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Abstract Farnesyltransferase (FT) inhibitors can repress tumor cell proliferation without substantially
interfering with normal cell growth and are thus promising in cancetnezd. A detailed knowledge

of how substrates and inhibitors bind to FT at the atomic level can expedite screening and rational
design of improved FT inhibitors. Here we report theoretical models of the FT complexed with FPP and
the potent nonpeptidic inhibitor SCH 56580 and other inhibitor-FPP-FT ternary complexes derived
from the docking studies prior to any crystal structures of the FT liganded with nonpeptidic inhibitors.
On the basis of these models we evaluate the roles of FPRanththe zinc-coordinated water mol-

ecule in inhibitor binding, and propose the structural determinants of binding of nonpeptidic FT inhibi-
tors. Furthermore, we suggest the use of the FPP-FT binary complex as a novel and effective drug target
structure for screening and rational design of improved FT inhibitors.
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being in 90% of pancreatic adenocarcinoma cases and 50%
of colon cancers [3-5].
) ) , The proRas proteins are synthesized in the cytoplasm
Mammalian cells have threas genes, encoding four highly o free ribosomes [6] and undergo several steps of post-
hpmologous 21 kDRasproteins: HRgs K-Ras(Ki4A and _translational modification at the C-terminus to become func-
Ki4B), and NRas[1,2]. TheRasproteins serve as essential tjona| Ras proteins that are able to regulate cell prolifera-
transducers of diverse physiological signalsm@snutants  tjon. The first step involves calent adduction of a hydro-
are important as oncegesAbout 30% of cancers have been ynopic farnesyl group catalyzed by farnesyltransferase (FT)
found to be associated ®as mutations, the most notable using substrate farnesyl pyrophosphate (FPP, Figure 1) at
the conservative Cys residue in the C-terminal region. After
subsequent steps, the farnemddrasproteins can then at-
_— tach to the inner plasma membrane [7,8]. Post-translational
Corrrespondence toY.-P. Pang changes are essential for the functionsRak proteins, as
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oncogeniaas genes lose their proliferation promoting activknown to play a functional role in FT catalysis and to facili-
ity when mutations are introduced at the farnesylation sitge the binding of substes [19,20]. Threelasses of FT
[2,9]. One way to block the aberrd®asprotein mutants that inhibitors have been identified by structure-activity relation-
cause cell proliferation out of control in cancer cells is therghip studies and by high-throughput screening [15,21-25].
fore to block the FT function with specific inhibitors [10-The first is a group of CAAX peptidomimetics, whose de-
12]. Indeed, FT inhibitors are found to be able to inhibit tumsign was based on that the CAAX tetrapeptides represent the
cell proliferation. Serendipitously, such inhibitors do not sufarnesylation site of pr&®asproteins and therefore presum-
stantially interfere with normal cell growth, thus providing ably bind to the active site of FT [18]. The second is a class
promising approach to cancer chemotherapy [13-15].  of FPP analogues, which competes for binding with the co-
Recently, cell biological studies have suggested that Elbstrate FPP [26,27]. The last is a series of inhibitors de-
inhibitors may act at a level beyond suppressidradfunc- rived from screening and chemical modifications of inhibi-
tion. In particular, FT inhibitors appear to act in part by affer leads. These have been proven to be the most effettive
fecting Rho-dependent cell adhesion signals which are nagwo [28]. One such inhibitor SCH 66336 (Figure 1) devel-
mally linked to pathways controlling cell cycle and cell supped by Schering-Plough is currently in clinical trials [29].
vival and which are either subverted or inherently defecti®dthough the first crystal structure of FT was reported in the
in neoplastic cells. This model offers a novel framework fearly 1997, no FT structure-based screening and design of
addressing questions about FT inhibitor biology, includirimproved FT inhibitors have been reported. How zinc and/or
the basis for the relative lack of toxicity to normal cells, cgo-substrate FPP affects substrate or inhibitor binding to the
totoxic versus cytostatic effects on tumor cells, and the pkrge active site of FT is still unclear at the atomic level.
sistence and drug resistance of malignant cells in the FT in-Here we report docking studies of nonpeptidic inhibitors
hibitor-treated animals [16]. In addition, it has been reportédthe active site of FT in order to: 1) evaluate the roles of
that use of FT inhibitors can sussin vitro tumor angio- Zn?*, the zinc-coordinated water molecule and FPP in in-
genesis by blocking the up-regulation of vascular endothbitor binding; 2) probe the binding structural determinants
lial growth factor/vascular permeability factor causedilag of known nonpeptidic FT inhibitors; and 3) define an effec-
mutants [17]. tive region in the active site of FT to be used for screening
FT is a zinc protein consisting of an subunit (48 kD) and rational design of improved FT inhibitors.
and af} subunit (46 kD) [18]. The two subunits form a large
active site containing a zinc divalent cation [19], which is

