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Farnesyltransferase (FTase) catalyzes the attachment of a
15-carbon isoprenoid moiety, farnesyl, through a thioether
linkage to a cysteine near the C-terminus of oncogenic Ras
proteins. These transform animal cells to a malignant phe-
notype when farnesylated. Hence, FTase is an interesting
target for the development of antitumor agents. In this work
we first investigate the active site of FTase by mapping its
hydrophobic patches. Then the program SEED is used to
dock functional groups into the active site by an exhaustive
search and efficient evaluation of the binding energy with
solvation. The electrostatic energy in SEED is based on the
continuum dielectric approximation and consists of
screened intermolecular energy and protein and fragment
desolvation terms. The results are found to be consistent
with the sequence variability of the tetrapeptide substrate.
The distribution of functional groups (functionality maps)
on the substrate binding site allows for identification of
modifications of the tetrapeptide sequence that are consis-
tent with potent peptidic inhibitors. Furthermore, the best
minima of benzene match corresponding moieties of an
inhibitor in clinical trials. The functionality maps are also
used to design a library of disubstituted indoles that might
prevent the binding of the protein substrates. © 2001 by
Elsevier Science Inc.
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INTRODUCTION

Ras proteins play a critical role in signal transduction pathways
that control cell growth and differentiation. Mutants of three
human Ras proteins (Ha-Ras, Ki-Ras and N-Ras) are found in
20–30% of all human cancers,1–3 which makes them an attrac-
tive target for antitumoral drug design. A promising approach
for interfering in the Ras function involves inhibition of the

enzyme farnesyltransferase (FTase). This enzyme covalently
links the isoprenoid moiety of farnesyl pyrophosphate (FPP) to
the C-terminal part of Ras as well as to other membrane
associated proteins.4–6 This, among other fast posttranslational
modifications, is required for their attachment to the plasma
membrane, which is essential for their biological activity.7–9

Ras processing and membrane association are signaled by a
carboxyterminal tetrapeptide sequence present on all Ras pro-
teins. This sequence is normally referred to as the CaaX motif,
where ‘C’ stands for a cysteine, ‘a’ is generally an aliphatic
amino acid, and ‘X’ is typically a methionine and, less fre-
quently, a Ser, Ala, Phe, and Leu.10 Although several FTase
inhibitors are currently in clinical trials, there is a need for the
design of novel, more selective, FTase inhibitors to lower toxic
side effects. These include myelosuppression, diarrhea, and
thrombocytopenia, which have been observed in phase I clin-
ical trials.11–15

FTase is a heterodimeric zinc metalloenzyme. The zinc atom
is coordinated by a cysteine, an aspartic acid, and a histidine,
and is essential for the catalytic activity of FTase. Steady-state
analysis16 suggests that the reaction proceeds in a functionally
ordered manner where the FPP substrate binds first to form a
binary complex, followed by the binding of the CaaX motif.
The rate-limiting step of this reaction seems to be the release of
the prenylated product.16 Prenylation only occurs when the
tetrapeptide binds to the FTase after FPP has bound.16 Binding
of the CaaX peptide before FPP leads to a non-functional
complex.17 Because of the high intracellular concentration of
FPP (approximately 1mmol/L) it is assumed that most of the
FTase in the cell is complexed with FPP.18 As FTase has two
substrates, there have been several approaches to develop ei-
ther FPP-like, CaaX-like, or bisubstrate inhibitors to hinder Ras
processing.18,19

In this article, we first characterize the active site of FTase,
namely its overall hydrophobic and hydrophilic properties.
Many programs are available to efficiently dock libraries of
molecular fragments into a rigid protein binding site. Most of
them use either a scoring function with a crude approximation
of solvation20–22or a vacuum energy derived from a molecular
mechanics force field.23–25 The program SEED is used here
because its binding energy is based on a comprehensive treat-
ment of the electrostatic contribution, which includes an accu-
rate evaluation of solvation effects within the dielectric con-
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tinuum approximation.26 Although it is very difficult to predict
toxic side effects, the molecular fragments docked by SEED
are found frequently in the database of known drugs;27 hence,
they are probably less toxic than randomly selected fragments.
The functionality maps of the FTase tetrapeptide binding site
generated with SEED are analyzed by comparison with known
peptidic ligands. The maps are then used to suggest possible
modifications of the CaaX motif that might increase the affinity
of peptidic or peptidomimetic inhibitors. Finally, a program for
combinatorial ligand design (CCLD)28 is used to generate a
library of disubstituted indoles as potential competitive inhib-
itors of the peptide substrate. Indole was chosen as a scaffold
because it is present in at least twelve known drugs,27 which
indicates that indole derivatives should have good pharmaco-
logical profiles. Furthermore, it is possible to synthesize poly-
substituted indoles on a solid phase by a combinatorial ap-
proach.29,30

