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Abstract

Bisphosphonates, known for their effectiveness in the treatment of osteoporosis, inhibit bone resorption via mechanisms that
involve binding to bone mineral and cellular effects on osteoclasts. The major molecular target of nitrogen-containing bisphospho-
nates (N-BPs) in osteoclasts is farnesyl diphosphate synthase (FPPS). N-BPs likely inhibit this enzyme by mimicking one or more of
the natural isoprenoid lipid substrates (GPP/DMAPP and IPP) but the mode of inhibition is not established. The active site of FPPS
comprises a subsite for each substrate. Kinetic studies with recombinant human FPPS indicate that both potent (risedronate) and
weak (NE-58051) enzyme inhibitors compete with GPP for binding to FPPS, however, binding to this site does not completely
explain the difference in potency of the two inhibitors, suggesting that a second binding site may also be a target of bisphosphonate
inhibition. Using the docking software suite Autodock, we explored a dual inhibitor binding mode for recombinant human FPPS.
Experimental support for dual binding is suggested by Dixon plots for the inhibitors. N-BPs may inhibit by binding to both the GPP
and a second site with differences in potency at least partly arising from inhibition at the second site.
© 2005 Published by Elsevier B.V.
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1. Introduction where they inhibit the activity of bone-destroying osteo-

clasts. The antiresorptive activity of the potent nitrogen-

Bisphosphonates are currently used to treat post-
menopausal and steroid-induced osteoporosis, Paget’s
disease, hypercalcemia and osteolysis associated with
multiple myeloma and metastatic cancers [1-4]. Due to
their ability to bind calcium ions in a multidentate man-
ner, bisphosphonates rapidly accumulate in bone [5]
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containing bisphosphonates (N-BPs) results from two
key properties [6], their affinity for bone mineral, and
their potency for inhibiting a molecular target in
osteoclasts. It has recently been demonstrated [7] that
the relative mineral affinity of several clinically utilized
bisphosphonates increases in the order etidronate <
risedronate < alendronate < zoledronate. The lack of
correlation between mineral affinity and antiresorptive
potency, (for example, the lower mineral affinity but
higher potency of risedronate versus the higher affinity
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but lower potency of alendronate) provides some of
the evidence supporting the involvement of cellular
targets.

It is now clear that farnesyl diphosphate synthase
(FPPS), an enzyme of the mevalonate pathway, is the
major enzyme target of N-BPs [§8,9] and is inhibited by
nanomolar concentrations of these compounds. Fur-
thermore, there is a highly significant correlation be-
tween the order of potency for inhibiting human FPPS
in vitro and anti-resorptive potency in vivo, with zoledr-
onate and minodronate being extremely potent inhibi-
tors of FPPS. Importantly, minor modifications to the
structure and conformation of the side chain that were
known to affect anti-resorptive potency have also now
been shown to affect the ability to inhibit FPPS. These
observations have helped explain the relationship be-
tween N-BP structure and anti-resorptive potency. The
high degree of evolutionary conservation of this enzyme
can explain why N-BPs also inhibit the growth of Dicty-
ostelium [10] and other eukaryotic microorganisms such
as Leishmania [11,12] and Trypanosome parasites, by
inhibiting FPPS.

The exact mechanism by which N-BPs inhibit FPPS
remains unclear. Computer modeling [10] suggests that
N-BPs mimic the structure of the enzyme’s natural iso-
prenoid pyrophosphate substrates, geranyl pyrophos-
phate (GPP)/dimethylallyl pyrophosphate (DMAPP)
or act as carbocation transition state analogs [13]. We
have previously noted that modeling in the GPP pocket
of compounds with dramatic differences in potency does
not adequately explain binding differences [14]. Recent
X-ray crystallographic studies of E. coli FPPS [15] dem-
onstrate binding of risedronate to the GPP/DMAPP
substrate pocket with the side chain positioned in the
hydrophobic cleft that normally accommodates an isop-
renopid lipid, and the phosphonate groups bound to
three magnesium ions. However, the conclusions based
on these studies must be tempered by three consider-
ations. Firstly, the authors incubated FPPS with an
equimolar solution of IPP and risedronate, which may
not be representative of pharmacological concentrations
in vivo. Secondly, the positively charged, N-methyl ana-
log of risedronate [16,17] cannot undergo equivalent sta-
bilization at the GPP site because its nitrogen is not a
hydrogen bond acceptor, yet 1is more potent
(LED =0.0001 mg/P/kg) than risedronate. Thirdly,
extrapolation of the structural results from the E. coli
enzyme to the human enzyme must be interpreted with
caution pending an X-ray crystal structure of the human
enzyme.

