33 compounds (IC50 ≤ 10 μM) were considered
to be positive matches for potent hGGPPS inhibition in this
study. 70% of positive inhibitors (23/33), such as the most
potent inhibitors of ring-type (9, IC50 = 0.72 μM) and linear-
type (1, IC50 = 0.1 μM), fit all four CSRs. Conversely, the IC50
values of compounds 35 and 46 were 53.7 μM (fitting Rules 1−
3) and 169.82 μM (fitting Rules 1−2), respectively (Figure
3A). We then clustered 51 inhibitors into three groups by using
CSRs and calculated the average IC50 values of each group. The
average IC50 of the first group, compounds fitting all four CSRs,
was the best (8.86 μM) and significantly better than the second
(51.92 μM) and the third groups (172.55 μM), which consist
of compounds that fit only Rules 1−3 and Rule 1−2,
respectively (Figure 3B). Furthermore, we utilized a statistical

methodi.e., the Mann−Whitney U Testto confirm the
effects of Rule 3, Rule 4, and combined Rules 3−4 on IC50

values. The p-values of comparing Rules 1−4 with Rules 1−3
and with Rules 1−2 were 4.64 × 10−4 and 8.6 × 10−6,
respectively. The p-value is 1.56 × 10−3 for the comparison of
Rules 1−3 and Rules 1−2. These statistical results imply that
Rule 3 and Rule 4 are significantly involved in the inhibition of
hGGPPS (Table 1) for these 51 known inhibitors, results that
are consistent with previous work.15 They indicate that
compounds with large and hydrophobic moieties in anchors
V2 and V3 can increase the potency of hGGPPS inhibition.
These results demonstrate that the CSRs are indeed related to
inhibitory efficiency and useful for the identification of potent
hGGPPS inhibitors.

Table 1. CSR Statistics Using Mann−Whitney Tests Based on 51 Known Compounds

Event 1 Event 2

test rule fitting rules n1
a U1

c
fitting rules n2

b U2
c p-valued

Rule 3 Rules 1−3 13 116 Rules 1−2 10 14 1.56 × 10−3

Rule 4 Rules 1−4 26 286.5 Rules 1−3 13 51.5 4.64 × 10−4

Rules 3 + 4 Rules 1−4 26 256 Rules 1−2 10 4 8.60 × 10−6

aThe number of compounds fitting the rules of Event 1. bThe number of compounds fitting the rules of Event 2. cUi = n1n2 + (n1(n1+1)/2) − ΣRi.
ΣRi is the sum of the ranks for the event i. dThe p-value is calculated between Events 1 and 2 (the confidence level is 99%, α = 0.01).

Figure 4. Performances of pharmacophore and ranked-based (pharmacophore+CSR, P+R) scores for 51 hGGPPS inhibitors. Among these 51
inhibitors, 33 compounds (IC50 ≤ 10 μ M) were considered to be positive compounds. The relationships between the pharmacophore scores and
(A) means of IC50 values as well as (B) positive hits show that high pharmacophore scores imply low IC50 values and that 48.5% (16/33) of positive
compounds have a pharmacophore score of 15. (C) and (D) display the relationships of P+R scores with IC50 means and with positive hits,
respectively. High P+R scores produce low IC50 values and can discriminate positive (∼79%, 26/33) and nonpositive compounds. The P+R score
significantly outperforms the pharmacophore score alone for identifying hGGPPS inhibitors.
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Evaluation of Pharmacophore Score. To evaluate the
pharmacophore spots (i.e., anchors) and pharmacophore scores
to provide biological insights and guide the drug discovery
process, we used the pharmacophore scores of 51 known
ligands based on interacting residues with statistically significant
Z-scores (≥1.645) in protein small-molecule interaction
profiles (Figure 4). Based on pharmacophore score (S), we
grouped these 51 inhibitors into four clusters: cluster 1 (S ≥
15), cluster 2 (S = 14), cluster 3 (S = 13), and cluster 4 (S ≤
12). For each cluster, we computed the average IC50 and found
that the pharmacophore score is highly correlated to IC50 value
potency. The mean IC50 of the compounds in highest-scoring
cluster 1 was 8.4 μM and was significantly more potent than
any of the other clusters (mean IC50 = 37.51 μM, 101.34 μM,
and 118.47 μM, in descending order; Figure 4A). 48.5% (16/
33) and 33.3% (11/33) of positive inhibitors were in clusters 1
and 2, respectively (Figure 4B). Conversely, 66.7% (12/18) of
compounds with IC50 > 10 μM were in clusters 3 and 4 (S ≤
13; Supplementary Figure S5A). The results indicate that our
proposed pharmacophore scoring is useful in discriminating the
potency of the positive hits from among 51 inhibitors.
However, the pharmacophore score may bias toward bi-
sphosphonate inhibitors, because these 51 known inhibitors
possess bisphosphonate moieties that contributed the bulk of
their scores.
Evaluation of Combining the Site-Moiety Map with