METHODS

The choice of the FTase conformation, the binding site defini-
tion, and the preparation of the system are presented first. Then
a short description is given of the program SEED26 and the
combinatorial ligand design program CCLD.28

System Set-up

The 2.5 Å resolution X-ray structure of rat FTase complexed
with an FPP analog, a-hydroxyfarnesylphosphonic-acid
(aHFP), and the peptide CVIM31 was downloaded from the
Brookhaven PDB database32 (access code 1QBQ). The crystal
structures of the unliganded FTase33 (access code 1FT1, 2.25 Å
resolution) and the FTase complexed with FPP34 (access code
1FT2, 3.4 Å resolution) were also used to analyze the effect of
side chain displacement on the hydrophobicity of the active
site. Hereafter, the structures will be named unliganded FTase
(1FT1), binary complex (1FT2), and ternary complex (1QBQ).
Visual analysis with the program WITNOTP (A. Widmer,
unpublished) reveals displacement of the Met193b and
Arg202b side chains as the main difference between the unli-
ganded FTase and the binary complex. In the ternary complex
a further displacement of Arg202b can be observed as well as
rotations of the side chains of Tyr166a and Glu198b when
compared with the binary structure. The positions of the re-
maining residues of the active site in the three structures of
FTase do not differ considerably.

Since electrostatic interactions are long-ranged, it is more
appropriate to run SEED/CCLD with FPP (total charge of23)
in the active site rather thanaHFP (total charge of22). The
use ofaHFP instead of FPP would lead to a different electro-
static potential in the FTase binding site. Hence, theaHFP was
removed and the FPP structure was positioned into the FTase
structure of the ternary complex by overlapping the binary and
ternary complexes. In this way, no steric clashes were found
between FPP and FTase.

Only 13 of the 284 water molecules of the ternary complex
were kept. These are positioned in a cavity surrounded by
Tyr166a, His170a, His201a, Gln207a, and Glu198b, whose
center is at;15 Å from the nearest atom of the peptide. The
cavity is not accessible from the peptide binding site because of
the narrow path between Tyr166a and Tyr251a, which form
the entrance to the cavity.

Hydrogen atoms were built with the HBUILD35 option of the
CHARMM program36 and then minimized with rigid heavy
atoms to a RMS of the energy gradient of 0.02 kcal/mol Å
using the CHARMm22 force field (Molecular Simulations Inc.
San Diego, CA USA).

Hydrophobicity Maps

The propensity of nonpolar groups to bind at the surface of a
protein can be estimated and graphically displayed with the
hydrophobicity maps.37–39 For a set of five protein–protein
complexes and five protein–ligand complexes, it was shown
that the approaches based on the analysis of the surface cur-
vature and/or the electrostatic potential are not always able to
clearly distinguish regions where nonpolar and polar groups
can bind.39 The approach used in this study includes electro-
static desolvation, which enables easy discrimination between
the hydrophobic and hydrophilic surface regions that are close
in space. Briefly, the binding energy of a nonpolar probe sphere
is evaluated as the sum of van der Waals interaction plus
protein electrostatic desolvation in the continuum approxima-
tion.39,40 The color rendering of the binding energy values on
the protein surface allows one to distinguish hydrophilic from
hydrophobic zones. The latter are used by the program SEED
to direct the docking of apolar fragments.

Solvation Energy for Exhaustive Docking (SEED)

The program SEED determines favorable positions and orien-
tations of rigid molecular fragments on the binding site surface
of a receptor of known three-dimensional structure.26 The
receptor in this article is the FTase structure with FPP. The
FTase structure was kept rigid in the X-ray conformation of the
ternary complex.31 The binding site for the SEED calculations
was defined by the residues listed in the caption of Figure 1. A
library of sixty-five fragments was used in this study. It con-
tains 15 apolar, 38 polar neutral, and 12 charged fragments to
map both the hydrophilic and hydrophobic regions of the
peptide substrate binding site. For fragments with multiple
discrete conformations, all of the conformers were docked,
e.g., the cis and trans conformations of 2-butene.

