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Abstract

Farnesyltransferase~FT! inhibitors can suppress tumor cell proliferation without substantially interfering with normal
cell growth, thus holding promise for cancer treatment. A structure-based approach to the design of improved FT
inhibitors relies on knowledge of the conformational flexibility of the zinc-containing active site of FT. Although several
X-ray structures of FT have been reported, detailed information regarding the active site conformational flexibility of
the enzyme is still not available. Molecular dynamics~MD! simulations of FT can offer the requisite information, but
have not been applied due to a lack of effective methods for simulating the four-ligand coordination of zinc in proteins.
Here, we report in detail the problems that occurred in the conventional MD simulations of the zinc-bound FT and a
solution to these problems by employing a simple method that uses cationic dummy atoms to impose orientational
requirement for zinc ligands. A successful 1.0 ns~1.0 fs time step! MD simulation of zinc-bound FT suggests that nine
conserved residues~Asn127a, Gln162a, Asn165a, Gln195a, His248b, Lys294b, Leu295b, Lys353b, and Ser357b! in
the active site of mammalian FT are relatively mobile. Some of these residues might be involved in the ligand-induced
active site conformational rearrangement upon binding and deserve attention in screening and design of improved FT
inhibitors for cancer chemotherapy.

Keywords: cancer research; coordination chemistry; drug research; farnesyltransferase; metalloproteins; molecular
dynamics; zinc

Farnesyltransferase~FT! catalyzes the transfer of the farnesyl group
from the co-substrate farnesyl pyrophosphate to a Cys residue in
the C-terminal fragment of pro-Ras proteins. The resulting protein
farnesylation is a key step in the post-translational modification of
pro-Ras proteins~Park et al., 1997!. This enzyme is a promising
anticancer drug target~Gibbs & Oliff, 1997! as selective FT in-
hibitors ~FTIs! are able to inhibit tumor cell proliferation without
substantially interfering with normal cell growth~Kohl et al., 1993;
Prendergast et al., 1994; Sebti & Hamilton, 1997!. To develop
improved FTIs through a structure-based drug design utilizing the
crystal structure of FT~Park et al., 1997!, the molecular flexibility
of the enzyme active site needs to be determined in order to un-
derstand how ligands can be optimally accommodated.

Although several X-ray structures of free FT and inhibitor- and0or
co-substrate-bound FT complexes have been reported~Park et al.,
1997; Long et al., 1998, 2000; Strickland et al., 1998, 1999; Wu
et al., 1999!, detailed information about the active site conforma-
tional flexibility of the enzyme is still not available. Molecular
dynamics~MD! simulations provide a logical strategy to obtain the
required information on molecular flexibility and NMR spectros-
copy, in principle, can yield direct data on protein dynamics. Un-
fortunately, the large molecular weight of FT, 94 kDa~Reiss et al.,
1990!, precludes the NMR approach and discourages MD simula-
tions. Furthermore, a zinc divalent cation embedded in the active
site of FT poses a technical complication in MD simulations. Two
general methods have been reported for MD simulations of zinc
proteins. One termed the “bonded model”~Hoops et al., 1991;
Ryde, 1995; Lu & Voth, 1998! uses covalent bonds between the
zinc ion and its coordinates to maintain zinc’s four-ligand coordi-
nation in proteins during MD simulations. This method is not
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suitable to the present study because the introduced covalent bonds
rigidify the conformation of the active site. Although the rigidifi-
cation problem can be avoided by use of an anharmonic potential
such as a Morse oscillator~Lu & Voth, 1998!, the anharmonic
potential approach has not yet been adequately tested for its ef-
fectiveness in maintaining the four-ligand coordination of zinc in
proteins. The second one, termed the “non-bonded model”~Vedani
& Huhta, 1990; Aqvist & Warshel, 1992; Stote & Karplus, 1995;
Wasserman & Hodge, 1996!, maintains the four-ligand coordina-
tion of zinc in proteins with electrostatic and van der Waals forces
to avoid the use of covalent bonds. The nonbonded model is, in
principle, suitable to the MD simulation of FT, but it has been
tested only in short~,100 ps! MD simulations. For these reasons,
no MD simulations of FT have been reported. Recently, we have
reported a simple method, termed the “cationic dummy atom model,”
which was successful in maintaining the four-ligand coordination
of zinc without use of covalent bonds between zinc and its ligands
in nanosecond-length MD simulations of three zinc proteins with
which the MD simulations using the nonbonded model failed~Pang,
1999!.

Here, we report in detail the problems that occurred in the MD
simulations of the zinc-bound FT using the nonbonded model and
a solution to these problems by employing the cationic dummy
atom approach. We then present a successful 1.0 ns~1.0 fs time
step! MD simulation of zinc-bound FT, which suggests that there
are nine conserved residues in the active site of mammalian FT
that are relatively mobile. Some of these residues might be in-
volved in the ligand-induced active site conformational rearrange-
ment upon binding and deserve attention in the screening and
design of improved FT inhibitors for cancer chemotherapy.