CSRs. Following the site-moiety map analysis and the
compound-anchor-residue profile (Figure 1D), we used a
novel postscreening analysis to rescore docked compounds by
combining pharmacophore (P) and CSR (R) scores (Table 2).
We utilized this strategy to improve the accuracy of identifying
the adaptive chemical structures for hGGPPS inhibitors. After

CSRs and the SiMMap were identified for hGGPPS, the CSR
score was used to refine adaptive chemical structures of
compound candidates based on the extent of compound
moieties matching the pharmacophore spots (anchors) of
SiMMap. To avoid the individual biases of the pharmacophore-
and CSR-scoring methods, a combined scoring method (P+R)
was utilized for selecting candidate compounds from the virtual
screening for use in bioassays (Figure 1G). Based on the (P+R)
scores for 51 known inhibitors, the mean IC50 value of
inhibitors in the top-scoring group (combined score ≥23) was
5.84 μM (Figure 4C). The high P+R scores imply the potent
inhibitory efficiency based on mean IC50 values for hGGPPS.
Additionally, the positive rate of that highest score group was
79% (26/33; Figure 4D), an increase of 30% against
pharmacophore scores alone.
On the other hand, the P+R scores are low for ∼89% (16/

18) of nonpositive inhibitors can be effectively separated from
33 positive hits by our strategies (score ≤19; Supplementary
Figure S5B and Figure 4D). The only two exceptions were
compounds 25 (IC50 = 79.43 μM) and 26 (IC50 = 99.33 μM).
These two inhibitors possess charged groups, matching anchor
E1, but their long C−C chains with polar atoms or charged
groups form poor hydrophobic interactions in anchors V2 and
V3. These results demonstrate that combining the site-moiety
map with CSRs strategy not only removed the bias of the
pharmacophore, but also greatly advanced the performance of
recognizing the positive inhibitors. For example, the P+R scores
of compounds 8 (IC50 = 0.71 μM) and 47 (IC50 = 181.97 μM)
are 23 and 13.5, respectively, while their pharmacophore scores
are identical (i.e., 13). After the combined (P+R) scoring
method was established, we applied it to identify potential

Table 2. Summary of hGGPPS Inhibitors by Enzyme Assay Results, Chemical Structure Rules, P+R Scores, and Site-Moiety
Maps
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nonbisphosphonate inhibitors from screening available com-
pounds on a large scale.
Identification of Selective Nonbisphosphonate

hGGPPS Inhibitors. After screening the compounds in the
NCI library using GEMDOCK and inferring the site-moiety
map (pharmacophore scores) of the inhibitory site (FPP-GGPP
site)15 of hGGPPS, we used the P+R scoring method to select
10 available compounds for evaluation by bioassay. Among
these 10 compounds, we discovered two nonbisphosphonate
inhibitors of hGGPPS, NSC351204 (IC50 = 31.41 μM) and
NSC45174 (IC50 = 48.3 μM) (Figure 5A and Table 2). The
two compounds consistently docked into the FPP-GGPP site
of hGGPPS (Figures 5B and 5C) because they are selective
inhibitors for hGGPPS but not human FPPS (Figures 5D and
7C), E .coli UPPS, and E .coli OPPS (Figure 5D). Site-directed

mutagenesis of five interacting residues (R73A, K151A, K212A,
H57A, and F156A) identified by SiMMap shows that these
nonbisphosphonate compounds should occupy the hGGPPS
inhibitory site (Figure 5E). Furthermore, experimental results
also demonstrate that they are noncompetitive with the two
substrates FPP and IPP (Figures 5F and 5G).
We then evaluated the binding and pharmacophore models

of NSC351204 and NSC45174 (Figures 5B and 5C and Table
2). The docked pose of compound NSC351204 fits well with
the four hotspots of the FPP-GGPP binding site; conversely,
the docked pose of compound NSC45174 possesses only one
negatively charged group (sulfate) which forms weak electro-
static interactions with interacting residues R73, K202, and
K212. This difference of electrostatic interactions may be
responsible for the slightly lower inhibitory effects of