Fgure 1 Chemical struc- T4 JT5
ures of SCH 66336, SCH
56580, SCH 44342, kurasoins
A and B, FPP and HAP and
definition of the torsions used
in the conformational
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Table 1 Torsions (deg. of arc) that define the conformations of SCH56580 and kurasoins A and B found in the most energeti-
cally favorable FT complexes under different conditions of the active site (see Figure 1 for definition of the torsions)

Torsion Excluding FPP Including FPP Including both Including only Including both
Zn?* and H,01%02  Zn?* and H,0192  Zn2* and H,01%02  Zn?2 FPP and Zr?*
SCH 56580
T1 1.7 -3.2 -168.4 -11.7 177.6
T2 -170.8 -79.2 146.4 -118.8 78.8
T3 -92.8 126.8 -77.7 -104.1 55.1
T4 -72.0 -2.7 -5.2 -72.0 -3.8
T5 58.0 60.7 63.2 57.9 61.9
T6 0.2 -10.7 -8.1 -0.3 -10.0
T7 171.8 -117.5 -164.2 -171.9 -132.5
T8 50.8 -38.6 27.9 43.1 -45.0
T9 -54.9 -17.9 -67.4 105.4 -0.1
T10 6.9 62.1 71.4 25.6 49.1
kurasoin A
T1 94.03 -84.8 94.03 94.03 94.03
T2 -176.61 -176.6 -176.61 -176.61 -176.61
T3 -39.86 -39.9 -39.86 -39.86 -39.86
T4 89.35 89.4 89.35 89.35 89.35
T5 -123.09 -123.1 -123.09 -123.09 -123.09
kurasoin B
T1 -122.24 83.5 128.89 -112.03 -120.14
T2 165.91 62.2 -47.94 167.52 165.65
T3 48.08 -127.3 -52.92 54.86 -70.76
T4 -91.66 75.1 -43.15 -97.48 -46.66
T5 119.34 -105.7 -54.55 -63.54 -76.83

son of relative binding affinities. We then estimated the bind-

Results ing affinities of these inhibitors under each active-site condi-
tion, evaluated the roles of Znthe zinc-coordinated water
Strategy molecule, and FPP in inhibitor binding, and deduced the bind-

ing structural determinants of these inhibitors and the effec-
tive region in the large FT binding pocket for screening and

The first step was to estimate the reliability and accuracy{g ional design of improved FT inhibitors.

our docking approach by docking HAP (Figure 1) back in
the crystal structure of its zinc protein host fibroblast colla-

genase [30], (PDB [31] code: 1HFC), and by docking FP .

back into the crystal structure of its host FT [32] (PDB co epnformatlonal analyses
1FT2). After successfully reproducing the two crystal com: :
plexes in which HAP coordinates toZand FPP does not’Atotal of 32, 89 and 219 different conformers of SCH 56580,

SE . ins Aand B, respectively, were identified by the
we docked a synthetic inhibitor SCH 56580 [33] (Figure rasoins ;
and two natural products lasoins A and B [34] (Figure 1) ONSER program (devised by Y.-P. Pang, see Methods). Due

into FT under different conditions of the active site: 13Zn to the C2 'symmetry. of thg phenyl ring In &soin A, Ir(nore .
H,0%992and FPP were all excluded: 2)ZrH,01%2and FPP conformatlons Were.ldentlfled for kuragom B than for urasoin
wxzere all included; 3) both Zhand ,l—golooz 3vere included: A. Torsions that define the conformations of the three inhibi-

