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Abstract A variety of compounds that show promise in cancer chemotherapy and chemoprevention have been
identified as farnesyltransferase inhibitors. These can be classified into mainly two different types of inhibitors, farnesyl
diphosphate competitors and CAAX peptidomimetics. The former type acts by competitively inhibiting farnesyltransfer-
ase with respect to one of the substrates, farnesyl diphosphate, whereas the latter type acts by mimicking the other
substrate, the C-terminal CAAX motif of Ras protein. One example of a farnesyl diphosphate competitor is manumycin,
an antibiotic detected in the culture media of a Streptomyces strain. The CAAX peptidomimetics were developed based
on the unique property of farnesyltransferase to recognize the CAAX motif at the C-terminus of the protein substrate. Our
recent studies have focused on understanding the structural basis of this CAAX recognition. By using in vitro
mutagenesis, residues of yeast farnesyltransferase important for the recognition of the CAAX motif have been identified.
Two of these residues are closely located at the C-terminal region of the b-subunit of farnesyltransferase. These and other
results on the structural basis of the CAAX recognition may provide information valuable for structure-based design of
farnesyltransferase inhibitors. J. Cell. Biochem. Suppl. 27:12–19. r 1998 Wiley-Liss, Inc.†
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Recent studies on Ras led to the identifica-
tion of a variety of compounds called farnesyl-
transferase (FTase) inhibitors [1,2]. These com-
pounds block membrane association of Ras
proteins, which play important roles in human
tumor formation. Mutations of Ras ,which re-
sult in constitutive activation of the protein,
have been identified in a wide range of human
tumors [3]. However, the mutant Ras cannot
transform cells if its membrane association is
blocked. Some of these compounds inhibit an-
chorage-independent growth of ras-transformed
cells while showing little effect on the growth of
untransformed cells. These results raise the

possibility that FTase inhibitors are effective in
cancer chemotherapy and chemoprevention.

The membrane association of Ras is cata-
lyzed by a series of post-translational modifica-
tions that occurs at a conserved motif found at
the C-terminus of Ras [3–5]. This sequence is
called the CAAX motif (cysteine, aliphatic amino
acid, aliphatic amino acid, and the C-terminal
amino acid which is usually methionine, ala-
nine, cysteine, glutamine, or serine). The modi-
fication events include addition of a farnesyl
group to the cysteine in the CAAX motif, re-
moval of the three C-terminal amino acids, and
carboxyl methylation of the exposed cysteine.
Ras proteins, except K-rasB, undergo further
modification by the addition of a palmitoyl
group. These subsequent modification events
are inhibited when farnesylation is blocked,
leading to the accumulation of unmodified Ras
proteins in the cytosol.

FTase, which catalyzes the farnesylation of
Ras, is a heterodimeric enzyme consisting of a
and b subunits [1,6]. This enzyme recognizes
the C-terminal CAAX motif of Ras protein and
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transfers a farnesyl group from farnesyl diphos-
phate (FPP) to the cysteine in the CAAX motif.
The enzyme is found in a wide variety of organ-
isms, and the structure and function of the
enzymes from human to yeast are very similar.
FTase belongs to the protein prenyltransferase
family which also includes geranyl-geranyl
transferases (GGTases) I and II. GGTase I modi-
fies proteins ending with the CAAL motif (simi-
lar to the CAAX motif except that the C-
terminal amino acid is predominantly leucine
or phenylalanine) with a geranylgeranyl group.
GGTase II modifies proteins ending with CysCys
or CysXCys with geranylgeranyl groups. GG-
Tase I substrates include RhoA and Cdc42 pro-
teins, whereas GGTase II substrates include
Rab family of G-proteins.

In this paper, we first review the develop-
ment of a wide variety of compounds that act as
FTase inhibitors. Then we discuss our recent
study to understand substrate recognition by the
FTase enzyme. These structurally based studies
may provide additional information for the ratio-
nal design and development of FTase inhibitors.

