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Abstract Protein farnesylation is a form of posttransla-
tional modification that occurs in most, if not all, eukaryotic
cells. Inhibitors of protein farnesyltransferase (PFTIs) have
been developed as anticancer chemotherapeutic agents.
Using the knowledge gained from the development of
PFTIs for the treatment of cancer, researchers are currently
investigating the use of PFTIs for the treatment of eu-
karyotic pathogens. This “piggy-back” approach not only
accelerates the development of a chemotherapeutic agent
for protozoan pathogens but is also a means of mitigat-
ing the costs associated with de novo drug design. PFTIs
have already been shown to be efficacious in the treat-
ment of eukaryotic pathogens in animal models, includ-
ing both Trypanosoma brucei, the causative agent of African
sleeping sickness, and Plasmodium falciparum, one of the
causative agents of malaria. Here, current evidence and
progress are summarized that support the targeting of pro-
tein farnesyltransferase for the treatment of parasitic dis-
eases.—Eastman, R. T., F. S. Buckner, K. Yokoyama, M. H.
Gelb, and W. C. Van Voorhis. Fighting parasitic disease by
blocking protein farnesylation. J. Lipid Res. 2006. 47: 233–240.
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Parasitic diseases continue to have a major impact on
morbidity and mortality in tropical and subtropical re-
gions. Among these, malaria causes �300 million infec-
tions annually, with 1–3 million deaths occurring in Africa
(1). The emergence and spread of parasites resistant to
existing antimalarial agents is largely responsible for the
recent increase in malaria-related mortality. Another
reemerging disease is African sleeping sickness (African
trypanosomiasis), with an estimated 50,000 deaths in 2002
(1). The increasing burden of these diseases, along with
the inadequacies of current drugs for African sleeping
sickness in terms of safety, efficacy, and ease of adminis-

tration, have led investigators to seek new chemothera-
peutic agents (2, 3). Among the current drug targets under
study are enzymes involved in protein prenylation, or the
posttranslational modification of proteins by the covalent
modification by isoprenyl lipids, C15 farnesyl and C20
geranylgeranyl (4–7). The isoprenyl lipid modification of
proteins has been shown to be critical for various cellular
activities in mammals and yeast, including proliferation
and apoptosis (8, 9). Growth of the protozoan parasites
has been shown to be severely impaired by the inhibition
of protein farnesylation compared with mammalian cells,
suggesting high potential of the enzyme protein farnesyl-
transferase (PFT) as an antiparasitic drug target (5, 10–13).

The isoprenoid synthesis pathway from mevalonic acid
in many eukaryotes, including trypanosomatids (or deoxy-
xylulose in Apicomplexa, including Plasmodium and
Toxoplasma, and plants) is essential for the production of
sterols, dolichol, ubiquinone, and other isoprene deriva-
tives in many eukaryotic cells. Indeed, these pathways have
been the study of recent efforts to develop other anti-
parasitic chemotherapeutic agents, especially the targeting
of isoprenoid pyrophosphate synthesis by nitrogen-con-
taining bisphosphonates (14–16). Organisms belonging to
the group Apicomplexa contain the nonmevalonate
pathway of isoprenoid biosynthesis. One enzyme in this
pathway is 2C-methyl-D-erythritol 4-phosphate synthase
(IspC protein), which is inhibited by fosmidomycin (17).
This has led to a clinical trial using fosmidomycin and
clindamycin in combinational therapy for the treatment of
malaria (18). This review will discuss the current efforts and
progress in developing inhibitors of protein farnesyltrans-
ferase (PFTIs) as antiparasitic agents.
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PROTEIN PRENYLATION IN HIGHER
EUKARYOTIC CELLS

Protein prenylation refers to the posttranslational
modification of proteins by the covalent attachment of a
15 carbon farnesyl or a 20 carbon geranylgeranyl group.
The structure of both the farnesyl and geranylgeranyl
groups appended to proteins was determined in the early
1990s by Glomset, Gelb, and Farnsworth (19). This type of
posttranslational modification creates a hydrophobic tail
that facilitates membrane association as well as protein-
protein interactions. Among known prenylated proteins
are small GTPases, including Ras, Rac, Rho, and Rab,
which play a role in cell signal transduction, vesicle traf-
ficking, and cell cycle progression (20).

Protein prenylation is mediated by three distinct
enzymes: PFT, protein geranylgeranyltransferase type I
(PGGT-I), and PGGT-II. PFT recognizes a CaaX motif at
the C terminus of specific proteins and transfers a farnesyl
from farnesyl pyrophosphate to the thiol group of the
cysteine: the CaaX motif is a cysteine followed by two
amino acids (typically aliphatic) and a terminal amino
acid, X, which is typically a Ser, Met, Ala, or Gln (21). PFT
is a zinc-dependent heterodimeric enzyme with an a- and a
h-subunit. PGGT-I shares the same a-subunit as PFT but
has a distinct h-subunit. PGGT-I catalyzes the attachment
of geranylgeranyl to proteins with the CaaX motif, in
which X is usually a Leu or Phe (22). For both PFT and
PGGT-I, other residues may be tolerated in the X position
(23). After the action of either PFT or PGGT-I, a prenyl
protein-specific protease cleaves the terminal tripeptide
from the prenylated protein (24). The final step is
methylation of the terminal carboxylic acid by a prenyl
protein-specific methyltransferase (25–27). Both of these
subsequent enzymatic steps have been shown to be
required for the proper localization of certain mammalian
proteins and are currently being investigated as additional
chemotherapeutic targets (28, 29). The third prenylation
enzyme, PGGT-II, catalyzes the addition of two geranylger-
anyl groups onto the terminal residues of proteins ending
with CC, CCXX, or CXC motifs. To date, proteins
modified by PGGT-II have been exclusively members of
the Rab low molecular weight G protein family (21).