4) only Zr#* was included; and 5) both Znand FPP were ;[Ig)r_f_algléhiz most energetically stable FT complexes are listed

included. SCH 56580 is a conformationally constrained ana- I~ . .
R Four distinct conformations of FT were used in the dock-
log of SCH 66336, and has anc4@r inhibiting T of 40 ing studies to simulate some degree of conformational flex-

nM in vitro, and an Ef, of 1 iM in vivo [33]. Kurasoins A ibility of the enzyme. Two were taken from the crystal struc-

and B weakly inhibit FTin vitro with IC.,values of 59.0 and
: ures of rat FT and the rat FPP-FT complex, and are referred
58.7uM, respectively [34], and these were used for comp 0 as FTeeand FTPP, respectively. The others were the aver-
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Figure 2 The binding pocket of fibroblast collagenase dis-igure 3 A close-up of two superimposed HAP binding pock-
placed by orange stick model and yellow surface model shets of HAP-bound fibroblast collagenased HAP in the

ing a region enclosed by a red rectangular box where tB#JDOC-generated most energetically favorable complex;
center of mass of HAP displaced by ball-and-stick maodél ( green HAP in the X-ray complexgyan Zn?*; fibroblast col-

O, blue N, andgreen C) was translated to explore the enerlagenase was used in superimposition and displaced by or-
getically favorable site for HAP binding in the zintydr) ange stick model and yellow surface model)

region

age structures of 50 and 1,000 ps molecular dynamics (Miacking program SYSDOC [35] whose algorithm has been
simulations of rat FT in water at 25°C (the average structwadidated by 1) predictions of the exact atomic loci and ori-
of the 1.0 ns MD simulation has been deposited to the P@Btations of huperzine A [35] and the highly flexible E2020
1QE2, unpublished work), and are termed2B3® and [36] binding in AChE repded beforethe confirmatory X-
FTav100 The root mean square deviations (RMSDs) of 53&y crystal structures [37,38] and 2) a prediction of a low-
active-site atoms in F'f¢ compared to those in FPT, FT29%0  affinity binding site of THA that was not obvious in the crys-
and FRw00gre 0.79, 0.91, and 1.35 A, respectively. Thal structure but confirmed subsequently by use of synthetic
active-site atoms are the non-hydrogen atoms within 12nfolecular probes [39]. New features of the EUDOC program
distance to the sulfur atom of C¥% located near the centerinclude 1) incorporation of the Cornell et al. AMBER force
of the active site. The conformations of HAP, FPP afiigld [40], 2) calculations of the intermolecular interactions
fibroblast collagenase used in the docking studies were takémetal ions such as Zn C&* and Mg+ that mediate the
directly from the crystal structures [30,32]. binding of ligand to receptor, and 3) automation for rapidly
docking millions of chemicals into a macromolecular recep-
tor to screen for complementary ligands employing "spatial
Reliability and accuracy decomposition” to achieve 100% parallelism in computing.
A detailed description and validation of the EUDOC pro-
The docking studies were performed by using an automageedm will be reported separately, and the program will there-
computer docking program EUDOC (devised by Y.-P. Parajter be freely available upon request.
see Methods). This program is an extension of our previous
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Table 2 The EUDOC-calculated intermolecular interaction energies (kcal/mol) of SCH 56580, kurasoins A and®;to FT
FTPp , FT2950 and FPv9190under different conditions of the active site

FTfree FTfpp FTavg50 FTavg1000
SCH 56580
Excluding FPP, Z#t and HO002 -52 -53 -53 -52
Including FPP, Z# and HO002 NC -48 NC NC
Including both ZA* and HO002 -48 -51 -49 -53
Including only Z@* -62 -68 -67 -62
Including both FPP and 2n NC -70 NC NC
Kurasoin A
Excluding FPP, Zft and HO002 -46 -58 -48 -51
Including FPP, Z# and HO02 NC -42 NC NC
Including both ZA" and HO'0%2 -47 -56 -46 -53
Including only Zi* -47 -59 -54 -56
Including both FPP and 2n NC -60 NC NC
Kurasoin B
Excluding FPP, Z#t and HO002 -50 -54 -46 -51
Including FPP, Z# and HO002 NC -45 NC NC
Including both ZA+* and HO02 -48 -49 -53 -51
Including only Zi* -49 -54 -55 -59
Including both FPP and 2n NC -62 NC NC

NC: not calculated.