Fragments of mainly hydrophilic character are docked such
that at least one hydrogen bond between the receptor and the
fragment is formed with close to optimal geometry. For this
task, vectors on polar groups of both protein and fragments are
defined automatically by SEED. For the zinc atom, a vector
was defined from the zinc coordinates to the sulfur atom of the
cysteine of the peptide substrate. This atom is located at the
same position as the oxygen of the water molecule, which
coordinates the zinc in the unliganded structure. Nonpolar
fragments are docked in hydrophobic regions of the receptor,
which are determined as described in the previous subsection.
An approximated binding free energy for each fragment/recep-
tor complex is evaluated as:

DGbinding 5 DGvdW1 DGintermol. elect.

1 DGrecept. desolv. elect.1 DGfrag. desolv. elect. (1)

The first two terms on the right side of the equation represent
the fragment/receptor van der Waals interaction (DGvdW) and
the intermolecular electrostatic interaction (DGintermol. elect.)
with solvent screening.DGrecept.desolv.elect.is the partial desol-
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vation of the receptor due to the displacement of the solvent by
the fragment volume, whileDGfrag. desolv. elect.is the partial
desolvation of the fragment due to the receptor volume. Both
desolvation terms are calculated in the continuum approxima-
tion.26,40To be consistent with the CHARMM parameterization
of the partial charges, an interior dielectric value of 1.0 is
employed for the volume enclosed by the solute, while the
remaining volume is assigned a value of 78.5, corresponding to
the dielectric constant of water at room temperature. In the
present application of SEED, we used the same input param-
eters that were used in the original paper, except for the
following three values: the number of apolar points on the
receptor surface was increased to 200 (compared with 100
points for the thrombin application)26 because of the large
hydrophobic surface of the FTase binding site; the number of
rigid body rotations of the fragment around each alignment
vector was set to 72 (compared with 36); and the maximal
angular deviation from the ideal hydrogen bond geometry was
increased to 75° (compared with 50°) to sample more positions.
Additional details about SEED (e.g., the clustering procedure)
and a complete description of the continuum electrostatic
method have been presented in previous publications.26,40,41

Computational Combinatorial Ligand Design
(CCLD)

The aim of the CCLD program28 is to combinatorially connect
the molecular fragments docked by SEED to form candidate
ligands. The linker units are small (not more than 3 covalent
bonds) in order not to add considerably to the molecular
weight. The user can specify in CCLD the minimal and max-
imal values for the distance (d) between linkage atoms for each
connection type and the tolerance of the dihedral angles t1 for
Csp3-Csp3 bonds (minima at160,260, 180°) and the dihedral

angles t2 for Csp2-Csp3 bonds (minima at290, 190°). In the
present study the following values (in Å) were employed: d,
0.40, 0-bond; 1.4, d , 1.6, 1-bond; 2.2, d, 2.8, 2-bond;
3.2, d , 4.5, 3-bond. The tolerances for t1 and t2 were set to
40°, which yields the following allowed ranges for Csp3-Csp3
dihedrals: 20, t1 , 100,2100, t1 , 220, 140, t1 , 180
and2180 , t1 , 2140. The ranges allowed for Csp2-Csp3
dihedrals are:2130, t2 , 250 and 50, t2 , 130. To limit
the molecular weight of the candidate ligands, the maximal
number of heavy atoms of each CCLD hit was restricted to
forty.

The indole that serves as central skeleton for library design
was placed manually in the center of the binding site with an
orientation that allows its 1- and 5-substituents to reach the
binding pocket containing the substrate side chains Val and
Met, respectively. This indole was then automatically repli-
cated 14 times by CCLD by 0.5 Å rigid body translations from
its original position along the x-, y-, and z-axes (six replicas),
and in the directions of the center of each octant (eight repli-
cas). CCLD allows the user to specify which atoms have to be
substituted; three linkage points were defined to obtain 1-, 3-,
and 5-substituted indolic ligands. All of the sixty-five frag-
ments in the SEED library were used by CCLD to generate
candidate ligands. For each fragment type, the 70 positions
with the bestDGbinding were employed for a total of 4,550
fragments. The SEED run took 24 h and the CCLD run needed
18 h on a 195-MHz R10’000 processor.