Figure 5. Characterization of nonbisphosphonate hGGPPS inhibitors by moiety linkage map, enzyme assay, site-directed mutagenesis, and molecular
docking. (A) Chemical structures of two nonbisphosphonate inhibitors, NSC351204 and NSC45174, identified by our model. They fit CSRs 1, 2,
and 3. The docked conformations of (B) NSC351204 and (C) NSC45174 are orange and green, respectively. The hydrogen bonds are indicated by
black dashed lines, and atoms within the residues are displayed using the CPK model (oxygen in red, nitrogen in blue, and carbon in gray). (D)
Enzyme-activity experiments showed that NSC351204 and NSC45174 are selective hGGPPS inhibitors as they are both inactive for other drug
targets (human FPPS and E. coli UPPS) and E. coli OPPS. Notably, NSC351204 is also inactive for yGGPPS. (E) Comparisons of relative inhibitory
effects of five hGGPPS mutants based on the significant interacting residues of the moiety linkage map. The Lineweaver−Burk plots show that
NSC351204 is a noncompetitive hGGPPS inhibitor that does not compete with the two substrates, (F) FPP and (G) IPP. Our model reveals
selective nonbisphosphonate inhibitors in the hGGPPS inhibitory site.
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NSC45174 (Table 2). In addition, both compounds
NSC351204 and NSC45174 do not follow Rule 4 linking
anchors V2 and V3. They also lack large hydrophobic moieties
that form strong vdW interactions with residues H57 and F156
in anchor V2. These two compounds, which are more potent
than a conventional bisphosphonate against hGGPPS (i.e.,
zoledronate; compound 42, IC50 = 100 μM; Supplementary
Figure S1), are a new scaffold of GGPPS inhibitors and provide
an opportunity for designing new leads for the bone and related
mevalonate-pathway diseases. These results reveal that the
negatively charged groups and hydrophobic moieties of
compounds that form powerful electrostatic (anchor E1) and
strong vdW forces (anchors V2 and V3) are both important for
hGGPPS inhibition. It is feasible that the potency of these two
compounds could be improved to make novel candidates for
hGGPPS inhibitors by following the P+R strategy.
Site-Directed Mutagenesis of Significant Interacting

Residues in the hGGPPS Inhibitory Site. An anchor of a
binding pocket possesses conserved interacting residues that
constitute a specific physicochemical property, and it often
engages in enzymatic functions. We investigated the roles of
these conserved anchor residues of the site-moiety map in the
inhibitory site of hGGPPS (Figures 1F and 2B). Each of the
selected residues was replaced with alanine and expressed in

Escherichia coli. After purification using NiNTA affinity
chromatography, all mutants migrated to a major band of an
apparent molecular mass of ∼35 kDa in SDS-PAGE
(Supplementary Figure S6). We first investigated mutants of
three residues (R73, K151, and K212) of anchor E1 forming
electrostatic interactions with negatively charged moieties (i.e.,
phosphate) of inhibitors. Enzymatic-inhibition experiments
revealed that mutating these positively charged residues
remarkably reduced the inhibitory efficacy (IC50 > 150 μM;
Figure 5C), suggesting their contributions to inhibitor binding
are major. In addition, the results of enzymatic-activity
experiments showed that R73A and K151A mutants reduced
activity by 53% and 40% compared with the wild type,
respectively. Residues R73 and K151 of hGGPPS, which
correspond to R84 and K169 of yeast GGPPS, have been
proven to be the primary residues involved in binding
diphosphates.9,15 Notably, the replacement of the amino acid
K212 with Ala increased the catalytic activity (Figure 6B).
Interestingly, the corresponding mutation (K235L) in E. coli
OPPS causes the kcat value to be approximately 10

3-fold smaller
than in the wild type.46 This result implies that K212 may be
associated with the selective inhibitory mechanisms of
prenyltransferases.