The reliability and accuracy of the EUDOC-based dock- Next, the FPP structure with the RESP charges was docked
ing studies of zinc-mediated ligand binding was illustratedto the binding pocket of the four aforementioned FT con-
by docking HAP into its zinc-protein host collagenase (Fifprmers by the EUDOC program. Both structures of FPP and
ure 2). Both structures of HAP and collagenase were assighgédvere assigned with the RESP charges [41]. The most en-
with the RESP charges [41] in the docking study. Theegetically stable FPP-FT complex generated by the EUDOC
EUDOC-generated, most energetically stable HAP-collprogram is consistent with the corresponding crystal com-
genase complex was found in excellent agreement with ghex in which the pyrophosphate group directly interacts with
corresponding structure determined by crystallographic andlydr cationic residues and not with the zinc divalent cation.
sis (Figure 3). The RMSD of the HAP structure between thbe RMSD between the predicted and experimental FPP
crystal and EUDOC-generated complexe®.50 A. The structures is 0.54 A obtained by overlaying théPFStruc-
RMSD was calculated by first overlaying the two enzyntares in the two complexes. In the second most energetically
structures followed by calculating the RMSD of all the nostable FPP-FT complex generated by the EUDOC program,
hydrogen atoms in the two HAP structures. Importantly, the pyrophosphate directly interacts with the zinc ion. It should
the EUDOC-generated most energetically favorable complee, noted that the DOCK program reproduced equally well
the hydroxyl oxygen atom of HAP coordinates to the zithe crystal structure of the FPP-FT complex.
ion in the same way as found in the crystal structure, indicat-The docking study of collagenase was repeated with the
ing that the EUDOC program is able to reproduce preciselidAP structure possessing either the Gasteiger-Marsili em-
crystal complex in which the ligand binding is mediated tpirical charges [44,45] or the AM1 semi-empirical charges
the zinc ion. In contrast, we could not reproduce the zijd7,48], and with the HAP structure possessing no point
mediated HAP crystal complex employing the widely usegharges at all. Using the HAP structure without point charges,
docking program DOCK 4.0 [42] with either a large (4fR the EUDOC program could not reproduce the X-ray struc-
or small (1*R) electrostatic screening [43]. In the study ture of the HAP complex. With the HAP structures possess-
with the DOCK program, the Gasteiger-Marsili empiricahg the RESP, AM1, or Gasteiger-Marsili charges, the EUDOC
charge model [44,45] and the ESP charge model [46] weregram reproduced the crystal structure in all the three cases.
used for the ligand and receptor, respectively. The hydroXyle RMSDs of the HAP structure between the EUDOC-gen-
oxygen atom of HAP in all the complexes generated by teeated and crystal structures are 0.50 A for all the three charge
DOCK 4.0 program is at least 6.5 A away from the zinc iomodels. However, the RESP charge model gave a much larger

difference AE = 60.4 kcal/mol) in intermolecular interac-
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listed in Table 2. The estimated binding affinities (see Meth-
Br == cl ods) of the three inhibitors under different conditions of the
\ binding site in FT are listed in Table 3. Although the ligand
N conformations vary with the conditions of the binding site,
Br the estimated solvation energies of these ligand conformers
O vary insignificantly (Table 3). The rank order of the intermo-
)J\ lecular interaction energies of the complexes is the same as
@)

that of the estimated binding affinities (Table 3), suggesting
that the contribution of the solvation energy term toréie-
tive binding affinity is insignificant in this work. The esti-

Schering-Plough mated binding afhities in Table 3and the intermolecular
interaction energies in Table 2 are consistent with the experi-
mentally determined relative potencies of SCH 5658Q,(IC

(jV 0] 40 nM) [33] and kurasoins A and B 4£59.0 and 58.7 uM)
H
O N\)]\N
o F

ZT

[34]. The intermolecular interaction energies of the three in-
hibitors in the presence of Znor in the presence of both
FPP and Z# are lower than those in all the other conditions
(Table 3), suggesting that Zrfacilitates the bindings of the

J

A

N« _NH (@] three inhibitors. The intermolecular interaction energies of
e \_Q the three inhibitors in the presence of0'°? are equal or
Parke-Davis higher than those in the absence gOH°2 (Table 3), sug-

gesting that HO2 can be replaced by the three inhibitors
upon binding. Finally, the intermolecular interaction ener-
gies of the three inhibitors in the presence of both FPP and