RESULTS AND DISCUSSION

Hydrophobicity Maps of the FTase Active Site

The active site in the binary and ternary complexes is much
more hydrophobic than in the unliganded structure (Color Plate

Figure 1. Stereoviews (wall eye) of the FTase binding site residues used in SEED. FPP is shown in thick lines. The twenty-six
residues used as binding site in SEED/CCLD are labeled at their Ca. They are: Ala129a, Tyr131a, Lys164a, Asn165a,
Tyr166a, Gln167a, His201a, Ala98b, Ser99b, Trp102b, Trp106b, Gly142b, His149b, Ala151b, Pro152b, Met193b,
Glu198b, Arg202b, Asp297b, Cys299b, Tyr300b, Trp303b, Asp352b, Tyr361b, His362b, Tyr365b, and the Zn21 atom.
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1). This is due to the rearrangement of Arg202b, whose side
chain moves away from the FPP binding site and, in the binary
complex, forms a bidentate ion pair with Asp200b. This dis-
placement enables the FPP substrate to bind. SEED was used to
dock propane, an apolar probe, into the unliganded FTase as
well as into the FTase structure from the binary complex. The
propane with the best free energy of binding lies in both cases
,1 Å away from the terminal carbon atoms of the farnesyl
moiety of FPP (Color Plate 2). While in the unliganded FTase
structure, the propane representatives are mainly distributed
over the tetrapeptide binding site, they cover a large part of the
FPP binding site. The different distributions of propane in the
two FTase structures clearly indicate the alteration of the FTase
surface in its propensity to bind nonpolar fragments. The
binding of FPP to FTase is an example of induced fit where the
hydrophobic moiety of FPP shapes an apolar region on the
protein surface by displacing the side chain of Arg202b.

The conformational changes between the FTase structure of
the binary and the ternary complex are less pronounced. The
active site of the ternary complex is slightly more hydrophilic
than the one of the binary complex because of the different
orientations of the Tyr166a, Glu198b, and Arg202b side
chains. The displacement of Arg202b and the Tyr166a rotation
of ;100° aroundx1 are important for the variability of the
CaaX motif, as explained in the next section.

FTase Functionality Maps

For the analysis of the FTase binding site, the SEED library
consisted of general organic compounds and functional groups
of amino acid side chains. The latter are useful for a compar-
ison with the CaaX motif. The functionality maps of three
nonpolar, two polar neutral, one negatively and one positively
charged fragments are discussed in this section to illustrate the
properties of the peptide binding site. Hereafter, the second and
third positions of the CaaX motif will be named a1 and a2,
respectively. SEED cluster representatives26 will be called rep-
resentatives or positions.

Hydrophobic Fragments SEED was used to dock 15 frag-
ments without any hydrogen bond donors or acceptors and
ranging in size from 2 heavy atoms (ethane) to 14 heavy atoms
(dibenzocyclohexane). Furthermore, fragments with one or two
hydrogen bonding groups but mainly hydrophobic character
(e.g., diphenylether) were docked using the apolar vectors in
the hydrophobic regions. Only the functionality maps of pro-
pane, benzene, and 5-phenyl-1,4-benzodiazepine-2-one (called
1,4-benzodiazepine hereafter) are analyzed in detail. Propane is
small enough to give a detailed description of eventual small
cavities. Benzene is the most common fragment in known
drugs.27 1,4-Benzodiazepine is used to determine the binding
modes of a series of known FTase inhibitors with 1,4-
benzodiazepine as scaffold.42 It was docked using the apolar
vectors26 because it is mainly hydrophobic, although it contains
two hydrogen bonding groups. For comparison with the pep-
tide substrate preferences, benzene is a good representative of
the Phe side chain while propane describes the Val, Leu, Ile,
and approximately the Cys, Pro, and Met side chains. The
energy values and positions of the five propanes, benzenes, and
1,4-benzodiazepines with the lowest free energy of binding are
listed in Table 1. The favorable van der Waals interaction
contributes the most to the binding energy. The remaining

apolar compounds show similar functionality maps, although
the rank ordering is somewhat different depending on the
fragment size.

Propane. Positions 1, 2 and 5 overlap the thiomethyl
group of the Met side chain of the tetrapeptide (Color Plate 3a).
There are two reasons for the strong preference of propane for
the Met side chain pocket compared to benzene. First, the
protein desolvation effects are smaller for propane than for
benzene because of the different size of these fragments. Sec-
ond, the Met side chain lies in a narrow pocket that is better
accessible to propane than benzene. Propane 3 overlaps the
side chain of Ile (a2) while the position of propane 4 indicates
that Ile can be replaced by a larger hydrophobic side chain. The
best propane close to the Val (a1) side chain has a rank of 15
andDGbinding of 20.5 kcal/mol compared to25.8 kcal/mol for
propane 1. This indicates that the a1 position of the CaaX motif
is not favorable for apolar residues which is further supported
by the SEED results for polar fragments. This is also consistent
with the different orientation of the Val side chain in the
absence of zinc.43 It is likely that the zinc ion influences the
position of the Ca1 moiety of the substrate and that there is
some strain in the binding mode of the a1 residue.