Results

Deformation of the tetrahedral zinc complex

In an MD simulation of FT employing a neutral Cys299b as a zinc
coordinate and a set of the reported force field parameters for the
zinc divalent cation~r 5 1.45 Å, E 5 0.025 kcal0mol! ~Wasser-
man & Hodge, 1996!, the zinc ion moved away from the position
identified in the X-ray structure of FT, despite the fact that the
zinc divalent cation was neutralized by two deprotonated, anionic
coordinates of Asp297b and H2O1002. A large basis set DFT
calculation of the proton dissociation energy of zinc-coordinated
methanethiol was thus performed~ElYazal & Pang, 1999! and
confirmed the reported hypothesis that Cys residue would be de-
protonated when coordinating to zinc in proteins~Ryde, 1996!.
Consequently, by using three anionic and one neutral coordinates
~Cys2299b, Asp2297b, His362b, and HO21002! or by using
two anionic and two neutral coordinates~Cys2299b, Asp2297b,
His362b, and H2O1002! in the MD simulation, the zinc ion was
able to be kept in the desired position. However, a new problem
arose: the four-ligand coordination of zinc~Zn21, Cys299b,
His363b, Asp297b, and H2O1002! was changed to a five ligand-
coordination during the MD simulation. In the five-ligand com-
plex, the zinc ion interacted with Asp352b that was initially away
from the zinc ion but moved toward the zinc ion during the MD
simulation~Fig. 1!. Interestingly, in the FT structure with either
two anionic coordinates~Cys2299b and Asp2297b! or three an-
ionic coordinates~Cys2299b, Asp2297b, and HO21002!, the
four-ligand coordination of zinc was converted to a five-ligand
coordination even after a 1,000-step energy minimization prior to

the MD simulation. The four-ligand coordination could be retained
in an energetically less stable protein structure if a 500-step energy
minimization was performed. However, the four-ligand coordina-
tion was inevitably changed to the five-ligand coordination after a
2 ps MD simulation of the structure minimized with 500 steps; and
the five-ligand coordination was maintained throughout a 200 ps
MD simulation. Despite the fact that Asp352b was next to Lys353b
forming a salt bridge in the crystal structure of FT, a simulation
was also performed with deprotonated Asp352b replaced by a
protonated Asp352b residue in the hope that the attractive elec-
trostatic interaction arising from the negatively charged carboxyl-
ate group and the zinc cation could be reduced, thus preventing
Asp352b from moving toward the zinc ion. Unfortunately, this
attempt was proved fruitless.

The problem that the nearby Asp352b moved toward the zinc
ion forming a five-coordinate zinc complex was akin to a reported
problem in the MD simulation of carbonic anhydrase in which a
nearby Glu106 moved toward the zinc ion~Hoops et al., 1991;
Stote & Karplus, 1995!. The problem in the simulation of carbonic
anhydrase was solved by computing the long-range electrostatic
interactions and by employing harmonic restraints on the zinc
complex during the energy minimization that were then removed
by a gradual reduction during the MD simulation~Stote & Karplus,
1995!. The calculation of the long-range electrostatic interactions
was reportedly crucial to avoiding having Glu106 move toward to
the zinc ion during an 80 ps simulation of carbonic anhydrase
employing the CHARMM force field~Stote & Karplus, 1995!.
Nevertheless, in the simulation of FT employing the AMBER 95
force field ~Cornell et al., 1995!, the five-ligand coordination oc-
curred regardless whether the long-range electrostatic interactions
in the MD simulations were calculated and whether the harmonic
restraints on the zinc complex were used in an energy minimiza-
tion prior to MD simulations.

To tackle this problem, new force field parameters for the zinc
ion were laboriously developed within the AMBER force field
paradigm by complying the reported procedures~Aqvist, 1990;
Stote & Karplus, 1995!. Unfortunately, with such parameters and
even with the parameters developed within the CHARMM force
field paradigm~Stote & Karplus, 1995!, the four-ligand coordina-
tion in FT still could not be maintained in the MD simulations

Fig. 1. Move of Asp352b toward the zinc cation resulting in a conversion
of a tetrahedral zinc complex~left: crystal structure! to a trigonal bipyra-
midal complex~right: MD structure! during the MD simulations without
use of the cationic dummy atom approach~Zn, orange; O, red; N, blue; and
C, white!.
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performed with zinc coordinates in the protonation states de-
scribed above.