Figure 6. Residues K202 and K212 for hGGPPS-specific inhibition. (A) Superimposition of crystal structures of human GGPPS (PDB code 2Q80,
gray) and two yeast GGPPS (PDB code 2E91, yellow and PDB code 2E8V, magenta). Two main differences between hGGPPS and yGGPPS are as
follows: 1) K202 in hGGPPS is more stable than K228 in yGGPPS because K228 is missing in 90% of cocrystal structures of yGGPPS; 2) The side-
chains of K212 (human) and K238 (yeast) orient in different directions. (B) The catalytic assay results of hGGPPS (WT) and five mutants. All
mutants exhibit lower activity compared to WT except K212A. K202G also increases catalytic activity similar to K212A (not shown). These
observations suggest that K202 and K212 may be key residues for selectively inhibiting prenyltransferases. Site-directed mutagenesis and enzymatic-
activity results produced IC50 values for zoledronate on K202G (C) and K212A (D) of 3.4 μM and 2.4 μM, respectively. The inhibitory efficacy of
zoledronate on these two mutated hGGPPS is increased 29- to 42-fold compared with the wild-type hGGPPS (IC50 = 100 μM). (E-F) NSC45174
which does not interact with K202 or K212inhibits both yGGPPS andhGGPPS (K212A), but NSC351204which interacts with K212
efficiently inhibits only hGGPPS.
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For the interaction residues of vdW anchors V1 (K151), V2
(H57 and F156), and V3 (F156), the mutation K151A
exhibited less than 50% detectable inhibitory efficacy when
treated with 150 μM NSC351204 (IC50 > 150 μM; Figure 5C)
because of the loss of not only its electrostatic force/H-bond
interactions with negatively charged inhibitor moieties but also
the partial loss of the hydrophobic force in anchor V1. The
residue H57 often forms hydrogen bonds with the phosphate
group of IPP, facilitating IPP binding and catalysis.
Furthermore, our model suggests that residues H57 and F156
play a critical role by forming hydrophobic environments in
anchors V2 and V3 (Figures 1E and 1F), which are preferred by
inhibitors with large hydrophobic moieties. As expected, the
mutation H57A showed only 25% of wild type enzymatic
activity and caused a >5-fold increase in the IC50 value (IC50 >
150 μM; Figures 5E and 6B). When F156 was replaced with
alanine (A156), this mutation exhibited a 48% inhibitory effect
at a concentration of 100 μM NSC451204 (IC50 > 100 μM;
Figure 5C). However, F156A retained ∼88% of its catalytic
activity because F156 is not directly associated with the catalytic
reaction (Figure 6B). These site-directed mutagenesis studies
revealed that these interacting residues of SiMMap participate
in biological functions and inhibitor binding in the inhibitory
site of hGGPPS.
Identification of Key Residues for hGGPPS-Specific

Inhibition. To explore the binding mechanisms of hGGPPS,
we analyzed the differences between hGGPPS and yGGPPS
based on their sequences, X-ray structures, and the inhibitor
zoledronate. Their sequence identity and similarity are 44% and
60%, respectively, using BLASTP.47 The compound zoledro-
nate is potent for the prenyltransferase family (i.e., IC50 for
yGGPPS: 0.66 μM)15 with the exception of hGGPPS (IC50 for
hGGPPS: 100 μM).45 To address this issue, we performed
structure-based studies and site-directed mutagenesis experi-
ments on the proteins of the prenyltransferase family.
According to the structure-based studies, the superimposition
of three crystal structures, including hGGPPS-GGPP (PDB
code: 2Q80),9 yGGPPS-zoledronate (PDB codes: 2E91),15 and
yGGPPS-GGPPS (PDB code: 2E8V),15 showed that most of
the residues were well aligned except for the residue K228
(yGGPPS), which corresponds to K202 in hGGPPS (Figure
6A). Among 22 crystal structures of yGGPPS in PDB,48 the
residue K228 missing in two structures (PDB codes: 2E8V and
2E93)15 implied that K228 may be not stable. Conversely,