In this work, we used Autodock to examine the bind-
ing modes of the N-BP risedronate and a less potent but
structurally similar analog, NE-58051, in both the GPP
site and a second site of FPPS derived from a human
homology model, based on X-ray crystallographic coor-
dinates from the avian enzyme. We also present

supporting results from a preliminary enzyme inhibition
kinetics study on recombinant human FPPS.

2. Results and discussion
2.1. The inhibitors

We chose to study a pair of N-BP analogs whose anti-
resorptive activities differ greatly to circumvent the
potential for misleading conclusions due to minor differ-
ences in bone mineral affinity. The selected pair was the
clinically useful anti-osteoporosis drug risedronate (in
vivo lowest effective dose (LED)=0.0003 mg/P/kg)
and its much less potent homomethylene analog, NE-
58051 (LED = 1.0 mg/P/kg, Fig. 1) [8].

It has been postulated that risedronate inhibits FPPS
by binding in the GPP binding site [18-21]. The X-ray
crystal structure of the risedronate — E. coli FPPS com-
plex shows that the bisphosphonate moiety of risedro-
nate is strongly bound to three magnesiums [15].
Additionally, a hydrogen bond is found between the
pyridyl nitrogen of risedronate and a threonine in the
GPP binding site. This threonine is conserved in the hu-
man FPPS. NE-58051, having an additional methylene
unit between its pyridyl and bisphosphonate parts,
would be unable to form such a hydrogen bond. How-
ever, on the basis of previous molecular modeling [14],
we found that NE-58051 can fit the large GPP binding
site with a similar bisphosphonate-magnesium ion com-
plex. NE-58051 is a much weaker FPPS inhibitor than
risedronate (risedronate ICsy=0.01 uM; NE-58051
1ICso = 2.93 uM) [8]. When a tight bisphosphonate-mag-
nesium complex is formed, it is unlikely that the loss of
one hydrogen bond in the GPP site can account for the
300-fold loss of inhibitory activity of NE-58051 with re-
spect to risedronate. An explanation for this discrepancy
was sought by examining interactions of the two inhib-
itors with an adjacent subsite.

2.2. Molecular modeling of the human enzyme

The X-ray crystal structure of FPPS has been re-
ported for the avian liver enzyme (avFPPS). A sequence
alignment shows 66.2% identity between human [22] and
avian [23] FPPS. We constructed a homology model of
the human FPPS (hhFPPS) based on the X-ray structure
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Fig. 1. Risedronate and NE58051.
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of the avian liver FPPS (see Section 4). An early prece-
dent for this human FPPS model was our initial ability
to explain the bisphosphonate SAR by modeling the bis-
phosphonates in an adjacent site of the avian structure
(Fig. 2) [14]. In this model, a protonated pyridine nitro-
gen was found to have an important electrostatic inter-
action with a GPP phosphate. This interaction is
consistent for all of the highly potent nitrogen-contain-
ing bisphosphonates, including the positively charged
N-methyl analog of risedronate. Although the pKa of
pyridine is known to be lower than that necessary for
protonation at physiological pH, there are many exam-
ples in binding pockets of proteins where the environ-
ment creates a local pH that is different from bulk pH,
e.g., aspartic acid proteases in which the active site
aspartates are protonated at pH ranges near neutral [24].

