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Abstract

Farnesyltransferagé=T) 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 dynamié4D) 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(h® fs time stepMD simulation of zinc-bound FT suggests that nine
conserved residugisnl2#, GIn162v, Asnl6%, GIn195%y, His2483, Lys2943, Leu298, Lys3533, and Ser358) 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

Farnesyltransferag€&T) catalyzes the transfer of the farnesyl group  Although several X-ray structures of free FT and inhibitor- &rd
from the co-substrate farnesyl pyrophosphate to a Cys residue ico-substrate-bound FT complexes have been repoRark et al.,
the C-terminal fragment of pro-Ras proteins. The resulting proteirnl997; Long et al., 1998, 2000; Strickland et al., 1998, 1999; Wu
farnesylation is a key step in the post-translational modification ofet al., 1999, detailed information about the active site conforma-
pro-Ras proteingPark et al., 1997 This enzyme is a promising tional flexibility of the enzyme is still not available. Molecular
anticancer drug targdtGibbs & Oliff, 1997) as selective FT in- dynamicgMD) simulations provide a logical strategy to obtain the
hibitors (FTIs) are able to inhibit tumor cell proliferation without required information on molecular flexibility and NMR spectros-
substantially interfering with normal cell growtKohl et al., 1993;  copy, in principle, can yield direct data on protein dynamics. Un-
Prendergast et al., 1994; Sebti & Hamilton, 18970 develop fortunately, the large molecular weight of FT, 94 k[Reiss et al.,
improved FTls through a structure-based drug design utilizing the1t 990, precludes the NMR approach and discourages MD simula-
crystal structure of FTPark et al., 199) the molecular flexibility  tions. Furthermore, a zinc divalent cation embedded in the active
of the enzyme active site needs to be determined in order to ursite of FT poses a technical complication in MD simulations. Two
derstand how ligands can be optimally accommodated. general methods have been reported for MD simulations of zinc
proteins. One termed the “bonded modéHoops et al., 1991;
Reprint requests to: Yuan-Ping Pang, Department of Pharmacology, Maygyde’ 1995; Lu & Voth, 199Buses covalent bonds between the

Clinic Cancer Center, 200 First Street SW, Rochester, Minnesota 5590%iNC ion and its coordinates to maintain zinc's four-ligand coordi-
e-mail: pang@mayo.edu. nation in proteins during MD simulations. This method is not
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suitable to the present study because the introduced covalent bond
rigidify the conformation of the active site. Although the rigidifi-
cation problem can be avoided by use of an anharmonic potentia
such as a Morse oscillatgtu & 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 mgdetiani
& Huhta, 1990; Aqvist & Warshel, 1992; Stote & Karplus, 1995;
Wasserman & Hodge, 1986maintains 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 shorg<100 ps MD simulations. For these reasons,
no MD SImL_JIatlons of FT have been rep.ort_ed. Recently, we haV%ig. 1. Move of Asp353 toward the zinc cation resulting in a conversion
reported a simple method, termed the “cationic dummy atom model,of a tetrahedral zinc complefteft: crystal structurto a trigonal bipyra-
which was successful in maintaining the four-ligand coordinationmidal complex(right: MD structure during the MD simulations without
of zinc without use of covalent bonds between zinc and its ligandgtse of the cationic dummy atom approdanm, orange; O, red; N, blue; and
in nanosecond-length MD simulations of three zinc proteins withC: White).
which the MD simulations using the nonbonded model faifeang,
1999.