FARNESYLTRANSFERASE INHIBITORS

More than sixty compounds have been identi-
fied over the years as FTase inhibitors [1]. Some
of these compounds are shown in Figure 1.
Manumycin was identified by a microbial screen
that was developed in 1990 [7,8]. This screen
was based on the growth inhibitory activity of
the Gbg-complex of yeast heterotrimeric
G-protein. Cells with the Ga-subunit disrupted
do not grow, since the Gbg-complex is free to
exert its growth-inhibitory effect. This inhibi-
tion depends on the farnesylation of the Gg-
subunit, Ste18. Thus, inhibition of the prenyla-
tion of Ste18 rescues the cells from the growth
inhibition. A simple microbial screen based on
the above principle enabled the screen of cul-
ture media from more than 20,000 organisms.
This screen identified manumycin, an antibi-
otic with long hydrophobic side chains (Fig. 1).
Manumycin inhibits FTase with a Ki of 1.2 µM.
It is a competitive inhibitor of FTase with re-
spect to one of the substrates, FPP. This is in
agreement with the results pointing to the im-
portance of a long side chain for FTase inhibi-
tion. Manumycin A, which has a longer side
chain than manumycins B and C, exhibits the
strongest inhibition among the three. A differ-
ent screen utilizing an in vitro FTase assay
identified tricyclic compound SCH44342 [9]. Re-

sults of kinetic analysis are consistent with the
idea that this compound acts as a competitive
inhibitor of FTase with respect to the protein sub-
strate.

Protein substrates of FTase contain a se-
quence called the CAAX motif. As discussed
before, this motif is recognized by farnesyltrans-
ferase, which transfers a farnesyl group to the
cysteine within the CAAX motif, forming a
thioether linkage. Development of peptidomi-
metic inhibitors was initiated upon discovering
that FTase activity can be inhibited by a tetra-
peptide having the CAAX motif [10]. This was
followed by the finding that introduction of an
aromatic residue such as phenylalanine at the
second ‘‘A’’ position of the CAAX tetrapeptide
destroys the ability of the peptide to serve as a
substrate while maintaining its ability to in-
hibit FTase reaction [11]. The tetrapeptides,
however, need to be further modified to make
them resistant to proteases and to enable them
to cross the membrane barrier. Approaches
taken to overcome these difficulties include re-
duction of peptide bonds, esterification of the
C-terminal carboxylate, and replacement of the
central peptide moiety with groups such as
benzodiazepine groups or aromatic ring sys-
tems [12–15]. Structures of three different pep-
tidomimetics, L739,749, B581, and FTI-276, are
shown in Figure 1.

BIOLOGICAL ACTIVITIES OF
FARNESYLTRANSFERASE INHIBITORS

Biological activities of manumycin have been
investigated in three different systems: the
yeast, C. elegan, and mammalian cell lines. In
yeast, ras activation leads to heat shock sensi-
tivity. However; such yeast cells exhibit heat
shock resistance when they are grown in the
presence of manumycin [16]. In C. elegans, ras
activation leads to multivulva phenotypes.
These phenotypes are suppressed by the addi-
tion of manumycin [17]. Finally, manumycin
has been shown to inhibit the growth of human
colon carcinoma cells, LoVo and hepatoma cell
lines, Mahlavu and PLC/PRF/5 [18]. Ras farne-
sylation in these cells was blocked at 15 µM
concentration. Manumycin also inhibited the
growth of ras-induced tumors transplanted into
mice with the T/C value of 0.37 with 6.3 mg/kg
dose [7].

SCH44342 exhibits the ability to cause mor-
phological reversion of cells transformed with
H-ras but not with a geranylgeranylated Ras
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[9]. Furthermore, this compound does not inter-
fere with PDGF activation of MAP kinase in
NIH3T3 cells, suggesting that its effect on un-
transformed cells is minimal.

Peptidomimetics exhibit remarkable biologi-
cal activities towards ras-transformed cells [12–
15, 19–24]. These compounds inhibit Ras pro-

cessing in vivo with concentrations around 1
µM, and inhibit growth of ras-transformed cells
in soft agar with 1–50 µM concentrations. They
also cause morphological reversion of ras-
transformed cells. K-ras transformed cells are
relatively resistant to FTase inhibitors and re-
quire higher concentrations. Inhibition of the

Fig. 1. Structure of some representative FTase inhibitors.
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growth of tumors transplanted in mice is re-
ported with H-ras-transformed NIH3T3 and
Rat1 cells. In the case of L744,832, a derivative
of L739,749, regression of activated H-ras-
induced mammary tumors in mice was achieved
[24]. The effect was transient, and removal of
the compound resulted in the reappearance of
tumors, suggesting that the peptidomimetics
show reversible effects.