We then conducted a series of docking experiments
using a force-field based scoring function with an evolu-
tionary search algorithm as implemented in Autodock
3.05. We were first interested in the possibility of dock-
ing a bisphosphonate molecule in a second site with a
GPP molecule bound to the GPP site. The enzyme has
two DDxxD motifs which are conserved. The first motif
chelates a pair of magnesium ions which in turn bind the
pyrophosphate moiety of GPP as seen in the avian X-
ray crystal structure. We hypothesize that the second
aspartate-rich DDxxD motif also binds a pair of magne-
sium ions that can readily accept a diphosphate or a bis-
phosphonate molecule.

While this work was in progress, an X-ray crystal
structure of E. coli FPPS [15] was published. The struc-
ture shows different binding modes for dimethylthiodi-
phosphate (DMSPP), a non-hydrolysable DMAPP
substrate analog, IPP and risedronate. DMSPP binds
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Fig. 2. A proposed bisphosphonate binding site in the avian farnesyl
diphosphate synthase-GPP complex. The bisphosphonate risedronate
is modeled adjacent to geranyl pyrophosphate which is found in the
1UBW X-ray structure.

to the GPP site with three magnesium ions surrounding
its diphosphate moiety. Risedronate binds in essentially
the same fashion and forms a hydrogen bond with a
threonine deeper in the GPP site. The diphosphate part
of IPP binds to FPPS via a series of salt bridge interac-
tions with basic residues such as lysines, arginines and
histidines. The active site appears more compact than
in the avian crystal structure. It is not clear whether
the E. coli and avian enzymes are simply different or if
an induced fit movement closes the active site. If the
two bisphosphonate molecules can form a three magne-
sium ion complex, similar strong interactions are likely
to overcome the stabilization gained by one hydrogen
bond in the GPP site.

Figs. 3A and B show the clustering of 50 docking
runs for risedronate and NE-58051, respectively. The
best runs for risedronate and NE-58051 (lowest energy)
belonging to the main cluster are shown in Figs. 3C and
D, respectively. Risedronate forms a salt bridge between
its pyridinium hydrogen and two oxygens of the diphos-
phate moiety of GPP. The stabilization brought about
by this electrostatic interaction clearly favors the bind-
ing of risedronate when a GPP molecule is present in
the GPP site. No such stabilizing interaction can be
found if the GPP site is empty.

NE-58051 is unable to form such interactions. In-
deed, its nitrogen points away from the diphosphate
moiety of GPP. Instead, we have found that its pyridi-
nium ring can turn to form a hydrogen bond with tyro-
sine 188. This interaction is certainly much weaker than
the salt bridge formed in the case of risedronate.

Next, we replaced the GPP molecule by a bisphosph-
onate inhibitor. Risedronate was manually docked in
the GPP site on the basis of the complex observed in
the E. coli structure. It is remarkable that although the
first E. coli aspartate rich motif is DDxxxxD, the two
aspartates binding the magnesium ions are in the same
locations and conformations as in the avian structure.
We constructed the FPPS-NE-58051 complex using the
risedronate backbone as a guide. At this point, it was
considered more important to monitor the interactions
of the bisphosphonate moiety of NE-58051 than opti-
mize its side chain orientation.

Fig. 4 shows the results of the docking experiments in
the second site with the corresponding bisphosphonate
molecule in the GPP site. Again, both inhibitors con-
verged toward a unique docking conformation that is
similar to the one observed with GPP in the GPP site.

Attempted docking experiments of N-BPs in the GPP
site of FPPS with no other inhibitor or substrate present
in this second site failed, with most docked molecules
locating their side chains outside the DM APP/GPP site
even when the center of the site is chosen as the origin of
the docking (results not shown). The driving forces be-
hind such behavior are the available space in the open
conformation of the enzyme, a lack of strong stabilizing
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Fig. 3. Docking of risedronate and NE58051 in the second site with GPP in the GPP site. Enzyme backbone is represented in ribbon format, GPP,
Mg?* ions and aspartates are represented in ball and stick format. (A) 50 docking runs of risedronate represented in wire format. (B) 50 docking runs
of NE58051 represented in wire format. (C) Best run of risedronate represented in licorice format. (D) Best run of NE58051 represented in licorice

format.

interactions in the DMAPP/GPP site and some favor-
able interactions present in that open space (aspartates
from the second DDxxD motif). In a recent paper
[25], the Oldfield group obtained similar results while
docking risedronate in the GPP site of the E. coli en-
zyme with no IPP present in the IPP site. We decided
to dock the bisphosphonate in the GPP site with the sec-
ond site already occupied by the inhibitor (Fig. 5).