Here, we report in detail the problems that occurred in the MD
simulations of the zinc-bound FT using the nonbonded model andghe MD simulation. The four-ligand coordination could be retained
a solution to these problems by employing the cationic dummyin an energetically less stable protein structure if a 500-step energy
atom approach. We then present a successful 1@.0sfs time  minimization was performed. However, the four-ligand coordina-
step MD simulation of zinc-bound FT, which suggests that theretion was inevitably changed to the five-ligand coordination after a
are nine conserved residues in the active site of mammalian F2 ps MD simulation of the structure minimized with 500 steps; and
that are relatively mobile. Some of these residues might be inthe five-ligand coordination was maintained throughout a 200 ps
volved in the ligand-induced active site conformational rearrangeMD simulation. Despite the fact that Asp38@as next to Lys353
ment upon binding and deserve attention in the screening anftbrming a salt bridge in the crystal structure of FT, a simulation
design of improved FT inhibitors for cancer chemotherapy. was also performed with deprotonated Asp352placed by a
protonated Asp352 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
Asp352 from moving toward the zinc ion. Unfortunately, this
attempt was proved fruitless.
In an MD simulation of FT employing a neutral Cys798s a zinc The problem that the nearby Asp352noved toward the zinc
coordinate and a set of the reported force field parameters for thimsn forming a five-coordinate zinc complex was akin to a reported
zinc divalent cationr = 1.45 A, e = 0.025 kcafmol) (Wasser-  problem in the MD simulation of carbonic anhydrase in which a
man & Hodge, 199K the zinc ion moved away from the position nearby Glu106 moved toward the zinc i@Hoops et al., 1991;
identified in the X-ray structure of FT, despite the fact that the Stote & Karplus, 1995 The problem in the simulation of carbonic
zinc divalent cation was neutralized by two deprotonated, anioni@nhydrase was solved by computing the long-range electrostatic
coordinates of Asp2% and H01002. A large basis set DFT interactions and by employing harmonic restraints on the zinc
calculation of the proton dissociation energy of zinc-coordinatedcomplex during the energy minimization that were then removed
methanethiol was thus performéé&lYazal & Pang, 1999 and by a gradual reduction during the MD simulatitote & Karplus,
confirmed the reported hypothesis that Cys residue would be det995. The calculation of the long-range electrostatic interactions
protonated when coordinating to zinc in proteifiRyde, 1996. was reportedly crucial to avoiding having Glu106 move toward to
Consequently, by using three anionic and one neutral coordinatefe zinc ion during an 80 ps simulation of carbonic anhydrase
(Cys 299, Asp 29783, His3628, and HO 1002 or by using  employing the CHARMM force field(Stote & Karplus, 199b
two anionic and two neutral coordinaté8ys 2993, Asp 2973, Nevertheless, in the simulation of FT employing the AMBER 95
His3623, and H0O1003 in the MD simulation, the zinc ion was force field (Cornell et al., 199§ the five-ligand coordination oc-
able to be kept in the desired position. However, a new problenturred regardless whether the long-range electrostatic interactions
arose: the four-ligand coordination of zif@n?", Cys29%, in the MD simulations were calculated and whether the harmonic
His363, Asp297, and H0O1002 was changed to a five ligand- restraints on the zinc complex were used in an energy minimiza-
coordination during the MD simulation. In the five-ligand com- tion prior to MD simulations.
plex, the zinc ion interacted with Asp3B2hat was initially away To tackle this problem, new force field parameters for the zinc
from the zinc ion but moved toward the zinc ion during the MD ion were laboriously developed within the AMBER force field
simulation (Fig. 1). Interestingly, in the FT structure with either paradigm by complying the reported procedufésvist, 1990;
two anionic coordinateéCys 2993 and Asp 2973) or three an-  Stote & Karplus, 1995 Unfortunately, with such parameters and
ionic coordinates(Cys 2993, Asp 2978, and HO 1002, the even with the parameters developed within the CHARMM force
four-ligand coordination of zinc was converted to a five-ligand field paradigm(Stote & Karplus, 199f the four-ligand coordina-
coordination even after a 1,000-step energy minimization prior tation in FT still could not be maintained in the MD simulations

Results

Deformation of the tetrahedral zinc complex
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performed with zinc coordinates in the protonation states deNew method for simulating zinc proteins
scribed above.