SOCF3 Zn?* are the lowest (Table 3), suggesting that FPP facilitates

;

the bindings of the three inhibitors as well. Thus, on the basis

O
N

N N of the estimated binding affinities, we predict that both FPP
{ \_§ and Zi#* facilitate the binding of the three inhibitors, namely,
4\ 0 these inhibitors prefer to form an inhibitor-FPP-FT ternary
N complex.
Merck

Figure 5 Promising FT inhibitors developed by major dru

: Ynhibitor-bound ternary complexes
companies

SCH 56580.In the ternary complex of SCH 56580 (Figure

. . 4a), the inhibitor adopts a partially extended conformation
tion energy between the most energetically stable comp Fable 1). Thanethyl group substituted at the tricyclic ring
and the second most stable complex than the other two (.:h P€van der Waals interactions with the methylene groups of
models AE = 26.0 and 27.2 kcal/mol for the semi-empiric sni6s and Cy8%, and the side fain of Ald?®. The

and empirical charge models, respectively). In addition, t Kiorobenzene group of the drug hmst interactions with
EUDOC program could not reproduce the crystal structufpplozp, Trplo®, and Ty?5%. The piperidine fing has a van

of the FPP-FT cqmplex i t.he CatIOI’lIC.IZF@ located in the r Waals interaction with the methyl group of FPP. The amide
pyrophosphate binding region was deliberately replaced Wit< gen atom of the drug coordinates t&ZiThe pyridine
a neutral His residue, indicating that the EUDOC programs ~ ¢ e drug forms catioreinteractions with Ly%®
sensitive to the electrostatic interactions between ligand 19@5563 and Lyd6 ’
receptor. : :

The above results demonstrate that the EUDOC progrgm < in A

. . I f kasoin A
can identify not only the binding sites for the ligands who%% In the temary complex of kasoin A (Fgure

s . -3 . the inhibitor adopts a partially extended conformation
binding is mediated by the zinc ion, but also the sites for
ligands whose binding is not mediated by the zinc ion, a ble 1). The carbonyl and hydroxyl oxygen atoms of the

“drug alternately coordinate to Zr{49]. The phenol ring of
suggest that the RESP charge-based EUDOC approach '?nré:'drug forms catiome interactions with Ly®®, Lys3>%®,
liable and accurate.

Lys®®, and Lyg%%«, The phenyl ring of the inhibitor hast

interactions with FPP and F#3. The hydroxy group of the

Roles of Z#r, H,0092 and FPP in binding inhibitor has a hydrogen bond with the carboxylate group of
Asp®®,

The intermolecular interaction energies (see Methods) of SCH

56580 and kwsoins Aand B with different conformers of Kurasoin B. In the ternary complex of kurasoin B (Figure

FT under different conditions of the binding pocket in FT a#g), the inhibitor adopts an extended conformation (Table 1).
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Table 3 Inhibition potencies (I¢) versus estimated binding affinities, interaction energies and ligand solvation energies

Interaction energy Ligand solvation energy Binding affinity
(kcal/mol) (kcal/mol) (kcal/mol)

SCH 56580 (IG;: 40 nM)

Excluding FPP, Z# and H2Q002 -53 -14 -38
Including FPP, Z#r and H2Q002 -48 -12 -35
Including both ZA&* and H2Q00? -53 -15 -38
Including only Z@#* -68 -14 -54
Including both FPP and 2h -70 -13 -57
Kurasoin A (IG,: 59.0uM)

Excluding FPP, Z& and H2Q002 -58 -15 -43
Including FPP, Z#t and H2Q%? -42 -15 -28
Including both ZA* and H2Q02 -56 -15 -41
Including only Zi#* -59 -15 -44
Including both FPP and 2h -60 -15 -45
Kurasoin B (IG,: 59.7uM)

Excluding FPP, Z# and H2Q002 -54 -14 -41
Including FPP, Z#r and H2Q002 -45 -15 -30
Including both ZA* and H2Q002 -53 -14 -39
Including only Zi#* -59 -14 -45
Including both FPP and 2h -62 -17 -46

The carbonyl oxygen atom of the drug coordinates #.Zntency of SCH 44342 (I$: 250 nM) compared to SCH 56580
The hydroxyl oxygen atom of the ligand forms a hydrog€iC.,: 40 nM) is known to be caused by the replacement of
bond with the pyrophosphateayp. Themethylene group the methyl group by a hydrogen atom at the tricyclic ring
next to the benzene ring of the inhibitor has a van der Wa@3]. The higher potency of SCH 56580 is also due to the
interaction with the farnesyl group of FPP. The indole ring oéduced desolvation energy caused by the introduction of the
the inhibitor forms cationzinteractions with Ly%$® Lys3®  methyl group.