A remarkable feature of the peptidomimetics
is their lack of effect on untransformed cells.
This is evident from two types of observations
[12–15,19–24]. First, untransformed fibroblasts
continued to grow in the presence of inhibitors.
Second, no abnormalities were detected with
animals treated with the peptidomimetics. This
was unexpected, since wild-type Ras proteins
also require farnesylation for their function.
One possible reason why FTase inhibitors ex-
hibit specific effects on transformed cells is that
K-rasB and N-ras can be geranylgeranylated in
the presence of the inhibitors. Another possibil-
ity is that, in transformed cells, unprocessed
mutant Ras proteins complexed with their
downstream target, Raf, accumulate in the cyto-
sol, and act to exert a dominant inhibitory
effect. Such a complex does not accumulate in
untransformed cells, because Ras exists mainly
in a GDP bound form and the complex readily
dissociates.

Perhaps the most surprising observation con-
cerning FTase inhibitors is the lack of correla-
tion between the state of ras mutation and the
sensitivity to FTase inhibitors. A large number
of cancer cell lines have been examined for their
sensitivity to the FTase inhibitor, L-744,832
[25]. While the soft agar growth of over 70% of
all tumor cell lines tested was inhibited by the
inhibitor, the response to the drug was ob-
served irrespective of whether the cell con-
tained mutated ras. This, together with other
observations that biological effects of the inhibi-
tors were seen at concentrations of inhibitors
not sufficient to inhibit modification and mem-
brane association of K-rasB protein, and the
time course of biological effects of the FTase
inhibitors did not correlate with the time course
of the inhibition of Ras modification, led to the
idea that FTase inhibitors may reverse cellular
transformation by preventing farnesylation of
another target(s) (target X) required for tumori-
genesis [26–28]. Several proteins for this target
X have been proposed. One is the Rho-family of
small GTP binding proteins, which control cell

morphology. It has been shown that FTase in-
hibitors block farnesylation of RhoB both in
vivo and in vitro and that the inhibitors sup-
press RhoB-dependent cell growth [29]. In addi-
tion, RhoD, which controls actin cytoskeleton
and endocytosis, contains the CAAX motif [30],
and RhoE is farnesylated [31]. Other candi-
dates for target X include another G-protein,
Rheb [32]; a farnesylated tyrosine phospha-
tase, PRL-1 [33]; and type I inositol phosphate
3,5-phosphatase [34]. Work is in progress to
investigate the extent of activity of FTase inhibi-
tors on these target X candidates.

STRUCTURAL BASIS OF THE CAAX
RECOGNITION BY FTASE

As described above, studies on FTase led to
the development of FTase inhibitors. In particu-
lar, understanding the unique property of FTase
to recognize the CAAX motif was critical in the
development of peptidomimetics. To further un-
derstand the structural basis of this recogni-
tion, we sought to identify residues of FTase
involved in the recognition of the CAAX motif.
The approach we developed was to mutagenize
FTase and alter its ability to recognize the
CAAX motif. We took advantage of the fact that
GGTase I, which is closely related to FTase,
recognizes a similar but distinct motif, the
CAAL box. The difference between the CAAX
motif and the CAAL motif is in the C-terminal
amino acid. (The C-terminal residue of the
CAAX motif is predominantly serine, methio-
nine, cysteine, alanine, or glutamine, whereas
the C-terminal residue of the CAAL motif is
leucine or phenylalanine.) We also took advan-
tage of the fact that FTase and GGTase I share
the same a-subunit and their b-subunits are
approximately 30% homologous, and hypoth-
esized that we could mutagenize the b-subunit
of FTase to identify mutant b subunits that
could function as a GGTase Ib. As shown in
Figure 2, we have been able to obtain mutant
FTase b which can recognize the CAAL motif.
Although these FTase mutants transfer a
farnesyl group to GGTase I substrates, studies
in yeast [35] suggest that the farnesylated
GGTase I substrates are functional in vivo.

We used the yeast system for this analysis,
since this system provides a powerful genetic
screen [36,37]. Yeast FTase consists of Ram2
and Dpr1/Ram1 as a- and b-subunits, respec-
tively. The yeast GGTase I, on the other hand,
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consists of Ram2 and Cal1/Cdc43 subunits. A
temperature sensitive mutant cal1 carries a
mutation in the b-subunit of GGTase I. Failure
to modify GGTase I substrates such as Rho1
and Cdc42 at the non-permissive temperature
results in temperature sensitive growth. The
DPR1 gene was randomly mutagenized by PCR
and introduced into the cal1 strain to screen for
mutant DPR1 genes that could suppress the
temperature sensitive growth of the cal1. Exten-
sive screening led to the identification of three
residues of Dpr1 (S159, Y362, Y366) involved in
recognition of protein substrates (Fig. 2) [36,37].
A single amino acid change in any one of these
residues is sufficient to suppress the tempera-
ture sensitive growth of the cal1 strain. Charac-
terization of purified mutant proteins revealed
that the mutant enzymes have increased affin-
ity for the CAAL motif and are capable of farne-
sylating the CAAL-containing substrate pro-
teins. The kcat/Km value for the CAAL motif
was about 20-fold higher for the S159N mutant
than the wild type, while the kcat/Km value for
the CAAX motif was 3-fold lower for the mutant
than the wild-type enzyme.

