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New CA1A2X peptidomimetics are described as Ras farnesyl transferase inhibitors (FTIs). They
include cysteine and methionine as mimetics of the C-terminus sequence of farnesylated
proteins. Furthermore, cysteine was replaced by heterocycles, taking into account the role of
zinc and the metabolic instability of amino acids. The molecular docking of 8 in the active site
of the enzyme and the pharmacological evaluation of the compounds are illustrative of a new
class of FTIs.

Introduction

Ras oncogenes are found activated in a variety of
tumors, with the highest incidence observed in cancers
of the pancreas (ca. 90%), colon (ca. 50%), and lung (ca.
30%).1-3 The important role played by Ras protein in
the signal transduction process involved in cell division
has been documented.4,5 Molecular events that lead to
Ras activation are mainly dependent on its membrane
association.6,7 A post-translational modification that
includes the prenylation of Ras by farnesyl protein
transferase (FTase) promotes its anchoring to the cell
membrane.8 It is therefore conceivable that inhibition
of FTase would be a target for developing potential
anticancer agents.9

Many classes of farnesyl transferase inhibitors (FTIs)
have been reviewed.10-13 In addition, the crystal struc-
ture of FTase was determined at 2.25 Å resolution and
revealed essential information about the active site.14

The existence of a high-affinity hydrophobic aromatic
pocket15,16 in the peptidic strategy based on the C-
terminal CAAX motif of the Ras protein is the subject
of increasing interest. Recent results are illustrated by
(i) replacement of Cys by heterocycles such as pyri-
dine17,18 and imidazole19 or by cyclohexylamine20 and
(ii) modulation of the A1A2 tensor with benzodiazepine,21

diaryl ether, or diaryl sulfone.22 Recent advances con-
cerning competitive inhibitors are illustrated by non-
peptide surrogates for the central moiety such as
benzylamine substituted either by 1-(4-cyanobenzyl)-
imidazole (IC50 ) 0.1 nM)23 or by pyridine (IC50 ) 0.4
nM).18

On the other hand, the screening of chemical data-
bases made it possible to identify randomly selected
compounds interacting with the enzymatic active site.24

Clinical trials of non-peptidic, non-thiol FTIs, 1-(4-N-
carboxamidopiperidinylacetyl)-3,10-dibromo-8-chloro-
5,6-dihydro-11H-benzo[5,6]cyclohepta[1,2-b] pyridin-11-
yl)piperidine (SCH-66336) and 6-[amino-(4-chlorophenyl)-
(1-methyl-1H-imidazol-5-yl)methyl]-4-(3-chlorophenyl)-

1-methyl-2-1H-quinolinone (R-115777), suggested that
their pharmacological profiles are largely compar-
able.19,25-29 Taking into account these molecular and
pharmacological results, we decided to design peptido-
mimetic compounds based on the cysteinyl-valinyl-
phenylalanyl-methionyl (CVFM) motif and that contain
the cysteine and methionine residues, which have been
proven to be necessary for recognition, and hence
farnesylation, of the K-Ras protein (oncogenic K-Ras 4B
is known to be predominant in human cancers).30

The two aliphatic residues were replaced by a non-
peptidic spacer that could suitably orient the essential
elements for specific interaction with the enzyme. On
the basis of molecular modeling studies (data not
shown), it appeared that a piperidine bearing an exo-
cyclic amino group could be an analogue but a better
connector than the classically used heterocycles 1,4-
benzodiazepine31 or piperazine.32,33 Furthermore, the
FTase active site studies emphasized the crucial role of
Zn2+, which is required for the binding of the protein
substrate and for coordination to the cysteine to facili-
tate deprotonation of the thiol group during cataly-
sis.12,14 These observations led us to design molecules
with a cysteinyl substituent possibly replaced by het-
erocyclic groups to circumvent the metabolic instability
of the amino acid (i.e., free amino and sulfhydryl
moieties). Moreover, the tested molecules possess an
ester function for enhancing cell penetration, which may
be detrimental for FTase inhibition.20,25,34

Chemistry

The key intermediate 1 (Scheme 1) was obtained by
reductive amination of N-Boc-4-piperidone using
H-Met-OMe followed by an acylation and a cleavage
of the protecting Boc group.

The synthesis of target compounds required the
preparation of cysteinyl or adequate heterocyclic sur-
rogates, i.e., thiazolidine, thiazole, and imidazole. (R)-
Cysteine was N,S-protected by Boc groups by a conven-
tional method. Meanwhile, (R)-thiazolidine-4-carboxylic
acid was N-Boc-protected by a simpler method. Thia-
zole-4-carboxylic acid and 4-hydroxymethylthiazole were
obtained by classical methods from ethyl 2-aminothiazole-
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4-carboxylate.35,36 4-Chloromethyl-1-tritylimidazole37 was
obtained in two steps from commercially available
4-hydroxymethylimidazole by N-tritylation and chlori-
nation of the primary alcohol.