These results eventually focused our attention on the proton-
ation state of imidazole as a zinc ligand in proteins and prompted
us to perform large basis set DFT calculations of the proton dis-
sociation energy of zinc-coordinated imidazole. Our DFT calcula-
tions suggest that, like thiolate~Ryde, 1996! and the deprotonated
peptide nitrogen atom~Rabenstein et al., 1985!, the imidazole ring
exists as imidazolate when coordinating to Zn21 in proteins~ElYazal
& Pang, 1999!. Furthermore, our DFT calculations revealed that
the imidazole-acetate dyad~Fig. 2! was converged to the imidazo-
late-acetic acid dyad~Fig. 2! in the presence of the hydroxide-
coordinated zinc divalent cation after an energy minimization with
the B3LYP06-3111G~d,p! method. In the imidazole-acetate dyad,
the nitrogen proton of the imidazole forms a hydrogen bond with
the carboxylate oxygen atom, whereas in the imidazolate-acetic
acid dyad, the oxygen proton of the acetic acid forms a hydrogen
bond with the nitrogen atom of the imidazolate. In contrast, the
imidazolate-acetic acid dyad was converged to the imidazole-
acetate dyad in the absence of zinc after an energy minimization
with the same method. These results suggest that the carboxylate
group of Asp~Glu! in the second coordination shell of zinc in
proteins serves as an effective proton acceptor for the zinc-
coordinated imidazole proton donor. Accordingly, by using depro-
tonated, anionic His2363b, Cys2299b, Asp2297b, and HO21002
in the first coordination shell, neutral AspH359b in the second
coordination shell, and a set of newly developed zinc parameters
~r 5 3.0 Å, E 5 1E26 kcal0mol!, the four-ligand coordination
in FT was maintained in a 200 ps MD simulation. Unexpectedly,
the four-ligand coordination was again converted to a five-ligand
coordination when the simulation was extended to 500 ps. Even
by using neutral Asp352b, the four-ligand coordination was
still converted to the five-ligand coordination in a 650 ps MD
simulation.

New method for simulating zinc proteins

The above results raised two fundamental questions:~1! Does
Zn21, as a d10 closed shell divalent cation, really allow different
coordination patterns~Purcell & Kotz, 1977!? ~2! Are the non-
bonded zinc parameters developed from a six-coordinate model
in water applicable to simulations of a four-coordinate model in
proteins? To answer these questions, we surveyed the zinc pro-
tein crystal structures deposited in the 1998 release of the Pro-
tein Data Bank~PDB! ~Bernstein et al., 1977! and found that,
among 114 zinc coordination complexes in 62 zinc proteins with
resolutions better than 2.25 Å, the percentage of the five- and
six-ligand zinc coordination complexes in proteins were only
26% ~Roe & Pang, 1999!. Furthermore, we discovered the in-
herent uncertainty in classifying zinc’s five- and six-coordi-
nation patterns due to experimental resolution~Roe & Pang,
1999!. We therefore proposed that the zinc divalent cation coor-
dinates to only four ligands, because, in terms of energetics, its
electronic structure favorably accommodates four pairs of elec-
trons in its vacant4s4p3 orbitals ~Roe & Pang, 1999!. Experi-
mental observations of five- and six-ligand complexes were due
to one or two pairs of ambidentate ligands that exchanged over
time and were averaged as bidentate ligands~Roe & Pang,
1999!.

The exclusive tetrahedral coordination concept immediately
led us to devise a new method~Pang, 1999!, named the “cat-
ionic dummy atom” method, for simulating zinc proteins. This
method uses four identical cationic dummy atoms to mimic zinc’s
4s4p3 vacant orbitals that accommodate the lone-pair electrons
of zinc coordinates, thus imposing the requisite orientational re-
quirement for zinc coordinates and simulating zinc’s propensity
for four-ligand coordination. The advantage of this method is
the ability to maintain zinc’s four-ligand coordination in proteins
during nanosecond-length MD simulations without use of har-
monic restraints that rigidify the zinc-containing active site. It,
hence, permits evaluation of the binding free energy of zinc
ligands and simulation of the exchanges of zinc’s ambidentate
coordinates in proteins~Pang, 1999!. Furthermore, unlike the
force field parameters developed using the bonded model with
either harmonic potential or anharmonic potential, the force field
parameters developed using the cationic dummy atom method
are usable in docking studies of zinc proteins~Perola et al.,
2000!. Conceptually, the “cationic dummy atom method” is dif-
ferent from the “seven-electrostatic-center approach” proposed
for modeling zinc proteins~Aqvist & Warshel, 1990, 1992!. The
former uses four cationic dummy atoms with explicit mass to
mimic zinc’s 4s4p3 vacant orbitals and is able to simulate zinc’s
propensity for four-ligand coordination in proteins~Pang, 1999!.
The latter uses six peripheral, fractional positive charges to im-
prove the calculated solvation energies of transition-metal ions
and failed to simulate zinc’s propensity for four-ligand coordi-
nation in proteins~Aqvist & Warshel, 1990, 1992!. The cationic
dummy atom method comprises three steps:~1! building a five-
atom zinc divalent cation, termed “tetrahedral zinc divalent cat-
ion,” having a center atom and four identical dummy atoms
located at the apices of a tetrahedron;~2! assigning van der
Waals parameters~r 5 3.1 Å, E 5 1E26 kcal0mol!, zero charge,
and a mass of 65.380 to the center atom; and~3! assigning
“10.5” charge, zeror and e, and a mass of 0.1 to the four
dummy atoms that are covalently bonded to the center atom
with the parameters listed in Table 1~Pang, 1999!.