Lys?% and Ly$64. The benzene ring of the drug hastar

interaction with TyP61,

Discussion
Correlation of Computational and Experimental Results

The predicted SCH 56580-FPP-FT ternary structure is cc?rwdmg structural determinants of FT inhibitors

sistent with the kinetic analysis of FT inhibition showing th .
FPP is not competitive with SCH 44342, a closely relat%gccord'”g to the models presented here, we suggest that a

; structural determinant for binding of the effective FT
E\ir;%k?[g tohf S|:C|:>|_|I3_?:§|-580n?::g;r§1 1)'f a:;ﬁir:ha; tSe rcnl_;r44c3;4nz1 (I:'ﬁx ibitors is an amide oxygen atom serving as a zinc coordi-
o the - compiexthus fo 9 y PiiAte that replaces the zinc-coordinated water molecule upon
[50]. Formation of a ternary complex of FT has also begn

shown in a recently reported crystal structure in which t énding. Other important binding structural determinants are
acetyl-Cys-Val-lle-selenoMet-COOH forms a ternary conwo spanned aromatic rings which enable the drug to bind

plex with a-hydroxyfarnesylphosphonic acid and FT [51]. I}he enzyme at a low cost of desolvation energy and to strongly

has also been reported that. for farnesvl transfer. the forr'r'?t?raCt via catiom interaction with the cationic residue-
tion of the FPP-FE)I' binar cém lex hasyto reced’e the binlg! binding pocke{19]. The aromatic rings also facilitate
y b P cell membrane penetration. Indeed, the three promising FT

ing of the CAAX substrate [52], and a dead-end complex . . . :

. . . ibitors developed by Schering-Plough, Parke-Davis and
goé%so'ft;?ﬁa?eqczer:cgf {ﬁger;sgtﬂ [I53]rbll? tgﬁbpsrt?tﬂ'ggdats%rck all possess an amide oxygen atom and two separate
tricvelic fin gf SCI—F|) 56’580 has VZdSr V\lfals interactions aromatic rings (Figure 5) [54]. These structural determinants

Y 9 should offer insights into design of improved FT inhibitors.

with the methylene gups of Asi®® and Cy8%®, and the | . .
. . %0 L In particular, the predicted SCH 56580-FPP-FT complex sug-
side chain of AI®Z®. Indeed, the reduced FT inhibition pogestS that replacement of the amide oxygen atom of SCH
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Figure 6 Top view of the FT
active site displayed by sur-
face model top: FPP
present; bottom both FPP
and SCH 56580 pisentblue
green FT, yellow: FPP; and
red¢ SCH 56580).

211
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Figure 7a Cross section of
the FT active site in the FT
displayed by surface model
(SCH 56580) ‘

Figure 7b Cross section of
the FT active site in the FT
displayed by surface model
(FPP present) \
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Figure 7c Cross section of
the FT active site in the FT
displayed by surface mode
(FPP and SCH 56580 pre-§™
sent; yellow: FT; green
FPP; andred SCH 56580)

56580 with better zinc coordinates such as analogs4®0, which is the average of 951 launched drugs with chemi-

hydroxamic acid [55] might further improve drug potencgal structures documented in the 1998 release of the MACCS-

and selectivity. Il Drug Data Report [56] in agreement with the reported range
from 350 to 400 for the average molecular weight of clinic
drugs [57]. To deslop drug-like, neutral FT inhibitors, we

Novel and effective drug target structure therefore suggest the use of the FPP-FT binary complex (Fig-
ures 6a and 7b) as a novel and effective target structure for

As depicted in Figures 6 and 7, the docking study reveaksieening and rational design.

that SCH 56580 with molecular weight 444 fits the remain-

ing pocket of the FPP-FT complex perfectly (Figures 6b

and 7c), but it does not fit well the active site of free :

(Figure 7a). SCH 56580 has more intermolecular interactiﬂasterlals and methods

in the ternary complex than in the binary structure, as illus-

trated by the cross section of the active site in the SCH56580- P

FPP-FT complex (Figure 7c) relative to that of the SCHSGSS%?'Zyme and inhibitor structures