Because of the discoveries that the Ras oncogene is
farnesylated and that this modification is required for the
proper localization and function of Ras (30–32), protein
prenylation has received significant attention as a potential
anticancer chemotherapeutic target (33–35). Mutations
in Ras are associated with 20–25% of human cancers and
90% of pancreatic carcinomas (34). Numerous phar-
maceutical companies have initiated drug discovery pro-
grams to generate PFTIs for the treatment of cancer. The
first PFTI, which was described in 1993, was found in a
chemical library screen based on the ability to inhibit
yeast PFT activity (36). There are currently .2,000 primary
publications on PFT inhibitors and .300 patents world-
wide. Four companies have entered clinical trials for the
development of PFTIs as a cancer chemotherapeutic
agent: Janssen/Johnson & Johnson, Schering-Plough,

Merck, and Bristol-Myers Squibb (37–42). Janssen/John-
son & Johnson and Schering-Plough are advancing to late
clinical trials for the use of PFTIs in the treatment of certain
leukemias (43). To date, PFTIs have proven to be relatively
nontoxic in clinical trials and effective when combined
with other chemotherapeutic agents for the treatment of
certain cancers in vivo (43, 44). Because of strong interest
in the development of PFTIs for the treatment of cancer,
there is a wealth of pharmacologic information about
PFTIs. This pharmacologic information, the lack of
toxicity, and a rich source of small-molecule PFTI libraries
provide an excellent opportunity for the “piggy-back”
investigation of PFTIs for the treatment of tropical diseases
such as malaria and African sleeping sickness.

PFT IN PATHOGENIC PROTOZOA

Protein prenylation occurs in a wide variety of patho-
genic protozoa, including Trypanosoma brucei (6, 45),
Trypanosoma cruzi (46), Leishmania species (46), Plasmodi-
um falciparum (4, 5), Toxoplasma gondii (47), Giardia lamblia
(48), and Entamoeba histolytica (49). Cloning and charac-
terization of the PFT enzyme from trypanosomatid
parasites was originally described by our group (46, 50).
PFT enzymatic activity was detected in cytosolic fractions of
T. brucei using the yeast Ras1 protein containing the C-
terminal CaaX sequence Cys-Val-Ile-Met as a substrate (6).
T. brucei PFT was subsequently isolated and purified using
affinity chromatography with the CaaX peptide Ser-Ser-
Cys-Ala-Leu-Met (51). Similar to mammalian PFT, T. brucei
PFT is a heterodimer. However, the subunits are larger,
owing to numerous peptide segment insertions. These
insertions are predicted, by molecular modeling using the
known mammalian PFT structure, to be in loops on the
surface of the protein and distant from the active site (46,
51). Insertions are also observed in T. cruzi, Leishmania
species, and P. falciparum PFTs (5, 46), but their function
is as yet unknown. The CaaX substrate specificity differs in
T. brucei PFT compared with mammalian PFT, with a
higher preference for substrates with a Met or Gln at the X
position. Alteration of four amino acid residues in the
putative X binding pocket in the active site of T. brucei
could be responsible for the restricted peptide substrate
specificity and suggests the potential for developing
parasite-specific PFT inhibitors (50).

P. falciparum PFT was first characterized by Chakrabarti
et al. (4, 5). After partial purification by (NH4)2SO4

precipitation and anion-exchange chromatography, it was
shown that the CaaX substrate specificity was similar to
that of T. brucei PFT, favoring a Met or Gln in the terminal
position. Metabolic radiolabeling of prenylated cellular
proteins with [3H]farnesol demonstrated the incorpora-
tion of 3H into 50 kDa proteins and some lower molecular
mass proteins. The 50 kDa proteins were analyzed and
found to be modified by a farnesyl group; the lower
molecular mass proteins, however, were found to be
geranylgeranylated, presumably after the conversion of
farnesol into both farnesyl pyrophosphate and geranylger-
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anyl pyrophosphate. Our group later showed that the
50 kDa farnesylated proteins, but not the lower molecular
mass geranylgeranylated proteins, were specifically in-
hibited by PFTIs (11). Using synchronized P. falciparum,
Chakrabarti et al. (5) demonstrated the stage-specific in-
corporation of prenylation precursors, the highest amount
of incorporation occurring in the trophozoite (mid eryth-
rocytic stage) to schizont (cell division stage) and schizont
to ring (early erythrocytic stage) transition states in the
erythrocytic life cycle of the parasite.