Three binding modes were found for risedronate. The
first one places the risedronate in an ideal position to
form a salt bridge between the pyridinium and aspartate
169. The second binding mode of risedronate involves
another salt bridge between the pyridinium and aspar-
tate 259. The third binding mode allows the formation
of a hydrogen bond with threonine 196 as seen in the
E. coli X-ray structure.

The docking of NE-58051 produces two distinct
binding modes. The first one allows the formation of a
hydrogen bond between the pyridinium hydrogen and
threonine 196. This binding mode is very similar to the
one observed in the E. coli—risedronate complex. The
second binding is stabilized by the nearby aspartate

169 and asparagine 260 side chains as well as the back-
bone oxygen of alanine 173 and proline 174.

It appears that docking a bisphosphonate into the
GPP site never leads to a unique solution. If the bis-
phosphonate molecules bind to the GPP site in a unique
fashion, the Autodock simulations were unable to iden-
tify it. This can be attributed to (i) the relatively large
space available in this site meant to bind the large
GPP molecule and (ii) the lack of a dominant interaction
that forces the bisphosphonate into one position. How-
ever, it is significant that one of the preferred docked
conformations is equivalent to the one observed in the
E. coli X-ray crystal structure of FPPS.

2.3. FPPS inhibition assay results

Farnesyl pyrophosphate synthase catalyzes the con-
densation of geranyl pyrophosphate and isopentyl pyro-
phosphate to form farnesyl pyrophosphate and
pyrophosphate [26,27]. As expected, the enzyme active
site has two distinct binding sites that specifically bind
one kind of substrate. We therefore performed prelimin-
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Fig. 4. Docking of risedronate and NES58051 in the second site with a second inhibitor in the GPP site. Enzyme backbone is represented in ribbon
format, GPP, Mg?" ions and aspartates are represented in ball and stick format. (A) 50 docking runs of risedronate represented in wire format. (B) 50
docking runs of NE58051 represented in wire format. (C) Best run of risedronate represented in licorice format. (D) Best run of NE58051 represented

in licorice format.
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Fig. 5. Docking of risedronate and NE58051 in the GPP site with the best docked conformation of the same molecule in the second site. Enzyme is
represented in ribbon format, inhibitors, Mg®" ions and relevant residues are represented in ball and stick format. (A) 50 docking runs of risedronate
represented in wire format. (B) 50 docking runs of NE58051 represented in wire format.

ary kinetic experiments to characterize the inhibition
behavior of each substrate in the presence of varying
concentrations of the other.

Lineweaver—Burk (LB) and Dixon plots of risedro-
nate inhibition kinetic data are shown in Fig. 6 with

either GPP (left) or IPP (right) as the variable substrate.
Based on the LB plots, risedronate is a competitive
inhibitor versus GPP and a non-competitive inhibitor
versus IPP. However, the Ki values extracted from these
LB plots are not constant. The apparent Ki of



2684 F.H. Ebetino et al. | Journal of Organometallic Chemistry 690 (2005) 2679-2687

200 nM

100 nM

75nM

1hv,

50 nM

25 nM
No inhibitor

UIGPP] (UM

C 1400 -
| 02 M
0.5 uM
1000 - 03 pM
600 -
1 M
2uM

1lvg

3
200 ¢

r T T T T 1

-100 -50 } 50 100 150 200
-200

[RIS] (nM)