K202 is more stable in hGGPPS, and its side-chain orientation
is significantly different from those of K228 in yGGPPS (Figure
6A). These observations suggest that K202 may play a key role
in the different inhibitory effects of zoledronate for hGGPPS
and yGGPPS. To verify this hypothesis, K202 was replaced
with Gly202 to mimic the structural environment of yGGPPS
and tested using zoledronate. Indeed, the inhibition against
hGGPPSK202G of zoledronate (IC50 = 3.4 μM) regained 29-fold
more inhibitory efficacy compared to wild type (Figure 6C).
According to our model, enzymatic-activity assays, and

structure-based studies, K212 in hGGPPS is a significant
interacting residue for inhibitor binding, and it differs from
corresponding residues in yGGPPS and E. coli OPPS. For
example, the side-chains of K238 in yGGPPS were often not
consistent with K212 in hGGPPS (Figure 6A). The enzymatic
activity showed the reverse results when replacing K212 with
A212 in hGGPPS and K235 with L235 in E. coli OPPS. These
results also suggest that K212 may play an important role in
selective inhibition between hGGPPS and other prenyltrans-
ferases. To confirm this idea, K212A was also tested by
zoledronate. The IC50 of zoledronate on the hGGPPS with the
mutation K212A was 2.4 μM (Figure 6D), and mutating K212
in hGGPPS successfully induced a 42-fold relative inhibitory
efficacy of zoledronate against hGGPPS, which demonstrates
that K212 causes the selectivity between hGGPPS and other
prenyltransferases.
To further support our hypothesis, we tested two nonbi-

sphosphonate inhibitors, NSC351204 and NSC45174, identi-
fied from our computational strategies against K212A and
yGGPPS. From our predicted binding models for these two
compounds, NSC351204 interacts with K212 (Figure 5B), but
NSC45174 does not interact with K202 or K212 (Figure 5C).
Moreover, site-direct mutagenesis and catalytic activity assays
were consistent with our predicted model and binding modes
(Figure 5E and 6B). The results show that NSC351204 can
exhibit 85% detectable inhibitory effect against hGGPPS (WT)
but has low inhibition against yGGPPS and K212A when used
at a concentration of 100 μM. However, NSC45174 can
efficiently inhibit both yGGPPS and K212A (Figures 6E and
6F). These results lend support to our hypotheses and suggest
that K202 and K212 in hGGPPS are key residues for hGGPPS-
specific inhibition.

Tumor Cell Growth Inhibition by Nonbisphosphonate
hGGPPS Inhibitors. The potential of bisphosphonates as

Figure 7. Breast cancer cell growth inhibitions. (A) MCF-7 cell and (B) MDA-MB-231 cell growth inhibitions by two FDA bisphosphonate drugs
(zoledronate and pamidronate) and NSC351204 measured by MTT assay. For the MCF-7 cell assay, EC50 values of zoledronate, pamidronate, and
NSC351204 are ∼24 μM, ∼151 μM, and ∼400 μM, respectively. For the MDA-MB-231 cell assay, EC50 values of zoledronate, pamidronate, and
NSC351204 are ∼20 μM, ∼100 μM, and ∼300 μM, respectively. NSC351204 is the first nonbisphosphonate compound inhibiting hGGPPS in the
mevalonate pathway to cause tumor cell apoptosis. (C) FOH and GGOH rescue of MCF-7 cell growth inhibition.
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antitumor agents has been suggested by several in vitro and in
vivo preclinical studies.49 For example, BPH-675 has good
activity against GGPPS and three tumor cell lines: MCF-7
(breast cancer), NCI-H460 (nonsmall cell lung cancer), and
SF-268 (human glioblastoma).20 The zoledronate (+endocrine)
therapy was found to significantly reduce disease progression in
premenopausal breast cancer patients.50 We tested the activity
of NSC351204 (Figure 5A)our nonbisphosphonate inhibitor
with the best inhibitory effect for hGGPPSin killing tumor
cells, using MCF-7 (breast cancer) and MDA-MB-231 (breast
adenocarcinoma) cell lines. The results of cell growth inhibition
clearly show that NSC351204 induced tumor cell death though
its EC50 values in these two breast cell lines was not more
potent than those of zoledronate and pamidronate: in MCF-7
cells, the EC50 of NSC351204 is ∼400 μM, and the EC50 of
zoledronate and pamidronate are ∼24 μM and ∼151 μM,
respectively; in MDA-MB-231 cells, the EC50 of NSC351204 is
∼300 μM, and the EC50 of zoledronate and pamidronate are
∼20 μM and ∼100 μM, respectively (Figures 7A and 7B).
Additionally, we performed the rescue assay20 to verify whether
our nonbisphosphonate inhibitor can target GGPPS to affect
the geranylgeranylation of downstream proteins (i.e., Ras and
RhoA)51 using cell-based assy. There was almost rescue
(>90%) from growth inhibition by NSC351204 in MCF-7
cell by addition of 20 μM GGOH (Figure 7C) but not by
FOH. This result suggests that NSC351204 is a selective
GGPPS inhibitor, which is consistent with our in vitro data
(Figure 5D). According to our model, in anchor V3 (Figure 1E
and Table 2), the sulfate and nitro moieties in NSC351204
might be the primary cause of the reduced potency in the
enzyme-activity and cell-based assays. Although pharmaceutical
properties of NSC351204 like cellular permeability remain to
be improved, information on its new chemotype, in vitro data,
and lack of bone affinity indicates the high potential of
nonbisphosphonate GGPPS inhibitors for binding at the
inhibitory pocket. Combining a site-moiety map with CSRs
in the context of a moiety-linkage-based virtual screening
provided a novel advance for the discovery of nonbi-
sphosphonate hGGPPS inhibitors to be used as antitumor
agents.
The Issues Regarding to Moiety-Linkage Map