These results eventually focused our attention on the protonThe above results raised two fundamental questighs:Does
ation state of imidazole as a zinc ligand in proteins and prompted&n?*, as a d° closed shell divalent cation, really allow different
us to perform large basis set DFT calculations of the proton disc€oordination patterngPurcell & Kotz, 1977? (2) Are the non-
sociation energy of zinc-coordinated imidazole. Our DFT calcula-bonded zinc parameters developed from a six-coordinate model
tions suggest that, like thiolat&®kyde, 1996 and the deprotonated in water applicable to simulations of a four-coordinate model in
peptide nitrogen atorfRabenstein et al., 198%he imidazole ring  proteins? To answer these questions, we surveyed the zinc pro-
exists as imidazolate when coordinating t&Zim proteins(ElYazal ~ tein crystal structures deposited in the 1998 release of the Pro-
& Pang, 1999. Furthermore, our DFT calculations revealed that tein Data Bank(PDB) (Bernstein et al., 19%7and found that,
the imidazole-acetate dydéfig. 2) was converged to the imidazo- among 114 zinc coordination complexes in 62 zinc proteins with
late-acetic acid dyadFig. 2) in the presence of the hydroxide- resolutions better than 2.25 A, the percentage of the five- and
coordinated zinc divalent cation after an energy minimization withsix-ligand zinc coordination complexes in proteins were only
the B3LYP'6-311+G(d,p) method. In the imidazole-acetate dyad, 26% (Roe & Pang, 1999 Furthermore, we discovered the in-
the nitrogen proton of the imidazole forms a hydrogen bond withherent uncertainty in classifying zinc's five- and six-coordi-
the carboxylate oxygen atom, whereas in the imidazolate-acetination patterns due to experimental resolutidRoe & Pang,
acid dyad, the oxygen proton of the acetic acid forms a hydroger1999. We therefore proposed that the zinc divalent cation coor-
bond with the nitrogen atom of the imidazolate. In contrast, thedinates to only four ligands, because, in terms of energetics, its
imidazolate-acetic acid dyad was converged to the imidazoleelectronic structure favorably accommodates four pairs of elec-
acetate dyad in the absence of zinc after an energy minimizatiotrons in its vacan#és4p® orbitals (Roe & Pang, 1999 Experi-
with the same method. These results suggest that the carboxylateental observations of five- and six-ligand complexes were due
group of AsgGlu) in the second coordination shell of zinc in to one or two pairs of ambidentate ligands that exchanged over
proteins serves as an effective proton acceptor for the zinctime and were averaged as bidentate ligaliBee & Pang,
coordinated imidazole proton donor. Accordingly, by using depro-1999.
tonated, anionic His3638, Cys 2993, Asp~ 2973, and HO 1002 The exclusive tetrahedral coordination concept immediately
in the first coordination shell, neutral AspH3%9n the second led us to devise a new methdé®ang, 1998 named the “cat-
coordination shell, and a set of newly developed zinc parameter®nic dummy atom” method, for simulating zinc proteins. This
(r = 3.0 A, e = 1E-6 kcal/mol), the four-ligand coordination method uses four identical cationic dummy atoms to mimic zinc’s
in FT was maintained in a 200 ps MD simulation. Unexpectedly,4s4p® vacant orbitals that accommodate the lone-pair electrons
the four-ligand coordination was again converted to a five-ligandof zinc coordinates, thus imposing the requisite orientational re-
coordination when the simulation was extended to 500 ps. Evequirement for zinc coordinates and simulating zinc’s propensity
by using neutral Asp352 the four-ligand coordination was for four-ligand coordination. The advantage of this method is
still converted to the five-ligand coordination in a 650 ps MD the ability to maintain zinc's four-ligand coordination in proteins
simulation. 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 proteingPang, 1998 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 proteifRRerola et al.,
2000. Conceptually, the “cationic dummy atom method” is dif-
ferent from the “seven-electrostatic-center approach” proposed
for modeling zinc proteingAqvist & Warshel, 1990, 1992 The
former uses four cationic dummy atoms with explicit mass to
mimic zinc’s 4s4p® vacant orbitals and is able to simulate zinc's
propensity for four-ligand coordination in proteifBang, 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 proteingAgvist & Warshel, 1990, 1992 The cationic
dummy atom method comprises three stgf$: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 tetrahedrd@) assigning van der
Waals parameters = 3.1 A, e = 1E—6 kcal/mol), zero charge,
and a mass of 65.380 to the center atom; &8Hd assigning

Fig. 2. Interchanges between the imidazole-acetate dyad and the imidazolate-Jro'5 charge, zeror and e, and a mass of 0.1 to the four

acetic acid dyad influenced by the hydroxide-coordinated zinc divalendUmmy atoms that are covalently bonded to the center atom
cation. with the parameters listed in Table (Pang, 1998
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Table 1. Additional force field parameters for zinc protein Table 2. RMSD between the X-ray structure (PDB code: 1FT1)
simulations [for definitions of the atom names see reference and the structures (excluding H, Naand CI~ atoms)
(Cornell et al., 1995)] averaged over 0.5 and 1.0 ns MD simulations, respectively
_ — (zinc complex: Z&", Cys 2993, His~3638, Asp 2973,
Force field parameters of the tetrahedral zinc ion and HO~1002; active site: see Table 4 for the definition)