6000
B

5000 200 nM

4000 150 nM

3000

1hv,

2000
100 nM

50 nM
No inhibitor
1

7

-1000

AMPP] (UM™)
D 5000 -
0.3 uM
0.5 uM
—:? 1 uM
2uM
100 -50 0 50 100 150 200 250

[RIS] (nM)

Fig. 6. Lineweaver—Burk plot of FPPS assays. (A) Risedronate inhibitor, GPP as the variable substrate [[PP] = 2 uM. (B) Risedronate inhibitor, IPP
as the variable substrate [GPP] = 2 uM. Dixon plot of FPPS assays. (C) Risedronate inhibitor, GPP as the variable substrate [IPP] =2 uM. (D)

Risedronate inhibitor, IPP as the variable substrate [GPP] = 2 uM.

risedronate decreases as the inhibitor concentration in-
creases. This nonclassical behavior is further illustrated
by the non-linear Dixon plots obtained. When the IPP
concentration is fixed and the GPP concentration is var-
iable, the Dixon plot changes from linear at high GPP
concentration to exponential at low GPP concentration.
Furthermore, for all GPP concentrations tested, the
Dixon plot initially shows a linear phase that shifts to
an exponential phase at a particular (critical) risedro-
nate concentration. This concentration of inhibitor is
fairly independent of the GPP and IPP concentrations.
When GPP concentration is variable, the critical risedr-
onate concentration is 50 nM and when the IPP concen-
tration is variable, the critical concentration is 75 nM.
Typically, this behavior is associated with a multi-site
inhibition [28]. As stated above, FPPS catalyzes the con-
densation of two isoprenoid diphosphates, thus the
enzyme must bind two pyrophosphate moieties. Bis-
phosphonates mimic the shape and electrostatic charge
distribution of the pyrophosphate part of isoprenoid
diphosphate substrates. It is therefore reasonable to pos-
tulate that two bisphosphonates bind simultaneously to
the FPPS active site at inhibitor concentrations above a
critical value, ie., 50-75 nM for risedronate. It is
remarkable that the in vitro inhibition of FPPS is mark-
edly enhanced by the binding of a second inhibitor mol-
ecule. The known efficiency of this class of compounds

for inhibition of FPPS could be a result of such multi-
site inhibition.

The Lineweaver—Burk and Dixon plots for NE-
58051 inhibition kinetics are shown in Fig. 7 with
either GPP (left) or IPP (right) as the variable. Simi-
larly to risedronate, NE-58051 displays an apparent
competitive inhibition with respect to GPP and non-
competitive inhibition with respect to IPP. However,
the Dixon plots do not show the same marked expo-
nential increase that occurs with risedronate. When
GPP is the variable, a small curvature of the Dixon
plot is found. With IPP as the variable, no exponential
increase in inhibition is observed despite the much
higher concentration of inhibitor used.

The lack of an exponential increase in inhibition by
NE-58051, i.e., the inability of FPPS to bind two inhib-
itor molecules, correlates with its lesser inhibitory activ-
ity compared to risedronate.

In this work, we propose a hypothesis to rationalize
differences in N-BP anti-resorptive activities using both
theoretical and experimental approaches. Several cave-
ats should be applied to these results.

1. We constructed a human homology model based on
the available avian X-ray structures and postulated
that two sets of magnesium ions bind to the two
DDxxD aspartate-rich motifs of the enzyme. The
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recently published X-ray structure of E. coli enzyme
shows however different IPP and GPP binding sites.
When available, the human FPPS crystal structure
will determine the accuracy of the human homology
model made here.

2. In the docking procedure, the enzyme is treated as
a rigid body. Binding of one or two inhibitors to
the enzyme may modify its conformation modulat-
ing active site properties. Induced fit binding struc-
tural effects can only be clearly demonstrated by X-ray
crystallography or the use of biophysical methods.

3. As expected, we found that the binding energy is
dominated by the electrostatic interaction between
the bisphosphonate moiety and the magnesium ions.
The energy of formation of this complex could not
be precisely evaluated at the level of theory
available.