Benzene. Benzene 1 is in van der Waals contact with
Trp106b and Tyr361b. It is situated on the Ile side chain of the
CaaX motif, which indicates that the corresponding pocket is
large enough for a Phe residue at position a2 (Color Plate 3b).
Phe is not found at a2 of natural CaaX motifs but can inhibit
FTase at very low concentrations (see also Table 2). Represen-
tative 2 is in edge-to-edge contact with Trp106b. Benzene 3 is
close to the position of the Val (a1) side chain of the peptide
substrate. Benzene 4, which interacts with Leu96b and
Trp106b, also supports a Phe at a2. Benzene 5 overlaps the Met
side chain of the tetrapeptide and interacts with Tyr131a and
Trp102b. It has a significantly larger FTase desolvation pen-
alty than the first four clusters. This is mainly due to the partial
desolvation of the OH-group of Ser99b and the side chain of
Gln167a.

Recently, several X-ray structures of FTase complexed with
tricyclic inhibitors were published by Strickland et al.44 One of
these inhibitors, SCH 66336, is currently in clinical trials.12

The SEED benzene positions with the best and third best free
energy of binding match the left and right rings of the tricyclic
system (Color Plate 3c). Considering the flexibility of FTase,
this is a striking result because it was obtained with a FTase
conformation originally complexed withaHFP and a tetrapep-
tide substrate. The remaining parts of SCH 66336 exhibit only
weak interactions with the protein and are partially exposed to
the solvent.44

1,4-Benzodiazepine. The 5-phenyl substituent of the 1,4-
benzodiazepine position with the best energy makes strong
interactions with the hydrophobic moiety of FPP while its
bicyclic system interacts mainly with the side chains of
Ala129a, and Leu96b (not shown). 1,4-Benzodiazepines 2 and
4 interact through their bicyclic rings with FPP and their
benzene ring is exposed to the solvent similar to the valine side
chain of the tetrapeptide. 1,4-Benzodiazepine 3 partly mimics
the binding mode of Val and Ile of the CaaX motif while
position 5 is close to the Ile and Met of the CaaX motif. The
functionality map of 1,4-benzodiazepine is particularly inter-
esting as it gives some hints on the binding mode of the FTase
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Table 1. SEED functionality maps of the FTase-FPP complex

Ranka

Intermolecular Electrostatic desolvation

DGb
binding

Sitec and H-Bond
partnersdvdWaals Elect Receptor Fragment

Hydrophobic groups
Propane

1 210.6 0.5 4.2 0.0 25.8 M
2 210.4 0.1 5.8 0.0 24.5 M
3 26.4 0.6 1.3 0.0 24.5 I
4 27.2 0.1 3.1 0.1 23.9 Leu96b, Trp106b
5 29.3 0.1 5.4 0.0 23.7 M

Benzene
1 26.8 0.4 2.4 1.2 22.9 I; Trp102b, Trp106b,

Tyr361b
2 25.4 0.5 1.1 1.2 22.6 Leu96b, Trp106b,

Tyr361b
3 26.7 20.1 3.1 1.1 22.5 V; FPP
4 27.3 20.3 3.9 1.3 22.4 Leu96b, Trp106b
5 211.6 0.2 7.9 1.1 22.4 M; Trp102b, Tyr131a,

Ser99b
5-Phenyl-1,4-benzodiazepine-2-one

1 215.8 23.2 10.5 2.3 26.3 FPP, Leu96b, Ala129a
2 215.2 21.7 8.8 2.1 26.0 FPP, Ala129a, Tyr166a
3 215.9 21.9 10.0 2.2 25.6 V,I; Ala129a, Tyr166a,

Trp102b
4 214.5 20.1 7.1 2.1 25.3 FPP, Tyr166a, Ala129a
5 222.1 0.5 14.0 2.3 25.3 I,M; Trp102b, Tyr131a,

Ser99b
Polar groups

Phenol
1 25.7 27.6 3.4 3.0 27.0 V; Lys164aCO
2 25.1 28.4 3.3 3.4 26.8 V; Lys164aCO
3 26.1 28.5 5.1 3.9 25.7 I; Arg202bNz

4 25.9 28.6 5.6 3.9 25.0 M; Tyr166aNH,
Asn165aNd2

5 23.0 28.3 4.5 3.1 23.8 V; Lys164aCO
Imidazole

1 29.4 22.4 4.6 2.7 24.6 M; Ser99bOH,
Ala98bCO

2 25.7 23.3 2.4 2.3 24.3 V; Lys164aCO
3 28.6 23.1 5.6 2.6 23.4 M; Ala98bCO,

Ser99bOH
4 29.2 22.9 6.3 2.7 23.2 M; Ala98bCO
5 24.9 23.3 2.8 2.4 22.9 V; Lys164aCO