The target compounds 2-11 were obtained by acyla-
tion or alkylation of the key intermediate 1. As depicted
in Scheme 1, the coupling reaction (PyBOP) with N,S-
bis-Boc-(R)-cysteine, N-Boc-(R)-thiazolidine-4-carboxylic
acid, or N-Boc-(S)-thiazolidine-4-carboxylic acid gave the
N-acylated compounds 2, 3, or 4, respectively, while 5
resulted from the reaction involving thiazole-4-carbonyl
chloride.38 Deprotection of the amine and/or thiol func-
tion of 2-4 under acidic conditions (MeOH/HCl) led to
8-10. The substitution of 1 with mesylate of 4-hy-
droxymethylthiazole or chloromethyl-1-tritylimidazole
gave the corresponding N-alkyl compounds 6 or 7,
whereas the N-trityl derivative 7 gave 11 after depro-
tection with TFA.

Biological Data

The target compounds 1, 5, 6, and 8-11 were tested
for their ability to inhibit the FTase catalyzed transfer
of the FPP moiety to dansyl-GCVLS and GGPT I,
which catalyses the transfer of GGPP moiety to dansyl-
GCVLL.30,39 Commercially available N-[2(S)-[2(R)-amino-
3-mercaptopropylamino]-3-methylbutyl]-Phe-Met-
OH40 (B.581) and H-Cys-4-Abz-Met-OH41 were used
respectively as FTI1 and FTI2 references for the tests.
Biological data are summarized in Table 1.

Results and Discussion
Compound 1 (IC50 > 100 µM) demonstrates first that

the structure that replaced AAX is not adequate for
inhibition. Cysteine is certainly a key element for
enzyme recognition. Thus, the presence of this residue
on the piperidinic scaffold (compound 8) found expres-
sion in high inhibitory potency (IC50 ) 20 nM). More-
over, the importance of the thiol group was investigated
by considering thiazolidine as a substitute for cysteine,
and this change (compound 9) was expressed by a
moderate IC50 (2.1 µM). In an effort to understand the
effect of stereochemistry on FTase inhibition, we com-
pared the activity of the diastereomeric compounds 9
(R,S) and 10 (S,S). These compounds exhibit very little
potency, indicating that the configuration, at least that
of cysteinyl analogue, was essential for biological activ-
ity. The presence of aromatic thiazole (compound 5)
instead of thiazolidine was not beneficial.

We then focused on the restriction of conformational
flexibility of cysteine analogues; the amide function of
thiazole 5 was reduced, leading to a slight increase in
inhibitory potency (IC50 ) 41.7 µM). These results are
relevant to other studies that described improved
inhibitory potency42 after reduction of a peptidic bond.

The prevalence of histidine as a key ligand in met-
alloenzymes43 led us to incorporate an imidazole ring
(compound 11) whose IC50 was only 16.2 µM. This result
was promising, and to prove the interaction of the thiol
group with Zn2+ in the active site, it seemed interesting
to determine whether a more appropriate spacer of the
imidazole ring (relative to the remainder of the tripep-
tide mimetic scaffold) would not be favorable. A new
spacer able to maintain the appropriate distances and
conformational constraints between cysteine (or ana-
logues) and methionine was therefore defined. Com-
pound 8 is as potent as the reference compounds we
used for the in vitro tests.40,41 FTI1 and FTI2 were also
designed along the CVFM model. Despite the presence
of methionine in both compounds, a more striking FTase
selective result was observed for compound 8 than for
FTI1.

Cellular activity was also investigated for final depro-
tected compounds. The whole cell activity profile of FTIs
was evaluated using the growth assay on NIH/3T3 cells.
The better results came from a comparison of the
inhibitory potency of compounds in the antiproliferative
test compared with the enzymatic test. Thiazolidine 9
presented nearly 70% proliferation inhibition at a
concentration of 1 µM; such a property was not observed
for 8 (cysteine) and 11 (imidazole). Its stereoisomer 10
is clearly inactive and confirms the results of the
enzymatic study. Despite our objective to enhance

Scheme 1a,b

a Reagents: (method A) N,S-Bis-Boc-(R)-cysteine or N-Boc-(R)-
thiazolidine-4-carboxylic acid or N-Boc-(S)-thiazolidine-4-carboxy-
lic acid, PyBOP, DIPEA, CH2Cl2; (method B) thiazole-4-carboxylic
acid hydrochloride, SOCl2, N(Et)3, CH2Cl2; (method C) 4-meth-
anesulfonylmethylthiazole or 4-chloromethyl-1-tritylimidazole,
N(Et)3, acetone; (method D) THF, MeOH/HCl; (method E) TFA,
CH2Cl2. b Hydrochloride.