Fig. 2. Interchanges between the imidazole-acetate dyad and the imidazolate-
acetic acid dyad influenced by the hydroxide-coordinated zinc divalent
cation.
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Conservation of the tetrahedral zinc complex

By using the tetrahedral zinc divalent cation, four anionic first-
shell ligands~His363b, Cys299b, Asp297b, and HO1002!, and
one neutral second-shell ligand~AspH359b!, the four-ligand co-
ordination of zinc in FT was able to be simulated for 1.0 ns~1.0 fs
time step!. In another MD simulation of FT complexed with far-
nesyl pyrophosphate, the tetrahedral zinc complex was maintained
for 2.0 ns~1.0 fs time step! ~K. Yu, Y.-P. Pang, & F.G. Prendergast,
in prep.!. The root-mean-square deviations~RMSDs! of the four-
ligand zinc complex in FT between the X-ray structure~PDB code:
1FT1! and the time-average structures of the 0.5 and 1.0 ns MD
simulations are 0.70 and 0.68 Å, respectively~Table 2!, indicating
that the two MD simulations were equilibrated and the four-ligand
coordination was well kept throughout the MD simulations.

As depicted in Figure 3, the zinc interatomic distances fluctuate
around the values calculated from two X-ray structures of FT
~Table 3! ~Park et al., 1997; Dunten et al., 1998!. The average zinc
interatomic distances and the average angles of the zinc coordi-
nates were in agreement, within experimental error, with the cor-
responding values obtained from the X-ray structures~Table 3!.
Asp352b, that hitherto always moved toward the zinc ion in the
MD simulations without use of the cationic dummy atom method,
stayed in the desired position during the entire 1.0 ns MD simu-
lation employing the cationic dummy atom method~Fig. 3!. This
is because the cationic dummy atom method is able to distribute

the charge of the zinc divalent cation to its coordinates making the
zinc divalent cation not attractive to the anionic Asp352b. Fur-
thermore, the FT structure bound with the tetrahedral zinc divalent
cation did not diverge from the X-ray structures during the 1.0 ns
MD simulation. This is evident from the RMSDs of all the non-
hydrogen atoms between the X-ray structure and the average struc-
ture of the 1.0 ns MD simulation~Table 2!. It is also evident from
the interatomic distances of some residues in the active site in
comparison with the values obtained from the X-ray structures
~Table 3!. The averaged interatomic distances between Zn21 and
the two carboxylate oxygen atoms of Asp352b ~Zn21-OD1 and
Zn21-OD2! are in excellent agreement with those obtained from
the X-ray structures~Table 3!. Interestingly, the corresponding
distances in the instantaneous structures collected at 1.0 ps inter-
vals during the 1.0 ns MD simulation~Fig. 3! reveal exchanges of
the two oxygen atoms of the carboxylate group of Asp352b, which
is not identifiable from the X-ray structure.

Active site conformational flexibility

From visual inspection of the X-ray structure of FT, 50 residues
listed in Table 4 can be defined as active-site residues. The mean
deviations ofx1 and x2 of the 50 residues in all the instanta-
neous structures obtained at 1.0 ps intervals during the 1.0 ns MD
simulation are depicted Figure 4. The mean deviation is defined

as!@(x2 2 ~(x!20n#0~n 2 1!. The x1 andx2 are defined as
C-CA-CB-CG and CA-CB-CG-X, respectively; the atom name are
defined in reference~Cornell et al., 1995!. As indicated in thex1
andx2 mean deviation plots~Fig. 4!, 41 active-site residues were
relatively immobile during the 1.0 ns MD simulation. The RMSDs
of the 50 active site residues and the backbone atoms of the these
residues between the average MD and X-ray structures are 1.04
and 0.68 Å~Table 2!, respectively, indicating that no large con-
formational change occurred in the active site during the MD
simulation.

Use of 158 of arc as a cutoff, thex1 mean deviation plot reveals
that six residues~Gln162a, Gln195a, Lys294b, Leu295b, Lys353b,
and Ser357b! in the active site are relatively mobile. Use of a
higher cutoff at 308 of arc, thex2 mean deviation plot reveals that
eight residues~Asn127a, Gln162a, Asn165a, Asp196a, His248b,
Lys294b, Leu295b, and Asp352b! are mobile. A further exami-
nation of the plots ofx2 vs. time reveal thatx2 of the two Asp
residues vary with increments of;1808 of arc, indicating intra-
molecular exchange of the two carboxy oxygen atoms of the two

Table 1. Additional force field parameters for zinc protein
simulations [for definitions of the atom names see reference
(Cornell et al., 1995)]

Force field parameters of the tetrahedral zinc ion

Bond
K

@kcal0~mol Å2!#
Req

~Å!