Further insight into the role of these residues
in recognition of the CAAX motif was obtained
when residues 159 and 366 were each changed
to all possible amino acids [37]. With residue
159, asparagine and aspartic acid mutants were
the only amino acids which could suppress the
temperature sensitivity of the cal1 strain. The
aspartic acid mutant was less efficient than the
asparagine mutant. In the case of residue 362,

leucine, methionine, and isoleucine were the
only amino acids that showed efficient suppres-
sion of the cal1 mutant. It is interesting that
asparagine and aspartic acid have similar van
der Waals volume, and leucine, methionine,
and isoleucine have identical van der Waals
volume. These results suggest that an introduc-
tion of a particular size residue at this site
converts CAAX recognition to that of CAAL
recognition. In the case of residue 362, the
hydrophobic character of leucine, methionine,
and isoleucine may also be important in the
recognition of the CAAL motif.

While S159 residue is located at the
N-terminal portion of the protein molecule,
the other two residues are closely located in the
C-terminal region of the molecule (Fig. 3). The
sequence of the C-terminal region encompass-
ing residues 362 and 366 is shown in Figure 3,
along with the sequence of corresponding re-
gions in FTases and GGTases from a variety of
species. It is interesting that the two tyrosine
residues, Y362 and Y366, are conserved in all
FTase molecules. In addition, they are located
exactly four residues apart in all FTase sub-
units. Furthermore, the sequence surrounding
these residues is highly conserved in FTase
proteins but is different from the corresponding
sequence of GGTase I. Such sequence conserva-
tion is consistent with its possible involvement
in the CAAX recognition.

Recently, the three-dimensional structure of
Rat FTase has been determined [38]. Both the

Fig. 2. Conversion of the CAAX recognition of FTase by single amino acid changes.
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a and b-subunits are largely composed of
a-helices. While the b-subunit forms a barrel-
like structure, the a-subunit has an overall
crescent-shaped structure that envelops part of
the b-subunit. The exact position of the CAAX
binding site has not been determined from this
structural study, since co-crystals with the sub-
strate protein have not yet been obtained. How-
ever, a speculation has been made based on the
binding of a peptide with a structure similar to
that of the CAAX peptide [38]. This speculation
agrees with our assignment of residues 361
(corresponds to residue 362 of the yeast en-
zyme) and 365 (corresponds to residue 366 of
the yeast enzyme) as key residues involved in
the recognition of the CAAX box, since these
residues are located close to the predicted CAAX
binding site as well as to the position of the
catalytic zinc atom.

FUTURE PROSPECTS

As described in this paper, a variety of FTase
inhibitors have been developed and may pro-
vide valuable tools in cancer chemotherapy and
chemoprevention. Further characterization of
these compounds should provide information
concerning their effects on tumor growth and
formation. In addition, studies on the target of
these compounds, FTase, may lead to further
development of FTase inhibitors. Our muta-
tional analysis focused on CAAX recognition by
this enzyme. This analysis led to the identifica-
tion of amino acid residues involved in CAAX
recognition. Photo-affinity labeling studies us-
ing derivatives of the CAAX peptide may also
provide information on other residues that may
be involved in substrate recognition. A specific
region, Asp110-Arg112, of the a-subunit of Rat

Fig. 3. Amino acid residues of FTase b involved in the recognition of the CAAX motif. Dpr1 protein consisting of 431
amino acids is at the top.
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FTase, has been involved in the recognition of
the CAAX motif [39]. Furthermore, Zn21 ap-
pears to play an important role in the recogni-
tion of the CAAX motif, since the replacement
of Zn21 with Cd21 leads to an alteration of
CAAX recognition [40]. Finally, mutational
analyses in the predicted substrate binding
pocket of FTase should enable us to gain a
clearer understanding of the structural basis of
CAAX recognition. The information obtained
from these studies should be valuable in improv-
ing the designing of structure-based inhibitors
of FTase.
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