FT complex (Figure 7a). This means that, to establish .

most effective intermolecular interactions between the frtgﬁe structures of HAP, FPP, SCH56580 and kurasoins A and

FT and its inhibitor in the absence of FPP, one needs to cral esril\tl)[l;'IEtRb?/ngg:ﬂosygﬁh?il\I/TBREERP’5L(I)Np|:(’);2g’[5PBA]‘sVIi\fh
a large molecule with moleculqr weight in the proximity force field by Cornelét al [40]. The ﬁESP charges [41]
823 (a sum of the molecular weights of SCH 56580 and F of?t X

Furthermore, the binding pocket of FT is rich in cationic regj: hese mo'ec.“';es were %e”gZLegS?XNca&“'a“”g the elec-
dues, and thus prefers to bind with anionic ligands. It is w rﬁ>stat|c potentials using the program [59]

' . With the HF/6-31G*//HF/6-31G* method followed by a two-
known that both large and highly charged molecules are n tt

effective in cell membrane penetration. In the FPP-FT corsnPage fitting using the RESP module of the AMBER 5.0 pro-

plex, however, the presence of the endogenous substrate $BpE- TheAM1 semi-empirical charges were generated by

. . e same protocol used for the calculations of the RESP
reduces the net positive charge in the pocke’g because Oftzmaerges except that the electrostatic potentials were derived

three negative charges on FPP. Therefore, it is not neces ;
to introduce negative charges on the designed inhibitors wrﬁﬁﬁr{smeezgﬁg}/ﬁzggl[ﬂezhsﬁdw[gz e]. gzrl]wzrgtaesc}el;?/etrr-w e

using the FPP-FT binary complex as a host. In addition,
binding cavity of the binary complex can effectively accom-?BYL 6.4 program [60].
modate molecules with molecular weight in the proximity of
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Figure 8 Top view of the
large active site of FTygl-
low) with Zr#* (greer) and a
red rectangle box that con-
fines the translation of the
mass center of inhibitors to ;
be docked in the active site

The protein structures used in the docking studies werement in a range of 0 to 360 for the torsions specified in
taken and modified from the X-ray structures of the HAR~gure 1. The program then optimizes such conformers
bound fibroblast collagenase complex (PDB code: 1HF@)yough energy minimizations with the RESP charges and
[30], rat FT (PDB code: 1FT1) [19], and rat FPP-FT (PDe Cornellet al force field. It thereafter performs a cluster
code: 1FT2)[32]. The modification procedure included: 1)analysis to delete duplicates including those caused by C2
addition of hydrogen atoms; and 2) protonation @ymmetry of some functional groups such as the phenyl ring
deproton&on of the Arg, Lys, Asp, Glu, His and Cys resiin kurasoin A. Inthe cluster analysis, two conformers were
dues. Todetermine the protonation statedl, the Arg, Lys, judged different if at least one of the defined torsions dif-
Asp, Glu, His and Cys residues were visually inspected. Aflgped by more than 30° of arc. The chiralities of the inhibi-
and Glu were treated as deprotonated unless they weretdes were preserved during energy minimizations by apply-
cated in a hydrophobic environment. Arg and Lys were treatad constraints on the chiral atoms and the atoms that are
as protonated unless they were surrounded by hydrophatmealently bonded to the chiral atoms.
residues. Theinc-coordinated water molecule was treated
as deprotonated [61]. His was treated as histidinate when
coordinating to zinc [61]. His not coordinated to zinc wd3ocking Studies
treated as protonated if it was less than 8 A away from an
acidic residue, otherwise it was treated as neutral. In the stEBEGDOC systematically translates and rotates a ligand in a
ture of the neutral His, one proton was attached tadthe putative binding pocket of a receptor to search for energeti-
trogen atom of the imidazole ring if the resulting tautomeelly favorable positions, orientations and conformations of
formed more hydrogen bonds in the protein. Otherwise tfie two partners. The docking region is determined by a box
proton was attached to tlenitrogen atom. Cys was treatedhat is defined within the binding pocket to confine the trans-
as deprotonated when it formed a disulfide bond or coortitions of the mass center of the ligand (Figure 2). The reso-
nated to the zinc ion [61,62]. lution of a docking study is governed by the translational and