DZ-ZN 540.0 0.90

Angle
K

@kcal0~mol radian2!#
Teq

~deg!

DZ-ZN-DZ 55.0 109.50
DZ-DZ-DZ 55.0 60.0
DZ-DZ-ZN 55.0 35.25

RESP charges of histidinate

Atom name Charge Atom name Charge

N 20.5641 ND1 20.7626
H 0.2469 CE1 0.4994
CA 0.3171 HE1 20.0295
HA 0.0096 NE2 20.7656
CB 20.1347 CD2 0.0405
HB2 0.0083 HD2 0.0525
HB3 0.0381 C 0.4588
CG 0.1504 O 20.5653

RESP charges of hydroxide

Atom name Charge Atom name Charge

HO 0.2049 OH 21.2049

Table 2. RMSD between the X-ray structure (PDB code: 1FT1)
and the structures (excluding H, Na1, and Cl2 atoms)
averaged over 0.5 and 1.0 ns MD simulations, respectively
(zinc complex: Zn21, Cys2299b, His2363b, Asp2297b,
and HO21002; active site: see Table 4 for the definition)

RMSD @Å ~No. of matched atoms!#

Average structure Zinc complex Active site Protein

0.5 ns 0.70~30! 0.89 ~454! 1.16 ~4028!
1.0 ns 0.68~30! 1.04 ~454! 1.19 ~4028!
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Asp residues during the simulation. Nevertheless, the exchanges of
the two carboxy oxygen atoms are beyond our interest, since this
motion is equivalent to the rotation of a methyl group of Ala that
does not critically contribute to the conformational flexibility of
the active site relevant to drug screen and design. Combining the
non-Asp, mobile residues identified fromx1 andx2 plots, it is
conceivable that nine residues~Asn127a, Gln162a, Asn165a,
Gln195a, His248b, Lys294b, Leu295b, Lys353b, and Ser357b! in
the active site are relatively mobile in the MD simulation in water.

Data deposition

The coordinates of the average structure of the substrate-free, zinc-
bound FT derived from the 1.0 ns MD simulation was deposited to
the PDB ~Bernstein et al., 1977! on July 12, 1999~PDB code:
1QE2!. The coordinates of the corresponding instantaneous struc-
tures are available upon request.

Discussion

One potential concern about the successful MD simulation of FT
described here is the use of the anionic first-shell zinc ligands in
FT. On one hand, limited by the current experimental resolution of
X-ray crystallography and NMR spectroscopy and of other ame-
nable spectroscopic techniques, it is uncertain if all the first-shell
coordinates are deprotonated in FT. However,it is also uncertain
whether all the first-shell ligands are not deprotonated.On the
other hand, it has long been assumed that all four cysteine coor-
dinates are deprotonated in the zinc complex of alcohol dehydrog-
enase~Eklund & Branden, 1983; Pettersson, 1987; Ryde, 1996!.
On the basis of theinterpretationof the electronic spectra of a
cobalt-substituted enzyme, only two deprotonated cysteine resi-
dues in the zinc complex of alcohol dehydrogenase have also been
hypothesized~Garmer & Krauss, 1993!. However, this hypothesis
is questionable since zinc is a d10 closed shell divalent cation,
whereas Co21 is a d7 open shell divalent cation~Roe & Pang,

Fig. 3. Interatomic distances calculated from the instantaneous structures obtained at 1.0 ps intervals during the 1.0 ns MD simulation.
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1999!. Indeed, ab initio calculations of zinc coordination models in
alcohol dehydrogenase reported thereafter have confirmed that all
the four cysteines are deprotonated in the zinc complex of alcohol
dehydrogenase~Ryde, 1996!. Therefore, it is reasonable to use
four deprotonated anionic zinc ligands in the MD simulation of FT.

In the present study, the FT structure was simulated using the
cationic dummy atom approach with:~1! HO2, Asp2, HisH, and
CysH in the first coordination-shell and Asp2 in the second-
coordination shell;~2! HO2, Asp2, HisH, and Cys2 in the first
coordination-shell and Asp2 in the second coordination-shell;
~3! H2O, Asp2, HisH, and Cys2 in the first coordination-shell and
Asp2 in the second coordination-shell; and~4! HO2, Asp2, His2,
and Cys2 in the first coordination-shell and AspH in the second
coordination-shell. Only the MD simulation with four anionic first-
shell coordinates yielded an average structure nearly identical to
the X-ray structures of FT~Tables 2, 3!. This justifies the use of
four anionic coordinates in the MD simulation of FT a posteriori
as MD simulation itself is an empirical approach. Additional jus-
tification for the use of four anionic coordinates in the MD sim-
ulation of FT is the results from our reported 2.0 ns MD simulations
of carbonic anhydrase~PDB code: 1CA2!, carboxypeptidase A
~PDB code: 5CPA!, and rubredoxin~PDB code: 1IRN! employing

the cationic dummy atom approach~Pang, 1999!. In these MD
simulations, only the use of four anionic coordinates resulted in
average structures nearly identical to the corresponding crystal
structures~Pang, 1999!.