Using a polyclonal antibody raised against rat PFT,
Ibrahim et al. (47) immunoprecipitated and identified the
T. gondii PFT enzyme. PFT enzyme activity was confirmed
using a CaaX-containing lamin substrate. Incubating
tachyzoites (intracellular replicative form) with radiola-
beled farnesol or geranylgeraniol demonstrated the in vivo
prenylation of proteins, with the geranylgeranylation of
proteins of 29 kDa and the farnesylation of proteins of
47 kDa (47). Inhibition of the T. gondii PFT enzyme oc-
curred using hydrophobic the peptidomimetic inhibitors

Fig. 1. The structures of selected protein farnesyltransferase inhibitors (PFTIs).
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FTase Inhibitor I and II (Fig. 1). However, these inhibitors
had no effect against the inhibition of PFT enzyme activity
in intact parasites, presumably because of poor cellular
penetration, as indicated by normal radiolabeling of pro-
teins with [3H]farnesol in inhibitor-treated cultures (47).

Although the PFT enzyme of G. lamblia has not been
isolated, prenylation of proteins has been demonstrated
in this primitive eukaryote (48). [3H]mevalonic acid was
specifically incorporated into cellular proteins of 50 and
20–30 kDa. After cleavage with methyl iodide, the iso-
prenoid substituents of these proteins were subjected to
HPLC analysis and found to run with the same retention
time as farnesol and geranylgeraniol (48). Inhibitors of
PFT, such as limonene (Fig. 1), perillic acid, and perillyl
alcohol, showed a dose-dependent effect on trophozoite
(the replicative form of Giardia) growth in vitro (48); how-
ever, these agents are not very potent inhibitors of PFTs,
and it is difficult to judge whether inhibition of Giardia
PFT is the reason for the growth arrest.

Based on a genome search, Kumagai et al. (49) have
identified and characterized PFT in E. histolytica. Interest-
ingly, it was found that E. histolytica PFT does not pref-
erentially modify proteins with a terminal Met residue.
Instead, E. histolytica PFT favors CaaX substrates with
smaller terminal amino acids, Ala and Ser, which suggests
an altered binding cleft for the CaaX substrate. In further
support of the altered substrate specificity of E. histolytica
PFT, this PFT has a higher resistance to the CaaM
peptidomimetic FTI-276 (Fig. 1) compared with other
PFT enzymes (49).

PFTIs

As a result of the interest in the development of PFTIs as
a cancer chemotherapeutic agent, there are a large
number of structurally diverse PFTIs reported in the
primary and patent literature. Therefore, this resource can
be used for the development of compounds for the
treatment of pathogenic protozoa, a resource-poor area of
drug development. Interestingly, even though almost all
PFTIs were developed with the aim of inhibiting human
PFT, compounds with similar ability to inhibit both the
mammalian and parasite PFT display greater cytotoxicity
against parasite cultures than mammalian cells (Table 1).
Although the reason that PFTIs are more toxic to cancer
cells and parasites than normal mammalian cells remains
unclear, it is clear from inhibition studies that the se-
lectivity is based on a biological difference and not on
selective enzyme inhibition. Two potential explanations
for the biological difference have emerged. One is that
pathogenic protozoa may lack PGGT-I, which may act in
a redundant manner when PFT is inhibited in mamma-
lian cells. It has been shown in mammalian cells that when
PFT is inhibited, proteins that are normally farnesylated
can be geranylgeranylated by PGGT-I (52–56). Another
explanation is that the farnesylation of proteins that are
essential for parasite viability are blocked at lower con-
centrations of PFTI than the farnesylation of essential

proteins in mammalian cells. Because very little is known
about the identities of prenylated proteins in pathogenic
protozoa, the mechanism of cytotoxicity to protozoa re-
mains unclear.

Recently, a few prenylated proteins have been identified
in protozoa. These include, for example, a small GTPase
and a protein tyrosine phosphatase from T. cruzi (57, 58)
and two small GTPases from T. brucei (59, 60). A bio-
informatic approach, a search of potential prenylated pro-
teins (those containing a cysteine at the �4 position from
the C terminus) from T. brucei, yields 190 open reading
frames of .50 amino acids. Some proteins from this
search are strongly predicted to be prenylated based on
data regarding the ability of T. brucei PFT to farnesylate
various CaaX peptides in vitro (50), although not all per-
mutations of CaaX have been tested in this manner. This
bioinformatics approach is not as fruitful when applied to
predicting potentially prenylated proteins in P. falciparum,
in which inaccuracy in the identification of introns leads to
inaccurate prediction of the C terminus. A new technique,
the use of a farnesyl analog, anilinogeranyl alcohol, to spe-
cifically label farnesylated proteins, may provide a means
to label and identify native farnesylated proteins (61–63).