K Req
Bond [keal/(mol A2)] A) RMSD [A (No. of matched atom$
DZ-ZN 540.0 0.90 Average structure Zinc complex Active site Protein

K T 0.5ns 0.70(30) 0.89 (454 1.16 (4028

€q 1. . 1.04(4 1.19(402

Angle [keal/(mol radiar?)] (deg ons 06830 04459 9(4028
DZ-ZN-DzZ 55.0 109.50
Dz-Dz-Dz 55.0 60.0
DZ-DZ-ZN 55.0 35.25

RESP charges of histidinate
the charge of the zinc divalent cation to its coordinates making the

Atom name Charge Atom name Charge  2inc divalent cation not attractive to the anionic AspB5Eur-

N —0.5641 ND1 —0.7626 thermore, the FT structure bound with the tetrahedral zinc divalent
H 0.2469 CEl 0.4994 cation did not diverge from the X-ray structures during the 1.0 ns
CA 0.3171 HE1 —0.0295  MD simulation. This is evident from the RMSDs of all the non-
HA 0.0096 NE2 —0.7656  hydrogen atoms between the X-ray structure and the average struc-
cB —0.1347 Cb2 0.0405  tyre of the 1.0 ns MD simulatiofiTable 2. It is also evident from

Egg g'gggi ng g'gggg the interatomic distances of some residues in the active site in
cG 0.1504 o _oses3  comparison with the values obtained from the X-ray structures

(Table 3. The averaged interatomic distances betweefi Zand

the two carboxylate oxygen atoms of Aspgs5Zn?*-OD1 and
Zn?*-0D2) are in excellent agreement with those obtained from
Atom name Charge Atom name Charge the X-ray structuregTable 3. Interestingly, the corresponding
HO 0.2049 OH _1.0049 distances in the instantaneous structures collected at 1.0 ps inter-
vals during the 1.0 ns MD simulatidifrig. 3) reveal exchanges of

the two oxygen atoms of the carboxylate group of Asgg5¢hich

is not identifiable from the X-ray structure.

RESP charges of hydroxide

Conservation of the tetrahedral zinc complex Active site conformational flexibility

By using the tetrahedral zinc divalent cation, four anionic first- From visual inspection of the X-ray structure of FT, 50 residues
shell ligands(His3633, Cys29%, Asp29B, and HO1002, and listed in Table 4 can be defined as active-site residues. The mean
one neutral second-shell ||ga|'@dspH35%)7 the four_”gand co- deviations Of)(l and X2 of the 50 residues in all the instanta-
ordination of zinc in FT was able to be simulated for 1.0h§ fs neous structures obtained at 1.0 ps intervals during the 1.0 ns MD
time step. In another MD simulation of FT complexed with far- simulation are depicted Figure 4. The mean deviation is defined
nesyl pyrophosphate, the tetrahedral zinc complex was maintainegs \/[Ex2 — (Zx)%/n]/(n—1). The y1 and y2 are defined as
for 2.0 ns(1.0 fs time step(K. Yu, Y.-P. Pang, & F.G. Prendergast, C-CA-CB-CG and CA-CB-CG-X, respectively; the atom name are
in prep). The root-mean-square deviatiofRMSDs9 of the four- defined in referencéCornell et al., 1995 As indicated in theyl
ligand zinc complex in FT between the X-ray struct(P®B code:  and y2 mean deviation plot&-ig. 4), 41 active-site residues were
1FT2) and the time-average structures of the 0.5 and 1.0 ns MDelatively immobile during the 1.0 ns MD simulation. The RMSDs
simulations are 0.70 and 0.68 A, respectiv€lgble 2, indicating  of the 50 active site residues and the backbone atoms of the these
that the two MD simulations were equilibrated and the four-ligandresidues between the average MD and X-ray structures are 1.04
coordination was well kept throughout the MD simulations. and 0.68 A(Table 2, respectively, indicating that no large con-
As depicted in Figure 3, the zinc interatomic distances fluctuatdormational change occurred in the active site during the MD
around the values calculated from two X-ray structures of FTsimulation.
(Table 3 (Park et al., 1997; Dunten et al., 1998he average zinc Use of 158 of arc as a cutoff, thg 1l mean deviation plot reveals
interatomic distances and the average angles of the zinc coordihat six residue§GIn162xy, GIn195y, Lys2943, Leu295b, Lys358,
nates were in agreement, within experimental error, with the corand Ser358) in the active site are relatively mobile. Use of a
responding values obtained from the X-ray structuresble 3. higher cutoff at 30 of arc, they2 mean deviation plot reveals that
Asp3523, that hitherto always moved toward the zinc ion in the eight residuesAsn12%, GIn162y, Asn16%, Asp196y, His2483,
MD simulations without use of the cationic dummy atom method,Lys2943, Leu2938, and Asp358) are mobile. A further exami-
stayed in the desired position during the entire 1.0 ns MD simu-nation of the plots ofy2 vs. time reveal thay2 of the two Asp
lation employing the cationic dummy atom methdeg. 3). This residues vary with increments ef18C of arc, indicating intra-
is because the cationic dummy atom method is able to distributenolecular exchange of the two carboxy oxygen atoms of the two
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Fig. 3. Interatomic distances calculated from the instantaneous structures obtained at 1.0 ps intervals during the 1.0 ns MD simulation.