Analysis of the FT sequences in various species retrieved from
Entrez at the NCBI~Entrez, 1999! revealed that the nine mobile
residues identified by the MD simulation are conserved in mam-
mals according to the sequence alignment carried out by the SIM
program provided at ExPASy~ExPASy, 1999!. This result indi-
cates that our conformational analysis is biologically relevant. Some
of the nine mobile residues might be involved in ligand-induced
active site conformational rearrangement upon binding. Indeed, in
the X-ray structure of the FPP-bound FT, His248b and Lys294b
directly interact with the two phosphate groups of the co-substrate
farnesyl pyrophosphate. In the “free” FT crystal structure~PDB
code: 1FT1! ~Park et al., 1997!, Ser357b is in contact with the
carboxy-terminal residues of a symmetry-related FT.

The present work offers evidence that the “cationic dummy
atom method” can effectively solve the problem of deformation of
the tetrahedral zinc complex that commonly seen in conventional
MD simulations of zinc proteins. A successful 1.0 ns~1.0 fs time
step! MD simulation of zinc-bound FT suggests that, for screening

Table 3. Interatomic distances (Å) and angles (degree of arc) of the zinc coordination ligands calculated
from the structures of the 1.0 ns MD simulations and the X-ray structures (I: the zinc-bound FT, 1ft1,
resolution at 2.25 Å; and II: the zinc and co-substrate-bound FT, 1fpp, resolution at 2.75 Å)a

Average6 deviation~no.!

MD structure X-ray structure I X-ray structure II

Zn-OW ~Wat1002! 1.96 0.02~1,000! 2.76 0.8 ~1! 3.26 0.8 ~1!
Zn-OD1 ~D297b! 2.06 0.03~1,000! 2.06 0.8 ~1! 2.06 0.7 ~1!
Zn-NE2 ~H363b! 2.06 0.04~1,000! 2.56 0.8 ~1! 2.16 0.7 ~1!
Zn-SG ~C299b! 2.16 0.04~1,000! 2.26 0.8 ~1! 2.36 0.7 ~1!
Zn-OD2 ~D297b! 3.66 0.2 ~1,000! 2.66 0.8 ~1! 2.06 0.8 ~1!
Zn-CG ~D297b! 3.16 0.7 ~1,000! 2.66 0.8 ~1! 2.36 0.7 ~1!
Zn-CB ~C299b! 3.66 0.1 ~1,000! 3.56 0.8 ~1! 3.46 0.7 ~1!
Zn-ND1 ~H363b! 4.16 0.1 ~1,000! 4.56 0.8 ~1! 4.16 0.7 ~1!
Zn-OD1 ~D359b! 7.06 0.2 ~1,000! 7.06 0.7 ~1! 7.26 0.8 ~1!
Zn-OD2 ~D359b! 6.76 0.2 ~1,000! 7.36 0.7 ~1! 6.76 0.8 ~1!
Zn-CG ~D359b! 7.46 0.1 ~1,000! 7.66 0.8 ~1! 7.46 0.7 ~1!
Zn-OD1 ~D352b! 4.86 0.8 ~1,000! 5.06 0.8 ~1! 4.96 0.8 ~1!
Zn-OD2 ~D352b! 4.76 0.5 ~1,000! 4.86 0.8 ~1! 4.46 0.8 ~1!
Zn-CG ~D352b! 4.76 0.3 ~1,000! 4.66 0.8 ~1! 4.46 0.8 ~1!
Zn-NZ ~D353b! 6.46 0.4 ~1,000! 8.26 0.8 ~1! 7.16 0.7 ~1!
Zn-CE ~D353b! 7.76 0.4 ~1,000! 7.66 0.8 ~1! 8.66 0.7 ~1!
Zn-OH ~Y300b! 5.76 0.4 ~1,000! 5.76 0.9 ~1! 6.06 0.8 ~1!
Zn-CZ ~R202b! 11.36 0.4 ~1,000! 11.96 1.0 ~1! 14.66 0.9 ~1!
Zn-OH ~Y166a! 19.66 0.4 ~1,000! 20.16 0.9 ~1! 19.56 1.0 ~1!
Zn-ND1 ~H201a! 14.86 0.6 ~1,000! 14.56 0.9 ~1! 14.86 0.7 ~1!
Zn-CZ ~R291b! 11.86 0.4 ~1,000! 11.76 0.8 ~1! 11.86 0.7 ~1!
Zn-OH ~Y361b! 5.36 0.7 ~1,000! 4.66 0.8 ~1! 4.66 0.7 ~1!
OD1297b-Zn-OW1002 1106 4 ~1,000! 986 5 ~1! 856 5 ~1!
OD1297b-Zn-SG299b 1056 4 ~1,000! 1046 5 ~1! 1096 5 ~1!
OD1297b-Zn-NE2363b 1126 5 ~1,000! 1206 5 ~1! 1326 5 ~1!
OW1002-Zn-SG299b 1106 3 ~1,000! 1196 5 ~1! 1056 5 ~1!
OW1002-Zn-NE2363b 1096 4 ~1,000! 976 5 ~1! 1106 5 ~1!
SG299b-Zn-NE2363b 1106 4 ~1,000! 1186 5 ~1! 1106 5 ~1!