The presence of a functional PGGT-I enzyme is still
unclear in many of the parasites mentioned above. Only
recently have the presence and biochemical activity of
PGGT-I been demonstrated in E. histolytica, with clear
demonstration of the incorporation of geranylgeranyl
pyrophosphate into Ras-like proteins with a Leu in the
terminal CaaX position (64). In P. falciparum, Chakrabarti
and others (4–7) demonstrated possible PGGT-I activity
from fractionated lysates. However, a BLAST search of the
genome reveals three orthologs of protein prenyltransfer-
ase h-subunits, one of which is the PFT h-subunit and two
show low but significant homology with both PGGT-I and
II h-subunits. These two genes have not been cloned or
biochemically characterized, so it is not possible to as-
sign specific functions to them. In T. cruzi, a BLAST search
has revealed a possible PGGT-I, which is currently under

TABLE 1. Comparative enzyme and cellular efficacy of protein
farnesyltransferase inhibitors against protozoa

Compound

Protein
Farnesyltransferase

Inhibition
Cell Growth
Inhibition Reference

nM
BMS-214662 8 (Pf ),

1.9 (Tb)
200 (Pf ),

200 (Tb)
11

BMS-386914 0.7 (Pf ),
50 (Tb)

5 (Pf ),
500 (Tb)

11

FTI-276 1 (Pf ), 1.7 (Tb) ND 5, 51
FTI-277 ND 60,000 (Pf ),

700 (Tb)
5, 51

FTI-2148
derivative 16

1,000 (Pf ) 150 (Pf ) 10

FTase Inhibitor I 270 (Tg) ND 48
FTase Inhibitor II 0.97 (Tg) ND 48
Limonene ND 1,220 (Tg ) 49
Benzophenone 6a 8 (Pf ) 150 (Pf ) 69

ND, not determined; Pf, P. falciparum; Tb, T. brucei bloodstream
forms (strain BF427); Tg, T. gondii.
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investigation by our group. Both the T. brucei and Leish-
mania major genomes have been fully sequenced, and an
ortholog for the PGGT-I h-subunit cannot be identified
by BLAST search. In contrast, the T. brucei and L. major
orthologs to the PFT and PGGT-II h-subunits are readily
identifiable by BLAST searches.

FTI-276 and FTI-277 were the first mammalian PFT
inhibitors shown to be effective against pathogenic proto-
zoa, inhibiting T. brucei PFT and effective at inhibiting T.
brucei growth in culture (51, 65). These compounds are
peptidomimetics, with FTI-276 the active free acid form
and FTI-277 the methyl ester prodrug form. It is reasoned
that cellular enzymes convert the ester prodrug to the
active free acid form in the cell, which is then able to bind
to PFT with high affinity. However, this class of com-
pounds has a shortcoming, in that in vivo, serum esterases
rapidly metabolize the methyl ester prodrug into the free
acid form, which is not sufficiently hydrophobic to enter
parasites. Recent work using this prodrug approach
produced FTI-2148 derivative 16 (Fig. 1), which contains
a benzyl ester. This compound demonstrated significant
anti-malarial activity [effective dose that inhibits 50% of
parasite proliferation (ED50) 5 150 nM] and was able to
suppress parasitemia by 46% (dosed at 50 mg/kg/day) in
the P. berghei mouse model (10).

Chemists at Bristol-Myers Squibb developed the tetra-
hydrobenzodiazepine-based PFTI series, eventually evolv-
ing into the anticancer clinical candidate BMS-214662
(Fig. 1) (66). Our group tested BMS-214662 against T.
brucei and P. falciparum PFT enzymes and found that it
inhibited at low nanomolar concentrations and had in-
hibitory effects on parasite growth. A diverse collection of
�150 compounds related to BMS-214662 were screened
against both T. brucei and P. falciparum PFTs to identify
potent inhibitors of these enzymes. Compounds con-
taining the tetrahydroquinoline (THQ) core possessed
increased potency at inhibiting both T. brucei and P.
falciparum PFTs, and these have become the focus of
our efforts for drug development supported by the Medi-
cines for Malaria Venture and the Drugs for Neglected
Diseases Initiative. We have also tested a number of other
series of PFTIs, including R115777 (Janssen/Johnson &
Johnson) and SCH-66336 (Schering-Plough), which are in
clinical development as anticancer agents, but none was as
potent as the THQ series at blocking parasite growth (11).

We were able to identify a number of molecules with
the THQ core that inhibited P. falciparum PFT at low
nanomolar concentrations. One such compound, BMS-
386914 (Fig. 1), displays an ED50 against P. falciparum 3D7
at 5 nM, which is approximately half the observed ED50

of chloroquine using chloroquine-sensitive strains of P.
falciparum (11). In addition, BMS-386914 was shown to
have an effect on both the morphological development
of P. falciparum and the incorporation of radiolabeled
farnesol into proteins (11). Twenty-one other THQs, in-
cluding BMS-388891 and BMS-339941, display 3D7 ED50

values of ,25 nM (Fig. 1). The ED50 values of five of our
most potent THQs against four P. falciparum strains (W2,
K1, HB3, and Dd2) were within 3-fold of the P. falciparum

3D7 ED50 values. These five strains represent a variety of
drug resistance patterns and geographic distribution,
demonstrating that cross-resistance of PFTIs and existing
antimalarial agents probably does not occur and that
strains from all over the world are susceptible to PFTI
growth inhibition.