Asp residues during the simulation. Nevertheless, the exchanges Biscussion
the two carboxy oxygen atoms are beyond our interest, since thi
motion is equivalent to the rotation of a methyl group of Ala that
does not critically contribute to the conformational erX|b|I|ty of

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
- 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. Howelteis also uncertain
whether all the first-shell ligands are not deprotonatédh 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 thénterpretationof the electronic spectra of a
The coordinates of the average structure of the substrate-free, zincebalt-substituted enzyme, only two deprotonated cysteine resi-
bound FT derived from the 1.0 ns MD simulation was deposited tadues in the zinc complex of alcohol dehydrogenase have also been
the PDB (Bernstein et al., 197%7on July 12, 1999 PDB code: hypothesizedGarmer & Krauss, 1993 However, this hypothesis
1QE2. The coordinates of the corresponding instantaneous struds questionable since zinc is a%closed shell divalent cation,
tures are available upon request. whereas C&" is a d open shell divalent catiohRoe & Pang,

non-Asp, mobile residues identified frojal and y2 plots, it is
conceivable that nine residugésnl27, GInl162x, Asnl65,
GIn19%5y, His2483, Lys2943, Leu298, Lys3533, and Ser358) in
the active site are relatively mobile in the MD simulation in water.

Data deposition
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Table 3. Interatomic distances (A) 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 A; and II: the zinc and co-substrate-bound FT, 1fpp, resolution at 2%5 A)

Average+ deviation(no,

MD structure X-ray structure | X-ray structure Il

Zn-OW (Wat°%?) 1.9+ 0.02(1,000 2.7+0.8(1) 3.2+0.8(1)
Zn-OD1 (D¥%) 2.0+ 0.03(1,000 2.0+0.8(1) 2.0+ 0.7(1)
Zn-NE2 (H3%%) 2.0+ 0.04(1,000 2.5+ 0.8(1) 2.1+0.7()
Zn-SG (C%%) 2.1+ 0.04(1,000 2.2+0.8(1) 2.3+0.7(1)
Zn-0OD2 (D%°%) 3.6+ 0.2(1,000 2.6+0.8(1) 2.0+0.8(1)
Zn-CG (D%8) 3.1+ 0.7(1,000 2.6+0.8(1) 2.3£0.7(1)
Zn-CB (C¥%) 3.6+ 0.1(1,000 3.5+ 0.8(1) 3.4+0.7(1)
Zn-ND1 (H3%%) 4.1+ 0.1(1,000 45+ 0.8(1) 41+0.7(1)
Zn-OD1 (D%%) 7.0+ 0.2(1,000 7.0+£0.7(1) 7.2+0.8(1)
Zn-0OD2 (D3%) 6.7+ 0.2(1,000 7.3£0.7() 6.7+0.8(1)
Zn-CG (D3%) 7.4+ 0.1(1,000 7.6+0.8(1) 7.4+0.7(1)
Zn-OD1 (D%%) 4.8+ 0.8(1,000 5.0+ 0.8(1) 4.9+0.8(1)
Zn-0OD2 (D%%) 4.7+ 0.5(1,000 4.8+ 0.8(1) 4.4+ 0.8(1)
Zn-CG (D3%%) 4.7+ 0.3(1,000 4.6+0.8(1) 4.4+0.8(1)
Zn-NZ (D3%) 6.4+ 0.4(1,000 8.2+ 0.8(1) 7.1+0.7(2)
Zn-CE (D%5%) 7.7+ 0.4(1,000 7.6+0.8(1) 8.6+ 0.7(1)
Zn-OH (Y 30%®) 5.7+ 0.4(1,000 57+0.9(1) 6.0+ 0.8(1)
Zn-CZ (R20%) 11.3+ 0.4(1,000 11.9+1.0(1) 14.6+0.9(1)
Zn-OH (Y 16&) 19.6+ 0.4(1,000 20.1+0.9(1) 19.5+1.0(1)
Zn-ND1 (H?0%) 14.8+ 0.6(1,000 14.5+0.9(1) 14.8+0.7(1)
Zn-CZ (R¥®¥) 11.8+ 0.4(1,000 11.7+0.8(1) 11.8+0.7(1)
Zn-OH (Y 36%) 5.3+ 0.7(1,000 4.6+0.8(1) 4.6+0.7(1)
OD1%9%-7Zn-OW002 110+ 4 (1,000 98+ 5(1) 85+ 5(1)