Charged groups
Methyl-ammonium

1 23.2 268.3 21.9 42.3 27.3 PPe; Asp297bOd2

2 23.2 216.5 2.6 21.4 4.3 V; Lys164aCO
Acetate

1 21.7 211.1 7.8 11.3 6.3 Lys164aNz

All energy values are in kcal/mol.
a Ranked among the positions of the same fragment type according to total binding energy.
b Sum of the values of the preceding four columns, i.e., intermolecular and electrostatic desolvation energies.
c Sites occupied by the tetrapeptide substrate (NH2-Cys-Val-Ile-Met-COOH) are defined by the one-letter code, while interactions with FTase and/orFPP
are defined by the three-letter code.
d For positions with more than one H-bond partner, the first H-bond partner in the list is the one that was used by SEED for docking.
e Pyrophosphate moiety of FPP.
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inhibitors proposed by James et al.42 In their series of 1,4-
benzodiazepine inhibitors, the C-3 atom is substituted by a Cys
and the N-1 atom by either a Ser, Leu, or Met. The compound
with the Met substituent yielded the best inhibitory activity of
the ten compounds tested.42 The SEED results strongly suggest
that these inhibitors bind in an extended conformation similar
to that of the CaaX motif. The cysteine of the inhibitor coor-
dinates the zinc. The seven-membered ring of the bicyclic
system of the 1,4-benzodiazepine overlaps the backbone of the
Val (a1) residue while the six-membered ring interacts with
Trp106a and Tyr361a (usually in contact with the a2 residue).
The 5-phenyl substituent is exposed to the solvent. The methi-
onine of the inhibitor fills the same narrow pocket as the
corresponding side chain of the tetrapeptide substrate.

Polar Fragments The polar neutral groups of the SEED
library are distributed over the hydrophilic regions of the FTase

binding site. The functional groups of the Tyr (phenol) and His
(imidazole) side chains are discussed in details. The other polar
fragments showed analogous distribution patterns.

Phenol. Representatives 1, 2, and 5 act as hydrogen bond
donors to the main chain CO of Lys164a and overlap the Val
(a1) side chain of the tetrapeptide substrate (Color Plate 4a,
Table 1). This suggests that a polar side chain (i.e., threonine or
tyrosine) at position a1 might increase the affinity of CaaX-
mimicking inhibitors towards FTase. The benzene ring of phe-
nol 3 is close to the Ile (a2) residue of the tetrapeptide and its
OH-group accepts a hydrogen bond from the Nz atom of
Arg202b. Phenol 4 acts as a hydrogen bond acceptor for the
NH2 group of the Asn165a side chain.

Imidazole. Imidazoles 1, 3, and 4 (Color Plate 4b) overlap
the Met side chain of the tetrapeptide. They donate a hydrogen
bond to the OH-group of Ser99b or to the main chain CO of
Ala98b. The desolvation penalty of the receptor at this position
is more than two times higher than for imidazoles 2 and 5 (as
already noticed for benzene). The van der Waals energies for
positions 1, 3, and 4 are more favorable than for positions 2 and
5 because the pocket containing the Met side chain is more
concave than the one of the Val. Both the apolar and polar
fragments at this position pay a considerably large penalty of
desolvation but their van der Waals energy is very favorable.

Charged Fragments Eight of the 12 charged fragments
docked by SEED have an unfavorable, i.e., positive free energy
of binding mainly due to fragment and protein desolvation. The
four fragments withDGbinding , 0 are benzamidine, methyl-
amidine, methyl-ammonium, and methyl-guanidinium. The
methyl-ammonium representative with the most favorable
DGbinding contacts the pyrophosphate moiety of FPP (see be-
low), while the best benzamidine, methyl-amidine, and methyl-
guanidinium form a hydrogen bond with the main chain CO of
Lys164a. For mapping the peptide substrate binding site, the
functional groups of the Lys side chain (methyl-ammonium),
and Asp and Glu side chains (acetate) are discussed.