The pharmacodymanic properties of PFTIs for the treat-
ment of infection by many of the organisms discussed here
remain unknown. For P. falciparum, however, we have begun
to determine these properties to develop an effective clini-
cal treatment for malaria. To produce complete killing in
vitro, P. falciparum requires exposure to 30-fold the ED50

of BMS-386914 for greater than 72 h (Fig. 2). This suggests
that parasites are able to progress through one complete
replication cycle, which is 48 h for P. falciparum, until the
cytotoxic effects of the PFTI are irreversible upon removal of
the drug. This is not unsurprising, because the proposed
mechanism of action of PFTIs is the inhibition of protein
modification of one or more essential proteins; thus, it is
likely that protein turnover or replication may be required
to decrease the abundance of previously farnesylated pro-
teins to a cytotoxic level.

Although BMS-386914 is not well absorbed when ad-
ministered orally, when administered by subcutaneous
infusion pump in the mouse P. berghei malaria model,
BMS-386914 was able to suppress parasitemia in 100% of
the mice infected (n 5 5) and to eliminate parasites in
60% of the mice (11). A new compound, based on the
THQ structure, is able to suppress parasitemia in the
P. berghei model when administered orally. We are cur-
rently working on improving the oral absorption and se-
rum half-lives, both of which are necessary for effective
malaria chemotherapeutic agents. Using a structural model
of the P. falciparum PFT enzyme (based on the rat PFT-BMS-
214662 and rat PFT-THQ crystal structures), we are modi-
fying the substituents attached to the core THQ structure to
improve the pharmacokinetic properties of the inhibitors
while retaining or improving potency.

A major difficulty with current antimalarial agents is the
emergence and spread of drug-resistant parasites. In an

Fig. 2. Varying the length of exposure of PFTI demonstrates that
96 h of exposure kills P. falciparum. P. falciparum 3D7 in red blood
cell cultures was exposed to 22.5 or 225 nM BMS-388891 for varying
lengths of time before washing the parasites free of drug and
reculturing to test whether the parasites are viable. A no-compound
control was included.
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effort to understand the potential for the generation of
resistance to PFTIs, we have selected in vitro P. falciparum
parasites resistant to a THQ PFTI (67). These parasites all
possessed the same point mutation in the PFT h-subunit at
amino acid position 837, which correlated with a 12-fold
increase in the ED50 and a 13-fold increase in the inhibitor
concentration that inhibits 50% of enzymatic activity of
the native PFT enzyme. These data are consistent with PFT
as the target of THQ PFTIs. Of note, it was found recently
that BMS-214662 has some inhibitory activity against
PGGT-II (68); the data described above, however, provide
support for PFT being the major target for THQ PFTIs in
P. falciparum. Importantly, we have been unable to select
for parasites resistant to higher concentrations of THQ
inhibitors, and it remains unclear whether parasites are
able to acquire resistance to PFTIs in vivo.

In parallel with developing THQ inhibitors for the
treatment of malaria, we are developing THQ-containing
compounds for the treatment of African sleeping sickness.
Our most potent inhibitor possesses an ED50 of 60 nM
against T. brucei blood-stage parasites. Our current focus is
to improve potency and pharmacokinetic properties. This,
similar to our malaria project, is being guided by a
structural model of the T. brucei PFT enzyme.

PFTIs based on a benzophenone scaffold are currently
being developed for the treatment of malaria (12, 69).
Earlier studies demonstrated an active compound class
that possessed a nitrophenyl-furylacryloyl residue at the
5 amino group, benzophenone inhibitor 4 (Fig. 1), which
was designed to use an aryl binding site of PFT. Although
the compounds have no oral activity, and some have poor
solubility in aqueous solution, it was shown that one had
activity in the P. vinckei model of malaria in mice with an
ED50 at 21 mg/kg when dosed intraperitoneally for 3 days
(12). Recent work has been focused on increasing aque-
ous solubility, with the introduction of an a-amino group
into the phenylacetic acid substructure (Fig. 1), which
had the desired effect of increasing solubility (69). Indeed,
this modification preserved activity against the PFT en-
zyme of P. falciparum; however, activity against parasite
culture was detrimentally affected, suggesting a lack of
cellular penetration.

CONCLUSIONS

The piggy-back approach to drug development for
protozoan parasitic diseases is a logical way around the
perennial problems associated with meeting the costs of
de novo drug design. These methods are clearly starting to
pay off in the case of the PFT inhibitors, with effective,
novel pharmacophores being developed. The challenge is
not the development of potent PFT inhibitors that are
toxic to parasites but the development of compounds with
suitable pharmacokinetic properties to be effective che-
motherapy for the treatment of pathogenic protozoa.

The authors would like to acknowledge support from the W. M.
Keck Foundation Center on Microbial Pathogens at the Uni-

versity of Washington, Medicines for Malaria Venture, and the
National Institutes of Health Grant AI054384 (to M. H. G.).

REFERENCES

1. World Health Organization. 2004. Malaria and African trypano-
somiasis. Accessed October 20, 2005 at http://www.who.int/tdr/
diseases.