OD1?°%-Zn-SG%%¥ 105+ 4 (1,000 104+ 5(1) 109+ 5(1)

OD129%.Zn-NE26% 112+ 5(1,000 120+ 5 (1) 132+ 5(1)

OW002.7n.sFo%¥ 110+ 3 (1,000 119+ 5(1) 105+ 5(1)

OW1092.7n- NE26® 109+ 4 (1,000 97+5(1) 110+ 5(1)

SG9%.-Zn-NE2X6® 110+ 4 (1,000 118+ 5(1) 110+ 5(1)

aThe deviation of the distance in the X-ray structure was estimated f(di, + B;)/(872), whereB; andB; are theB values of
atomsi andj, respectively. The angle deviation in the X-ray structure was estimated from AYBMD), whereDD is the average
deviation of the X-Zn distancé.2 A) andD is the average distance of X-Z8.2 A), and X represents N, O, and S atoms.

1999. Indeed, ab initio calculations of zinc coordination models in the cationic dummy atom approa¢Pang, 1998 In these MD
alcohol dehydrogenase reported thereafter have confirmed that aimulations, only the use of four anionic coordinates resulted in
the four cysteines are deprotonated in the zinc complex of alcohdhverage structures nearly identical to the corresponding crystal
dehydrogenaséRyde, 1996. Therefore, it is reasonable to use structuregPang, 1999
four deprotonated anionic zinc ligands in the MD simulation of FT.  Analysis of the FT sequences in various species retrieved from
In the present study, the FT structure was simulated using th&ntrez at the NCBI(Entrez, 1999 revealed that the nine mobile
cationic dummy atom approach witftt) HO~, Asp™, HisH, and  residues identified by the MD simulation are conserved in mam-
CysH in the first coordination-shell and Aspin the second- mals according to the sequence alignment carried out by the SIM
coordination shell(2) HO™, Asp, HisH, and Cys in the first program provided at EXPASYEXPASyY, 1999. This result indi-
coordination-shell and Asp in the second coordination-shell; cates that our conformational analysis is biologically relevant. Some
(3) H,O, Asp~, HisH, and Cys in the first coordination-shell and of the nine mobile residues might be involved in ligand-induced
Asp~ in the second coordination-shell; a HO~, Asp™, His™, active site conformational rearrangement upon binding. Indeed, in
and Cys in the first coordination-shell and AspH in the second the X-ray structure of the FPP-bound FT, Hisp4énd Lys294
coordination-shell. Only the MD simulation with four anionic first- directly interact with the two phosphate groups of the co-substrate
shell coordinates yielded an average structure nearly identical téarnesyl pyrophosphate. In the “free” FT crystal struct(P®B
the X-ray structures of F{Tables 2, 3. This justifies the use of code: 1FT] (Park et al., 199} Ser35B is in contact with the
four anionic coordinates in the MD simulation of FT a posteriori carboxy-terminal residues of a symmetry-related FT.
as MD simulation itself is an empirical approach. Additional jus- The present work offers evidence that the “cationic dummy
tification for the use of four anionic coordinates in the MD sim- atom method” can effectively solve the problem of deformation of
ulation of FT is the results from our reported 2.0 ns MD simulationsthe tetrahedral zinc complex that commonly seen in conventional
of carbonic anhydraséPDB code: 1CA2 carboxypeptidase A MD simulations of zinc proteins. A successful 1.0(As0 fs time
(PDB code: 5CPA and rubredoxirfPDB code: 1IRN employing  step MD simulation of zinc-bound FT suggests that, for screening
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Table 4. Active site residues and their IDs used
in conformational flexibility analysis