Methyl-ammonium. Of all positions of methyl-
ammonium, only representative 1 has a favorable free energy
of binding (Table 1). It interacts with the pyrophosphate group
of FPP in accord with the experimentally determined position
of a manganese ion.43 The desolvation of the receptor is high
but is compensated by a very good electrostatic interaction
energy. Methyl-ammonium 2 to 5 interact with the main chain
CO of Lys164a. As this position is less buried in the receptor
than that of representative 1, the desolvation of the fragment is
considerably reduced. Yet, methyl-ammonium 2 to 5 have an
unfavorableDGbinding because the desolvation penalty is not
compensated by the intermolecular interactions, which are
screened by the solvent (Table 1).

Acetate. None of the positions of acetate has a negative
total free energy of binding (Table 1). The first 5 clusters
interact with Lys164aNz. The acetate closest to the carboxy
terminus of the CVIM substrate has a rank of 65 and an
unfavorable binding energy. In the crystal structure of the
ternary complex a water molecule bridges the carboxy terminus
of the peptide substrate to the side chains of His149b,
Glu198b, and Arg202b.31 This water molecule was not taken
into account in the SEED docking.

Table 2. Variability and possible modifications of the
CaaX motif

C a1 a2 X

Mammalian andS.
cerevisiaesequencesa

Cys Val
Ile
Ala
Cys
Ser

Val
Ile
Leu

Met
Leu
Ser
Ala
Cys

Tetrapeptides of Reiss
et al.b49

Leu
Phe
Lys
Glu
Gly
Pro

Thr
Ser
Pro
Ala

Phe
Val
Pro
Ile

Tetrapeptide inhibitors of
Goldstein et al.54

Penc Phe
Tyr
Trp

SEED resultsd

propane 20.5 24.5 25.8
benzene 1.2 22.9 22.4
phenol 23.8 22.1 0.3
indole 23.1 3.8 0.2
imidazole 22.9 21.0 24.6
methanol 22.6 22.1 22.2
amide 210.0 — 26.0

Sequences proposed on the
basis of SEED mapse

Tyr
Trp
His
Thr
Asn
Gln

Phe
Tyr
Thr
His

Val
Ile
Phe
His
Thr
Asn
Gln

a COOH-terminal tetrapeptide sequences.1,17,51–53Residues in italics appear
only in S. cerevisiae.
b Only residues not listed in the first row and with IC50 values,10mM are
given. They are ordered according to IC50 values.
c L. penicillamine.
d The values listed are the most favorable binding energy at the corre-
sponding position in kcal/mol.
e Only residues not found in the mammalian andS. cerevisiaesequences
are given.
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Comparison with Experimental Data on Peptidic
Substrates and Inhibitors

In the last decade, several studies on the substrate specificity of
FTase have been published.45–50Reiss et al.49 used a positional
scanning approach to mutate the Cys-Val-Ile-Met substrate
independently at the three positions downstream of the cys-
teine. This yielded a wide variety of tetrapeptide sequences.
These CaaX-derived motifs were then tested for their ability to
compete with p21Ha-ras for acceptance of a farnesyl group. In a
recent study, Boutin et al.50 synthesized a tetrapeptide library
on solid phase. The tetrapeptides were tested for their ability to
serve as substrate for farnesylation by measuring the consump-
tion of [3H]farnesyl pyrophosphate. The main difference be-
tween the results of Reiss et al. and Boutin et al. is that Gln was
found to be favorable at a2 by the latter. The slightly different
conclusions of the two groups about the substrate specificity of
FTase indicate that some mutations of the CaaX motif at one
position might be incompatible with a simultaneous mutation at
another position of the CaaX motif.

The results of the present computational study can be used to
suggest modifications of the CVIM motif that might improve
the binding affinity of peptidic CaaX-like inhibitors. The
SEED results indicate that a polar residue (Thr, Tyr, Asn, or
Gln) is favored at the a1 position, which is consistent with the
data of Boutin et al.50 In the crystal structure of the ternary
complex, the Val (a1) residue of the tetrapeptide is exposed to
the solvent and the environment in this part of the FTase
binding site is rather hydrophilic, which is mainly due to the
main chain carbonyl group of Lys164a. Furthermore, a recent
crystal structure of FTase complexed with the C-terminal
amino acid sequence of K-Ras4B suggests that inhibitory tet-
rapeptides could bind by adopting ab-turn conformation with
a completely different orientation of the Val (a1) side chain if
the FTase is depleted of the zinc that was shown to be unnec-
essary for stability.43

The functionality maps show a clear preference for hydro-
phobic residues at the a2 position. This is in agreement with
experimental data.43,49,54 The benzene and phenol groups are
also well accomodated in a2, in accord with known inhibitors
containing Phe or Tyr at a2.54 Goldstein et al.54 have shown
that CaaX tetrapeptides that contain an aromatic residue at the
a2 position are not farnesylated and act as true inhibitors.