4. It is known that FPPS is in fact a dimer [23]. What is
not known is how the monomer subunits interact
with each other. As a simplification, we implicitly
assumed that the monomers are fairly independent.
A recent report suggested some interaction between
the subunits [29], proposing an intersubunit location
of the active site. This hypothesis is not supported
by the avian or E. coli X-ray results which indicate

a separation of about 20 A between intersubunit
active sites. Nonetheless, allosteric interactions of
the active site cannot be excluded.

3. Conclusion

Molecular modeling and enzyme inhibition studies
suggest that binding of bisphosphonates to the GPP site
does not distinguish between potent (risedronate) and
nonpotent (NE-58051) N-BPs. This binding pocket
can accommodate either DMAPP or GPP in two sepa-
rate coupling steps catalyzed by FPPS. We therefore
investigated the theoretical docking of two structurally
similar N-BPs in a human recombinant FPPS site,
reconstructed on the basis of similarity between both
DDxxD motifs. This binding model could help explain
the differences in the potency of N-BPs that has been ob-
served with several pairs of active/inactive, structurally
related analogs. A cooperative model, involving the
binding of two molecules of N-BP to the FPPS enzyme,
is a potential mode of inhibition that appears to be con-
sistent with the data presented here. This cooperative
binding requires the establishment of a salt bridge
between the protonated nitrogen of one N-BP and a
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phosphonate moiety of the other. The difference in the
inhibitory potency of the two N-BPs evaluated in this
work could be rationalized on the basis that risedronate
satisfies the salt bridge requirement for the IPP binding
site whereas NE-58051 does not.

Pending X-ray structural data for the actual human
enzyme, the human homology model is the closest
approximation available to provide insights into human
FPPS—inhibitor interactions. Ultimately, validation of
this approach will also depend on its usefulness in design
of more potent FPPS N-BP inhibitors.

4. Experimental methodology
4.1. Expression of recombinant human FPP synthase

The human FPPS clone KIAA 1293 was obtained
from the Kazusa DNA Research Institute, Japan. The
coding region was cloned into the bacterial expression
vector pBAD (InVitrogen) and expressed in E. coli
TOP10f. Bacterial cultures were inoculated with 20%
by volume of an overnight bacterial culture in LB broth
with 50 pg/ ml ampicillin at 37 °C with vigorous aera-
tion. These cultures were grown for 2 h prior to induc-
tion with arabinose (0.02% w/v). After induction, the
cultures were grown for an additional 5h before har-
vesting by centrifugation at 7000g for 10 min.

4.2. Purification of FPP synthase

The bacterial pellet was resuspended in 5ml per
gram wet weight of ice cold homogenization buffer
(100 mM potassium phosphate pH 7.0, 0.5 mM
EDTA, 10mM 2-mercaptoethanol + 50 ul protease
inhibitors) and homogenized by sonication 3 times
on medium power for 10s on ice with a cooling per-
iod between each 10s burst. The lysate was then
centrifuged at 13,000g for 20 min at 4 °C. FPPS was
purified to homogeneity by loading onto a DES3 col-
umn and eluting with a phosphate gradient (from 100
to 200 mM potassium phosphate, pH 7.0). The frac-
tions containing FPP synthase activity were ammo-
nium sulphate precipitated (0-70% fraction) and the
redissolved pellet loaded onto a butyl agarose column.
The enzyme was eluted with a gradient from 1M
ammonium sulphate, 10 mM potassium phosphate
pH 7.0, to 10 mM potassium phosphate, pH 7.0. Frac-
tions with FPP synthase activity were pooled and
concentrated by dehydration using PEG6000. This
fraction was loaded onto a hydroxyapatite column
and eluted with a gradient from 10 mM Tris/HCI
pH 7.0 to 60 mM potassium phosphate, 10 mM Tris/
HCl pH 7.0. All fractions containing pure enzyme
were pooled. All buffers contained 10mM 2-
mercaptoethanol.