Method. The anchors of the site-moiety map often contain
conserved interactions between key pockets and their preferred
moieties. A compound that agrees with the anchors is often
able to activate or inhibit the target protein. Therefore, a site-
moiety map can refine known inhibitors of hGGPPS by
pharmacophore score based on the moiety preferences of each
anchor (Figure 1F). For example, for the anchor E1, new
scaffold moieties (i.e., sulfate, carboxylate, etc.) might represent
a new chemical class of GGPPS inhibitors for guiding the
optimization of known inhibitors. In addition, the performance
of a scoring function for structure-based virtual screening is
often limited by inadequate prediction of the true binding
affinity of a small compound at a binding site. For example, the
energy-based scoring methods would be biased toward high
molecular weight and charged polar compounds.52,53 Our P+R
score function is useful in reducing these ill-effects of energy-
based and pharmacophore-scoring methods to help recognize
positive hits from thousands of screening compounds (Figures
4C and 4D).
In addition, compound 50, which fit CSRs 1, 2, and 4 (P+R

score: 24.5), showed a good inhibitory effect (IC50 = 0.66 μM)
against hGGPPS despite not meeting CSR 3. One possible

reason is that compound 50 possesses a long C−C chain
moiety, which forms hydrophobic interactions with conserved
residues R28, L31, F156, and F184 of anchors V2 and V3.
Moreover, compound 51 only matches CSRs 1 and 3 (P+R
score: 17.5), but it is nonetheless a potent hGGPPS inhibitor
(IC50 = 4.07 μM). The hydrophobic moieties (the second and
third rings) of compound 51 occupy the anchors V2 and V3
well due to two single bonds on the second ring forming a
∼120° angle by connecting neighboring moieties via the meta-
position (Supplementary Figure 3A).

The Potential of Nonbisphosphonate Inhibitors in
Disease Therapies. The nonbisphosphonate inhibitors of
GGPPS may not be associated with high affinity to bone
minerals. GGPPS and FPPS are essential enzymes in the
mevalonate pathway and are downstream of HMG-CoA
reductase. This result suggests that nonbisphosphonate
GGPPS inhibitors could lower cholesterol in conjunction
with or as an alternative to statins and FPPS inhibitors. The
mevalonate pathway has also been implicated in other diseases
such as Alzheimer’s disease and has been explored in some
clinical trials to elucidate the benefits of statins.54 Bi-
sphosphonates have been shown to be effective against Chagas
disease, malaria, cryptosporidiosis, and leishmaniasis resulting
from parasitic protozoa,55 but nonbisphosphonate GGPPS
inhibitors may be better suited for such applications, owing to
their lack of affinity for bone tissue.

■ CONCLUSIONS
To search for nonbisphosphonate hGGPPS inhibitors, we
screened large libraries by using GEMDOCK. Two nonbi-
sphosphonate inhibitors, NSC351204 and NSC45174, were
selected based on the pharmacophore- and CSR-strategy (P+R)
from top-ranking candidates (Figure 5A and Table 2). Though
their inhibitory effects are not potent (≤10 μM) due to a lack
of strong electrostatic forces and not meeting CSR 4, they are
the beginning of a new scaffold of GGPPS inhibitors and drug
leads for bone and related mevalonate-pathway diseases. It is
feasible that the potency of these two compounds could be
improved to make novel candidates for hGGPPS inhibitors by
following the P+R strategy. Finally, we believe that combining a
site-moiety map with CSRs is a useful general framework for
identifying small-molecule inhibitors that can regulate activity
of target proteins.
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