2. May, J., and C. G. Meyer. 2003. Chemoresistance in falciparum
malaria. Trends Parasitol. 19: 432–435.

3. White, N. J. 2004. Antimalarial drug resistance. J. Clin. Invest. 113:
1084–1092.

4. Chakrabarti, D., T. Azam, C. DelVecchio, L. B. Qiu, Y. Park, and
C. M. Allen. 1998. Protein prenyl transferase activities of Plasmodium
falciparum. Mol. Biochem. Parasitol. 94: 175–184.

5. Chakrabarti, D., T. Da Silva, J. Barger, S. Paquette, H. Patel, S.
Patterson, and C. M. Allen. 2002. Protein farnesyltransferase and
protein prenylation in Plasmodium falciparum. J. Biol. Chem. 277:
42066–42073.

6. Yokoyama, K., Y. Lin, K. D. Stuart, and M. H. Gelb. 1997. Prenyla-
tion of proteins in Trypanosoma brucei. Mol. Biochem. Parasitol. 87:
61–69.

7. Yokoyama, K., K. Zimmerman, J. Scholten, and M. H. Gelb. 1997.
Differential prenyl pyrophosphate binding to mammalian protein
geranylgeranyltransferase-I and protein farnesyltransferase and its
consequence on the specificity of protein prenylation. J. Biol. Chem.
272: 3944–3952.

8. Sebti, S. M., and C. J. Der. 2003. Opinion. Searching for the elusive
targets of farnesyltransferase inhibitors. Nat. Rev. Cancer. 3: 945–951.

9. Sebti, S. M. 2003. Blocked pathways: FTIs shut down oncogene
signals. Oncologist. 8 (Suppl. 3): 30–38.

10. Carrico, D., J. Ohkanda, H. Kendrick, K. Yokoyama, M. A.
Blaskovich, C. J. Bucher, F. S. Buckner, W. C. Van Voorhis, D.
Chakrabarti, S. L. Croft, et al. 2004. In vitro and in vivo antimalarial
activity of peptidomimetic protein farnesyltransferase inhibitors
with improved membrane permeability. Bioorg. Med. Chem. 12:
6517–6526.

11. Nallan, L., K. D. Bauer, P. Bendale, K. Rivas, K. Yokoyama, C. P.
Horney, P. R. Pendyala, D. Floyd, L. J. Lombardo, D. K. Williams,
et al. 2005. Protein farnesyltransferase inhibitors exhibit potent
antimalarial activity. J. Med. Chem. 48: 3704–3713.

12. Wiesner, J., K. Kettler, J. Sakowski, R. Ortmann, A. M. Katzin, E. A.
Kimura, K. Silber, G. Klebe, H. Jomaa, and M. Schlitzer. 2004.
Farnesyltransferase inhibitors inhibit the growth of malaria
parasites in vitro and in vivo. Angew. Chem. Int. Ed. Engl. 43: 251–254.

13. Yokoyama, K., P. Trobridge, F. S. Buckner, J. Scholten, K. D.
Stuart, W. C. Van Voorhis, and M. H. Gelb. 1998. The effects of
protein farnesyltransferase inhibitors on trypanosomatids: inhibi-
tion of protein farnesylation and cell growth. Mol. Biochem. Parasitol.
94: 87–97.

14. Garzoni, L. R., A. Caldera, M. N. Meirelles, S. L. de Castro, R.
Docampo, G. A. Meints, E. Oldfield, and J. A. Urbina. 2004. Se-
lective in vitro effects of the farnesyl pyrophosphate synthase
inhibitor risedronate on Trypanosoma cruzi. Int. J. Antimicrob. Agents.
23: 273–285.

15. Montalvetti, A., A. Fernandez, J. M. Sanders, S. Ghosh, E. Van
Brussel, E. Oldfield, and R. Docampo. 2003. Farnesyl pyrophos-
phate synthase is an essential enzyme in Trypanosoma brucei. In vitro
RNA interference and in vivo inhibition studies. J. Biol. Chem. 278:
17075–17083.

16. Yardley, V., A. A. Khan, M. B. Martin, T. R. Slifer, F. G. Araujo, S. N.
Moreno, R. Docampo, S. L. Croft, and E. Oldfield. 2002. In vivo
activities of farnesyl pyrophosphate synthase inhibitors against
Leishmania donovani and Toxoplasma gondii. Antimicrob. Agents
Chemother. 46: 929–931.

17. Jomaa, H., J. Wiesner, S. Sanderbrand, B. Altincicek, C. Weide-
meyer, M. Hintz, I. Turbachova, M. Eberl, J. Zeidler, H. K.
Lichtenthaler, et al. 1999. Inhibitors of the nonmevalonate path-
way of isoprenoid biosynthesis as antimalarial drugs. Science. 285:
1573–1576.

18. Missinou, M. A., S. Borrmann, A. Schindler, S. Issifou, A. A.
Adegnika, P. B. Matsiegui, R. Binder, B. Lell, J. Wiesner, T. Baranek,
et al. 2002. Fosmidomycin for malaria. Lancet. 360: 1941–1942.

19. Glomset, J. A., M. H. Gelb, and C. C. Farnsworth. 1990. Prenyl

238 Journal of Lipid Research Volume 47, 2006



proteins in eukaryotic cells: a new type of membrane anchor. Trends
Biochem. Sci. 15: 139–142.