4.3. FPP synthase assay

FPP synthase was assayed by the method of Reed
and Rilling [23] with modifications. For kinetic analysis
40 ng of pure FPP synthase were assayed in a final vol-
ume of 100 pl buffer containing 50 mM Tris pH 7.7,
2mM MgCl,, 0.5mM DTT. To investigate the effect
of variable concentrations of GPP, IPP concentration
was at 2 uM ("*C-IPP, 400KBq/uM) with varying con-
centrations of GPP as described. To investigate the effect
of variable IPP, GPP concentration was 2 uM and IPP
was varied as described. Reactions also contained the
appropriate concentration of N-BP. Reactions were
started with the addition of enzyme and allowed to pro-
ceed for an appropriate period of time at 37 °C. Reac-
tions were timed such that a maximum of 15% of the
available substrate was used. Assays were terminated
by the addition of 0.2 ml of concentrated HCl:methanol
(1:4) and further incubated for 10 min at 37 °C. The
reactions were then extracted with 1 ml of ligroin, thor-
oughly mixed and briefly centrifuged. The amount of
radioactivity in the upper phase was determined by mix-
ing 0.5 ml of the ligroin with 4 ml of general purpose
scintillant. This solution was then counted using a Pack-
ard Tricarb 1900CA scintillation counter. Enzyme
velocity is expressed as uM of FPP/min/pmol enzyme.

4.4. Human homology model of FPPS

The 3D structure of human FPPS was constructed by
the SWISS-MODEL server [30] with the avian struc-
tures [31,32] as a template. A sequence comparison of
human FPPS and avian FPPS has 66.2% identity with
no gaps or inserts, so an automated homology model
seemed feasible. While the avian FPPS structure lacks
the first nineteen residues, the predicted human FPPS
structure lacks only the first five residues, because the
avian sequence is longer than the human. These missing
residues are not part of the active site and should have
no bearing on the docking studies. Inspection of the ac-
tive site of the human model showed the active sites
open and accessible for docking studies. Further, a com-
parison with the active site of the E. coli FPPS complex
with risedronate showed a similar network of residues
surrounding both active sites in the human model.

4.5. Molecular docking

Quantum mechanical calculations were performed
with GaussiaN ’03 [33]. Docking experiments were car-
ried out using the Autodock 3.05 program suite [34].
The figures were prepared with VMD [35]. Bisphospho-
nate molecules were partially optimized with the B3LYP
functional and 6-31G* basis set. Some dihedral angles
were restrained in order to prevent the molecule from
collapsing in the gas phase calculation. To avoid a
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hydrogen transfer from nitrogen to phosphonate group,
the dianionic species having one hydrogen per phospho-
nate group and a neutral amine were used for calcula-
tion. After optimization, a hydrogen was added to the
nitrogen and the charges were calculated by single point
calculation at the B3LYP/6-311+G** level. The protein
was prepared with the standard protonation state: histi-
dines, lysines, and arginines were protonated, glutamate
and aspartate residues were deprotonated. When dock-
ing N-BPs in the GPP site, Thr196 was turned by 60 de-
grees to orient its hydroxyl group toward the binding
site as seen in the E. coli X-ray crystal structure. Amber
partial charges for the enzyme were assigned by ¢. amber
and solvation parameters for the enzyme were deter-
mined by addsol 3.0 from the Autodock suite. Magne-
sium charges were set to +2. The receptor comprised
the enzyme, two magnesium ions, and a GPP or bis-
phosphonate in either GPP or IPP binding sites. Rotat-
able bonds were assigned to the ligand using Autotors
3.05 (all cycles are constrained rigid). The grid map con-
tains 120 points in each direction spaced by 0.2 A. The
grid spans over 24 A in each direction center in the bind-
ing site of interest. A Lamarckian genetic algorithm was
employed, with a mutation rate of 0.02 and a crossover
rate of 0.8. Only the lowest binding energy (most nega-
tive) out of ten generations survives. Fifty runs per mol-
ecule were carried out with a maximum of 1,500,000
energy evaluations per run. The resulting structures were
clustered with a RMSD tolerance of 1 A. The results
were visualized with VMD.
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