The SEED results for apolar and polar fragments suggest
that the last residue of the CaaX motif can be either hydropho-
bic or hydrophilic. The natural substrates usually prefer a Met
side chain, while mutational studies found that Ser and Gln can
be accommodated as well.49,50The values of the intermolecular
van der Waals interactions and the desolvation energies of the
receptor at the position X are comparable for apolar and polar
fragments (Table 1).

Library of Indolic FTase Inhibitors

Several known drugs contain an indole or an indole derivative
as scaffold.27 Moreover, it has been shown that polysubstituted
indoles can be synthesized combinatorially on the solid
phase.29,30 To generate indolic candidate ligands, CCLD was
applied on the SEED maps of the 65-fragment library. The
indole was docked manually. This is necessary because SEED
was developed to obtain favorable interactions of a small
fragment with the binding site of a protein. Central skeletons,

in contrast, usually do not exhibit strong interactions with the
protein but only their substituents do. In the crystal structures
of the ternary complex, only two groups of the tetrapeptide
backbone are hydrogen bonded to FTase: the CO of Ile (a2)
acts as acceptor for the side chain of Arg202b and the
C-terminal carboxy accepts from the amid group of the side
chain of Gln167a.31,43Hence, the indole can be used to replace
the peptide main chain without a significant loss in binding
affinity. The set-up of the CCLD run was performed as out-
lined in the Methods section. This led to 754 1,5-disubstituted
indoles. From these results, a library of possible substituents
was derived by considering the fragments which show the most
favorable interactions with the protein (Figure 2). Many of
these compounds can be synthesized by a combinatorial ap-
proach and for those that are not accessible, close analogs with
slightly modified substituents can be synthesized.30 The can-
didate ligands fill the Met binding pocket with the C-5 sub-
stituent and the region occupied by the Val side chain with the
substituent at N-1 (Color Plate 5). Nothing larger than a methyl
group is allowed at C-3, because this part of the indole is close
to the protein, namely to residues Tyr166a and Arg202b. Two
CHARMm22 minimizations, one within the rigid protein and
one for the isolated ligand, were performed on each member of
the indolic library and the VIM peptide to determine the
intermolecular energy and the strain of the candidate ligands
upon binding to the FTase. No major displacement could be
observed upon minimization and the hydrogen bonds between
the substituents and FTase are conserved in most cases. Most
of the indolic compounds bearing the substituents shown in
Figure 2 had little strain upon binding to the FTase (,6
kcal/mol). The SEED binding energies of the candidate ligands
are more favorable than that of the minimized VIM tripeptide
(Table 3). This is due to significantly better electrostatic inter-
actions, while the other energy terms are comparable. The
CHARMM binding energies, which do not include solvation,
are comparable (Table 4). Although it is outside the scope of
this study, it might be interesting to use a multi-layer scoring
system as proposed by So and Karplus55 to try to predict the
binding affinity of the candidate ligands.

CONCLUSIONS

The comparison of the hydrophobicity maps of the unliganded
and complexed FTase has revealed that the binding of FPP
significantly increases the apolar character of the active site
surface. The displacement of the Arg202b side chain upon
binding of FPP is an example of induced fit in which the ligand
modifies the electrostatic properties of the binding site. The
program SEED was used to dock small- and medium-sized
fragments into the region of the FTase active site where the
CaaX motif binds. The SEED functionality maps are consistent
with crystallographic data31,43,44and define two main features
of potent peptidic ligands. The first is the need for a polar side
chain at a1, which is in contrast with known mammalian
sequence1,17,51–53but in accord with recent experimental results
on combinatorial tetrapeptide libraries.50 Furthermore, recent
X-ray data indicate that the position of the Val side chain at a1
is not optimal and its orientation is completely different in a
zinc-depleted FTase.43 The second feature is the importance of
aromatic side chains at position a2, which is in agreement with
results obtained using a thin layer chromatography assay to
define classes of peptidic inhibitors that are not farnesylated.54
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Figure 2. Library of indolic FTase inhibitors.
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The detailed functionality maps presented in this paper, which
are available in electronic format upon request, might facilitate
the design of novel inhibitors of FTase as well as the optimi-
zation of known lead compounds.

A library of 1,3,5-substituted indoles was designed by using
the SEED functionality maps as input for the program CCLD.
Although both the SEED binding energies, which contain sol-
vation, and the CHARMM energies of these candidate ligands
are favorable, the validity and usefulness of the present indolic
library have to await synthesis and measurements of inhibitory
potency.
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