20. Tamanoi, F., J. Kato-Stankiewicz, C. Jiang, I. Machado, and N.
Thapar. 2001. Farnesylated proteins and cell cycle progression.
J. Cell. Biochem. Suppl. 37: 64–70.

21. Sinensky, M. 2000. Recent advances in the study of prenylated
proteins. Biochim. Biophys. Acta. 1484: 93–106.

22. Yokoyama, K., P. McGeady, and M. H. Gelb. 1995. Mammalian
protein geranylgeranyltransferase-I: substrate specificity, kinetic
mechanism, metal requirements, and affinity labeling. Biochemistry.
34: 1344–1354.

23. Reid, T. S., K. L. Terry, P. J. Casey, and L. S. Beese. 2004.
Crystallographic analysis of CaaX prenyltransferases complexed
with substrates defines rules of protein substrate selectivity. J. Mol.
Biol. 343: 417–433.

24. Trueblood, C. E., V. L. Boyartchuk, E. A. Picologlou, D. Rozema,
C. D. Poulter, and J. Rine. 2000. The CaaX proteases, Afc1p and
Rce1p, have overlapping but distinct substrate specificities. Mol.
Cell. Biol. 20: 4381–4392.

25. Farh, L., D. A. Mitchell, and R. J. Deschenes. 1995. Farnesylation
and proteolysis are sequential, but distinct steps in the CaaX box
modification pathway. Arch. Biochem. Biophys. 318: 113–121.

26. Buckner, F. S., D. P. Kateete, G. W. Lubega, W. C. Van Voorhis, and
K. Yokoyama. 2002. Trypanosoma brucei prenylated-protein carboxyl
methyltransferase prefers farnesylated substrates. Biochem. J. 367:
809–816.

27. Hasne, M. P., and F. Lawrence. 1999. Characterization of prenylated
protein methyltransferase in Leishmania. Biochem. J. 342: 513–518.

28. Michaelson, D., W. Ali, V. K. Chiu, M. Bergo, J. Silletti, L. Wright,
S. G. Young, and M. Philips. 2005. Postprenylation CAAX pro-
cessing is required for proper localization of Ras but not Rho
GTPases. Mol. Biol. Cell. 16: 1606–1616.

29. Winter-Vann, A. M., and P. J. Casey. 2005. Post-prenylation-
processing enzymes as new targets in oncogenesis. Nat. Rev. Can-
cer. 5: 405–412.

30. Reiss, Y., J. L. Goldstein, M. C. Seabra, P. J. Casey, and M. S. Brown.
1990. Inhibition of purified p21ras farnesyl:protein transferase by
Cys-AAX tetrapeptides. Cell. 62: 81–88.

31. Maltese, W. A., K. M. Sheridan, E. M. Repko, and R. A. Erdman.
1990. Post-translational modification of low molecular mass GTP-
binding proteins by isoprenoid. J. Biol. Chem. 265: 2148–2155.

32. Casey, P. J., P. A. Solski, C. J. Der, and J. E. Buss. 1989. p21ras is
modified by a farnesyl isoprenoid. Proc. Natl. Acad. Sci. USA. 86:
8323–8327.

33. Sebti, S. M., and A. A. Adjei. 2004. Farnesyltransferase inhibitors.
Semin. Oncol. 31: 28–39.

34. Zhu, K., A. D. Hamilton, and S. M. Sebti. 2003. Farnesyltransferase
inhibitors as anticancer agents: current status. Curr. Opin. Investig.
Drugs. 4: 1428–1435.

35. Ohkanda, J., J. W. Lockman, K. Yokoyama, M. H. Gelb, S. L. Croft,
H. Kendrick, M. I. Harrell, J. E. Feagin, M. A. Blaskovich, S. M.
Sebti, et al. 2001. Peptidomimetic inhibitors of protein farnesyl-
transferase show potent antimalarial activity. Bioorg. Med. Chem. Lett.
11: 761–764.

36. Hara, M., K. Akasaka, S. Akinaga, M. Okabe, H. Nakano, R. Gomez,
D. Wood, M. Uh, and F. Tamanoi. 1993. Identification of Ras
farnesyltransferase inhibitors by microbial screening. Proc. Natl.
Acad. Sci. USA. 90: 2281–2285.

37. Rao, S., D. Cunningham, A. de Gramont, W. Scheithauer, M.
Smakal, Y. Humblet, G. Kourteva, T. Iveson, T. Andre, J. Dostalova,
et al. 2004. Phase III double-blind placebo-controlled study of
farnesyl transferase inhibitor R115777 in patients with refractory
advanced colorectal cancer. J. Clin. Oncol. 22: 3950–3957.

38. Heymach, J. V., D. H. Johnson, F. R. Khuri, H. Safran, L. L.
Schlabach, F. Yunus, R. F. DeVore III, P. M. De Porre, H. M.
Richards, X. Jia, et al. 2004. Phase II study of the farnesyl transferase
inhibitor R115777 in patients with sensitive relapse small-cell lung
cancer. Ann. Oncol. 15: 1187–1193.