Table 1. FTase and GGPT Activities of Reference Compounds
and of 1, 5, 6, 8-11

IC50 (µM)

FTase GGPT

FTI1 0.034 ((0.001) 5.1 ((0.7)
FTI2 0.072 ((0.015) >100
1 >100
5 52.5 ((1.1) >100
6 41.7 ((0.7) >100
8 0.020 (( 0.002) >100
9 2.14 ((0.84) >100
10 >100
11 16.2 ((0.6) >100
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cellular uptake and to improve stability toward pro-
teases using methyl methioninate, these results are
likely to reflect poor cell penetration.

Molecular Modeling Data

It is known that the peptidic CA1A2X sequence is
sufficient for FTase recognition/inhibition, whereas
specific features of this sequence are selective of FTIs.
Cysteine residue is present in all FTase protein sub-
strates. Systematic amino acid replacements within the
CA1A2X sequence showed that the A1 position was the
most flexible, the A2 position could either be an aliphatic
amino acid or an aromatic residue, and X was optimally
a methionine. However, peptides with an aromatic
residue in the A2 position, as exemplified by CVFM (the
most potent tetrapeptide FTI), were shown to be non-
substrate FTI kinetically competitive with protein sub-
strate.

By use of CVFM as a starting point, our design led to
the synthesis of a dipeptide mimetic scaffold with the
affixed cysteine and methionine residues and subse-
quently to the replacement of cysteine.

To justify our choice of hydrophobic scaffold able to
correctly position the cysteine (or its surrogates) and
methionine units and to establish a pharmacophoric
model derived from the potent CVFM, molecular model-
ing was used. Comparison of the CVFM structure with
that of 8, which presented the best inhibition potency
(IC50 ) 20 nM), was carried out. It was noted that the
lowest energy conformation of CVFM was globular and
was stabilized by six intramolecular hydrogen bonds.
Nevertheless, no true turn was identified. It was
noteworthy that the conformational space created pre-
sented 50% of the extended conformation.

The superimposition of 8 and CVFM using genetic
algorithm similarity program (GASP) made it possible
to establish 50 molecular alignments. Among those that
were visualized, four were chosen because of their
ability to position key elements such as the thiol group
in the same way, which is essential for farnesylation
and the aromatic moiety. Afterward, we noted that they
had the best-fitting scores. The pharmacophoric ele-
ments to be considered were the terminus NH2, the
carbonyl of cysteine, the aromatic ring, and the carbonyl
group of phenylalanine of the CVFM peptide.

After discarding three out of four of the remaining
alignments (on the basis of energetic criteria), the
selected ones offered extended structures differing by
about 20 kcal/mol from the global minimum and by 5
kcal/mol from the lowest energy extended conformation.
This analysis favors extended conformation for inhibi-
tory activity on the enzyme and agrees with previous
results.11

On the other hand, enzyme crystallographic data at
2.25 Å resolution from the Brookhaven Protein Data
Bank (PDB) enabled us to study the active site described
as two clefts that intersect at a bound Zn2+.14 Lys164,
Arg291, Tyr200, His248, and Tyr300 were selected
because of their proven interaction with the terminal
COOH of a nonapeptide inhibitor. Zn2+, essential for the
farnesylation of the thiol group, was also selected as a
key element. After 8 was fit into the active site and
when flexible docking was used, the appropriate geom-
etry was identified that facilitated the potentiality of

two hydrogen bonds with the Lys164 and Tyr300 of the
active site and correctly positioned the essential thiol
group in front of Zn2+ (Figure 1). In addition, a hydro-
phobic interaction between both aromatic moieties of
compound 8 and His248 may reinforce docking. These
results may be compared with those resulting from the
crystal structure of the FTase-CVIM complex; the
tetrapeptide substrate also adopts an extended confor-
mation where binding and recognition are dominated
by side chain interaction.44

Conclusion

The synthesized non-peptide Ras CAAX mimetics are
potent inhibitors of FTase and are selective against
GGTase. The potency in whole cells of 9, as well as the
discovery of a potent FTI, 8 (IC50 ) 20 nM on isolated
enzyme assay), confirms that these Ras CAAX mimetics
have several desirable features for further drug design.
Moreover, on the basis of modeling studies, we con-
firmed the design of the structure. Possible interactions
in the active site were found, and they confirmed in vitro
activity, leading to the hypothesis of a nonoccupied
pocket. It would therefore be interesting to focus on the
use of this free site to increase interaction with the
enzyme. We are currently investigating this point and
developing a new series of non-sulfhydryl molecules.
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