Id Name Id Name Id Name
1 Asnl2% 18 Leu9es 35 Cys258
2 Alal29y 19 Ser9® 36 Arg2913
3 GIn162v 20 Trpl0B 37 Lys294
4 Lys164y 21 Trpl0B 38 Leu29B
5 Asnl6%y 22 His14%® 39 Asp29B
6 Tyrl66x 23 Alal513 40 Cys298
7 GInl6® 24 Tyrl54 41 Tyr308
8 GIn19&y 25 Met193 42 Trp303B
9 Aspl96Gy 26 Asp20@ 43 Asp353

10 Lys19&v 27 Arg203 44 Lys353

11 Asn19% 28 Ser20B 45 Lys35

12 Tyr20Qy 29 Tyr208 46 Ser35B

13 His20kv 30 Cys20 47 Asp358

14 Vald3 31 His24@® 48 Tyr3613

15 Glu4p 32 Gly24% 49 His363

16 Tyro3 33 Gly25@ 50 Tyr365

17 Cys9B 34 Tyr2518
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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 FT(Leonard, 199y, since His248 and Lys294 in-
teract with farnesyl pyrophosphate in the crystal structure of far-
nesyl pyrophosphate-bound KTong 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 FPPDB code: 1FT1
(Park et al., 199¥ The modification procedure include(t) ad-
dition of hydrogen atomg;2) protonation or deprotonation of the
Arg, Lys, Asp, Glu, His, and Cys residug8) addition of counter
ions to neutralize the charged residues; éfdenergy 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 Na cation was placed in the vicinity of a

and design of new FTls that interact with the relatively immobile deprotonated, anionic residue if this residue was more than 8 A
residues in the active site observed in the MD simulation, both thec\way from a cationic residue. Arg and Lys were treated as proton-

X-ray structure of FT and the FT structures derived from the MD

ated unless they were surrounded by hydrophobic residues. One

simulation can be usable as drug targets. To screen and desigf)- anion was introduced next to the protonated, cationic residue
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if this residue was more tha8 A away from an anionic residue.
His was treated as deprotonated, anionic histidinate when coordi-
nating to zinc(ElYazal & Pang, 1990 His, not coordinating to
zinc, was treated as protonated if it was A 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 zind 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 A 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 supercomp@eR10,000,
195Mh32. In the truncated FT structue subunit: residues 116—
247, B subunit: residues 41-4f6all the Glu and Asp residues
were deprotonated except that AspB58as treated as neutral. All
the Arg and Lys residues were protonated. Cy@29&s depro-
tonated. His108 and His378 were protonated. His135His17 L,
His20ly, His205y, His241x, His663, His783, His8Q3, His149,
His2483, His3128, His3163, His3318, and His398 were as-
signed as the HIEN¢-H) tautomer, while His178, His1943,
His3278, and His38B were assigned as the HIN?-H) tautomer.
His3633 and H,01002 were treated as histidinate and hydroxide,
respectively. Aspl22, Aspl8ky, Aspl9ky, Asp2l@, Asp913,

in the 1,000 instantaneous structures collected at 1.0 ps intervals during tHsp22@, Glul6Qy, Glul6ly, Glul87, Glus2s, Glu573, Glu94s,
1.0 ns MD simulation.

Glu1318, Glul66s, Glul678, Glu39ls, Argl3g, Argld2,
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Arg70B, Arg843, Arg2663, and Arg35@ were each neutralized by dummy atom approach is used in the MD simulations without
adding a counter iofiNa™ or ClI~), respectively, so that the total SHAKE (NTC = 1) or with SHAKE applied to bonds involving
charge of the system was zero. hydrogen atom{NTC = 2).
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