aThe deviation of the distance in the X-ray structure was estimated from!~Bi 1 Bj !0~8p2!, whereBi andBj are theB values of
atomsi and j, respectively. The angle deviation in the X-ray structure was estimated from ATAN~DD0D!, whereDD is the average
deviation of the X-Zn distance~0.2 Å! andD is the average distance of X-Zn~2.2 Å!, and X represents N, O, and S atoms.
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and design of new FTIs that interact with the relatively immobile
residues in the active site observed in the MD simulation, both the
X-ray structure of FT and the FT structures derived from the MD
simulation can be usable as drug targets. To screen and design

inhibitors that interact with the mobile residues in the active site
identified by the MD simulation, use of the X-ray structure alone
might not be sufficient. Alternative side-chain conformations of
the mobile residues could be useful in screening and design, es-
pecially in FT structure-based design of farnesyl pyrophosphate
analogs as FTI~Leonard, 1997!, since His248b and Lys294b in-
teract with farnesyl pyrophosphate in the crystal structure of far-
nesyl pyrophosphate-bound FT~Long et al., 1998!.

Materials and methods

FT structure

The initial structure of FT used in our MD simulations was taken
and modified from the X-ray structure of rat FT~PDB code: 1FT1!
~Park et al., 1997!. The modification procedure included:~1! ad-
dition of hydrogen atoms;~2! protonation or deprotonation of the
Arg, Lys, Asp, Glu, His, and Cys residues;~3! addition of counter
ions to neutralize the charged residues; and~4! energy minimiza-
tions of the introduced hydrogen atoms and counter ions of the
system. To determine the protonation state, all the Arg, Lys, Asp,
Glu, His, and Cys residues were visually inspected. Asp and Glu
were treated as deprotonated, otherwise as protonated if they were
located in a hydrophobic environment or in the second coordina-
tion shell of zinc. One Na1 cation was placed in the vicinity of a
deprotonated, anionic residue if this residue was more than 8 Å
away from a cationic residue. Arg and Lys were treated as proton-
ated unless they were surrounded by hydrophobic residues. One
Cl2 anion was introduced next to the protonated, cationic residue
if this residue was more than 8 Å away from an anionic residue.
His was treated as deprotonated, anionic histidinate when coordi-
nating to zinc~ElYazal & Pang, 1999!. His, not coordinating to
zinc, was treated as protonated if it was,8 Å away from an acidic
residue, otherwise it was treated as neutral. In the structure of the
neutral His, one proton was attached to the delta nitrogen atom of
the imidazole ring if the resulting tautomer formed more hydrogen
bonds in the protein; otherwise the proton was attached to the
epsilon nitrogen atom. Cys was treated as deprotonated when co-
ordinating to zinc~Ryde, 1996!. The location of every counter ion
was determined by energy minimization with a positional con-
straint applied to all atoms of the system except for the counter ion.
Such energy minimizations were performed with a nonbonded
cutoff of 8.0 Å and a dielectric constant of 1.0.

The terminal residues of the two subunits were excised since
they were away from the active site to reduce the size of the
protein so that a nanosecond-length MD simulation could be per-
formed on a dedicated SGI Origin 2000 supercomputer~8xR10,000,
195Mhz!. In the truncated FT structure~a subunit: residues 116–
247, b subunit: residues 41–406!, all the Glu and Asp residues
were deprotonated except that Asp359b was treated as neutral. All
the Arg and Lys residues were protonated. Cys299b was depro-
tonated. His109b and His375b were protonated. His135a, His171a,
His201a, His205a, His241a, His66b, His78b, His80b, His149b,
His248b, His312b, His316b, His331b, and His398b were as-
signed as the HIE~NE-H! tautomer, while His170a, His194b,
His327b, and His383b were assigned as the HID~Nd-H! tautomer.
His363b and H2O1002 were treated as histidinate and hydroxide,
respectively. Asp122a, Asp181a, Asp191a, Asp217a, Asp91b,
Asp220b, Glu160a, Glu161a, Glu187a, Glu52b, Glu57b, Glu94b,
Glu131b, Glu166b, Glu167b, Glu391b, Arg138a, Arg142a,

Table 4. Active site residues and their IDs used
in conformational flexibility analysis