rotational increments employed. The intermolecular interac-
tion energy is calculated from the potential energy of the
Conformational Searches complex minus the potential energies of the two in their free
state. The potential energies are calculated according to equa-
Conformational searches were performed for SCH 56580 diwths 1-2 with the non-bonded, additive, all-atom force field
kurasoins Aand B employing the CONSER program (deby Cornellet al [40].
vised by Y.-P. Pang). This program first generates conforma-
tions by specifying all discrete possibilities at 60° of arc in-
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«12 6 Graphical Representations
E= . (LJ_ - 2_rij_) + a9
- ZSU R 12 %e - SORi (1)  All the color figures were produced by using the SYBYL
< J 1 < J

program version 6.4 [60].

& = (& )2, ri; =1 +r, R =R+R 2)

A distance-dependent dielectric function is used for caldipte added in proof
lating the electrostatic interactions [43]. The cutoff for steric
and electrostatic interactions was set to 8.0 A [63] in thdthough the crystal structures of the FT individually liganded
work. Energy minimizations of the EUDOC-generated invith SCH 56580 and kasoins Aand B are still not avail-
hibitor-bound complexes were not performed in order to avaitile, several crystal structures of different Loratadine-like
accounting the adaptation process twice, since energy minhibitor-bound FT have been reported after this manuscript
mization is equivalent to adaptation which has already begas submitted [65]. These X-ray structures are all FPP-con-
taken into account by docking with different conformatiortgining ternary complexes, and consistent with our ternary
of ligand and receptor [64]. models obtained from the docking studies prior to any crys-
In the docking study of collagenase, the mass centert@fstructures of the FT liganded with nonpeptidic inhibitors.
HAP was confined within a rectangular box (10.0 x 5.0 Irterestingly, in the reported crystal structures, the Loratadine-
3.0 A3 surrounded by residues @19 Asnie0, Leut8, Ala82 like inhibitors do not coordinate to zinc in the active site,
Glu29, Tyr210 His?14 Val21s Glurle, His?22, His?28, Pra?38, which is not consistent with our prediction regarding zinc’'s
Sef?, Tyr249 and Z@*in the active site (Figure 2). In the FTrole in SCH 56580 binding. Alternative ligand binding modes
docking study, the mass centers of FT inhibitors were cdn-the active site of FT have been observed in the crystal
fined in a rectangular box (12.5 x 10.5 x 49 Aurrounded structures of the same FPP-FT binary complex reported by
by residues Al Lysl64 Asplés Hig0l Cyd$ Lelf®, two independent groups [32,66]. Further docking studies with
Trplo®, Trplo®, Alals®, Arg20B, His248, Gly29%, Arg29®, the Loratadine-like inhibitors in the reported crystal struc-
Lys298, Aspp9®, CyS9®, Tyr30®, Trp30® Aspc®, Asps®, tures and X-ray crystallographic studies with SCH 56580 and
His36®, Tyré® and Zi#* in the active site (Figure 8). In allpossibly with kurasoins A and B would yield comprehensive
the docking studies, the translational and rotational incigformation concerning the role of zinc in substrate and in-
ments were 1.0 A and 20° of arc, respectively. The 10 mb#itor binding. For the zinc force field parameters used in
energetically stable inhibitor-enzyme complexes were firge EUDOC program see ref. 67.
tuned by re-docking the inhibitor at 0.5 A translational and
10° of arc rotational increments in a region within 1.0 A afstknowledgements This work was supported by the Mayo
20° of arc from the initial position and orientation of thEoundation, the NIH, and in part by the Istituto Pasteur
ligand identified by the crude docking, respectively. All theondazione Cenci Bolognetti (E.P.).
water molecules in the original crystal structures were re-
moved in the docking studies except thgOH°2 (hydrox-
ide) in the FT structure was included as specified in SOf&arences

cases.
The relative binding affinity was estimated by the EUDOG- g pacid. MAnnu. Rev. Bidem. 1987 56 779

calculated intermolecular interaction energy minus the lig- Lowy, D R 'WiIIurﬁsen B NlAnﬁu Rév Bldnam 1993

and solvation energy that was calculated by the PM3- > 851. N T ’ ' |

SM5.4PDP method incorporated in the AMSOL 6.1 package .
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desolvation energy for the enzyme to complex with the ip- MéCorrﬁick FNature1993 363 15
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