Id Name Id Name Id Name

1 Asn127a 18 Leu96b 35 Cys254b
2 Ala129a 19 Ser99b 36 Arg291b
3 Gln162a 20 Trp102b 37 Lys294b
4 Lys164a 21 Trp106b 38 Leu295b
5 Asn165a 22 His149b 39 Asp297b
6 Tyr166a 23 Ala151b 40 Cys299b
7 Gln167a 24 Tyr154b 41 Tyr300b
8 Gln195a 25 Met193b 42 Trp303b
9 Asp196a 26 Asp200b 43 Asp352b

10 Lys198a 27 Arg202b 44 Lys353b
11 Asn199a 28 Ser203b 45 Lys356b
12 Tyr200a 29 Tyr205b 46 Ser357b
13 His201a 30 Cys206b 47 Asp359b
14 Val43b 31 His248b 48 Tyr361b
15 Glu47b 32 Gly249b 49 His363b
16 Tyr93b 33 Gly250b 50 Tyr365b
17 Cys95b 34 Tyr251b

Fig. 4. Mean deviations ofx1 andx2 values of the 50 active site residues
in the 1,000 instantaneous structures collected at 1.0 ps intervals during the
1.0 ns MD simulation.
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Arg70b, Arg84b, Arg266b, and Arg358b were each neutralized by
adding a counter ion~Na1 or Cl2!, respectively, so that the total
charge of the system was zero.

MD simulation

All the MD simulations were performed by employing the AMBER
5.0 program~Pearlman et al., 1995! with the Cornell et al.~1995!
force field and additional force field parameters listed in Table 1
for simulating zinc proteins without use of covalent bonds or har-
monic restraints to maintain the tetrahedral zinc complex in pro-
teins ~Pang, 1999!. The values of the keywords in upper-case
letters used by the AMBER program are described in parentheses.
All the MD simulations used:~1! the SHAKE procedure for all
bonds of the system~NTC 5 3 and NTF5 3! ~Ryckaert et al.,
1977!; ~2! a time step of 1.0 fs~DT 5 0.001!; ~3! a dielectric
constante 5 1.0 ~IDIEL 5 1.0!; ~4! the Berendsen coupling
algorithm ~NTT 5 1! ~Berendsen et al., 1984!; ~5! the Particle
Mesh Ewald method~Darden et al., 1993! used to calculate the
electrostatic interactions~BOXX 5 91.4869, BOXY5 77.6960,
BOXZ 5 69.3721, ALPHA 5 BETA 5 GAMMA 5 90.0,
NFFTX5 81, NFFTY5 81, NFFTZ5 64, SPLINE_ORDER5 4,
ISCHARGED 5 0, EXACT_EWALD 5 0, DSUM_TOL 5
0.00001!; ~6! the nonbonded atom pair list updated at every
20 steps~NSNB 5 20!; ~7! a distance cutoff of 8.0 Å used to
calculate the nonbonded steric interactions~CUT 5 8.0!; and
~8! default values of all other keywords not mentioned here. The
truncated FT structure was simulated in a TIP3P~Jorgensen et al.,
1982! water box with a periodic boundary condition at constant
temperature and pressure~NCUBE 5 20, QH5 0.4170, DISO5
2.20, DISH5 2.00, CUTX5 CUTY 5 CUTZ 5 8.2, NTB5 2,
TEMP05 298, PRES05 1, TAUTP5 0.2, TAUTS5 0.2, TAUP5
0.2, NPSCAL5 0, and NTP5 1!. The resulting system consisting
of 45,286 atoms was first energy minimized for 500 steps to re-
move close van der Waals contacts in the system. The minimized
system was then slowly heated to 298 K~10K0ps, NTX5 1! and
equilibrated for 50 ps before simulation.

Density functional theory calculations

The density functional theory~DFT! calculations were carried out
by using the Gaussian 98 program revision A.7~Frisch et al., 1999!
running on an SGI Origin 2000~8 3 R10,000, 195 Mhz, 2.0 GB
memory, and 40 GB disk!. The imidazole-carboxylate dyad struc-
tures in the presence and absence of the hydroxide-coordinated
zinc divalent cation~Fig. 2! were generated with the Quanta pro-
gram and optimized by an energy minimization with the CHARMm
molecular mechanics force field~QUANTA 0CHARMm!. Further
geometry optimizations and harmonic frequencies used to identify
minimal energy geometries were computed by using Becke’s three-
parameter formulation~B3LYP! density functional method~Lee
et al., 1988; Becke, 1993! with the 6-3111G~d,p! basis set. This
basis set has been reported to be successful in computing the
hydration energy of the zinc divalent cation~Hehre et al., 1986;
Pavlov et al., 1998!.

Note added in proof

The masses of the dummy atom~DZ! and the zinc atom~ZN!
should be changed to 1.0 and 61.38, respectively, if the cationic

dummy atom approach is used in the MD simulations without
SHAKE ~NTC 5 1! or with SHAKE applied to bonds involving
hydrogen atom~NTC 5 2!.
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