39. Taveras, A. G., P. Kirschmeier, and C. M. Baum. 2003. Sch-66336
(sarasar) and other benzocycloheptapyridyl farnesyl protein trans-
ferase inhibitors: discovery, biology and clinical observations. Curr.
Top. Med. Chem. 3: 1103–1114.

40. Hahn, S. M., E. J. Bernhard, W. Regine, M. Mohiuddin, D. G.
Haller, J. P. Stevenson, D. Smith, B. Pramanik, J. Tepper, T. F.
DeLaney, et al. 2002. A phase I trial of the farnesyltransferase
inhibitor L-778,123 and radiotherapy for locally advanced lung and
head and neck cancer. Clin. Cancer Res. 8: 1065–1072.

41. Marzo, I., P. Perez-Galan, P. Giraldo, N. Lopez-Royuela, M. Gomez-
Benito, L. Larrad, P. Lasierra, D. Rubio-Felix, A. Anel, and J. Naval.
2004. Farnesyltransferase inhibitor BMS-214662 induces apop-
tosis in B-cell chronic lymphocytic leukemia cells. Leukemia. 18:
1599–1604.

42. Papadimitrakopoulou, V., S. Agelaki, H. T. Tran, M. Kies, R. Gagel,
R. Zinner, E. Kim, G. Ayers, J. Wright, and F. Khuri. 2005. Phase I
study of the farnesyltransferase inhibitor BMS-214662 given weekly
in patients with solid tumors. Clin. Cancer Res. 11: 4151–4159.

43. Doll, R. J., P. Kirschmeier, and W. R. Bishop. 2004. Farnesyltrans-
ferase inhibitors as anticancer agents: critical crossroads. Curr.
Opin. Drug Discov. Devel. 7: 478–486.

44. Graaf, M. R., D. J. Richel, C. J. van Noorden, and H. J. Guchelaar.
2004. Effects of statins and farnesyltransferase inhibitors on the
development and progression of cancer. Cancer Treat. Rev. 30:
609–641.

45. Field, H., I. Blench, S. Croft, and M. C. Field. 1996. Characterisa-
tion of protein isoprenylation in procyclic form Trypanosoma brucei.
Mol. Biochem. Parasitol. 82: 67–80.

46. Buckner, F. S., R. T. Eastman, J. L. Nepomuceno-Silva, E. C.
Speelmon, P. J. Myler, W. C. Van Voorhis, and K. Yokoyama. 2002.
Cloning, heterologous expression, and substrate specificities of
protein farnesyltransferases from Trypanosoma cruzi and Leishmania
major. Mol. Biochem. Parasitol. 122: 181–188.

47. Ibrahim, M., N. Azzouz, P. Gerold, and R. T. Schwarz. 2001. Iden-
tification and characterisation of Toxoplasma gondii protein
farnesyltransferase. Int. J. Parasitol. 31: 1489–1497.

48. Lujan, H. D., M. R. Mowatt, G. Z. Chen, and T. E. Nash. 1995.
Isoprenylation of proteins in the protozoan Giardia lamblia. Mol.
Biochem. Parasitol. 72: 121–127.

49. Kumagai, M., A. Makioka, T. Takeuchi, and T. Nozaki. 2004.
Molecular cloning and characterization of a protein farnesyltrans-
ferase from the enteric protozoan parasite Entamoeba histolytica.
J. Biol. Chem. 279: 2316–2323.

50. Buckner, F. S., K. Yokoyama, L. Nguyen, A. Grewal, H. Erdjument-
Bromage, P. Tempst, C. L. Strickland, L. Xiao, W. C. Van Voorhis,
and M. H. Gelb. 2000. Cloning, heterologous expression, and
distinct substrate specificity of protein farnesyltransferase from
Trypanosoma brucei. J. Biol. Chem. 275: 21870–21876.

51. Yokoyama, K., P. Trobridge, F. S. Buckner, W. C. Van Voorhis, K. D.
Stuart, and M. H. Gelb. 1998. Protein farnesyltransferase from
Trypanosoma brucei. A heterodimer of 61- and 65-kDa subunits as
a new target for antiparasite therapeutics. J. Biol. Chem. 273:
26497–26505.

52. Rowell, C. A., J. J. Kowalczyk, M. D. Lewis, and A. M. Garcia. 1997.
Direct demonstration of geranylgeranylation and farnesylation of
Ki-Ras in vivo. J. Biol. Chem. 272: 14093–14097.

53. Whyte, D. B., P. Kirschmeier, T. N. Hockenberry, I. Nunez-Oliva, L.
James, J. J. Catino, W. R. Bishop, and J. K. Pai. 1997. K- and N-Ras
are geranylgeranylated in cells treated with farnesyl protein
transferase inhibitors. J. Biol. Chem. 272: 14459–14464.

54. Fiordalisi, J. J., R. L. Johnson, C. A. Weinbaum, K. Sakabe, Z. Chen,
P. J. Casey, and A. D. Cox. 2003. High affinity for farnesyltransferase
and alternative prenylation contribute individually to K-Ras4B
resistance to farnesyltransferase inhibitors. J. Biol. Chem. 278:
41718–41727.

55. Lerner, E. C., T. T. Zhang, D. B. Knowles, Y. Qian, A. D. Hamilton,
and S. M. Sebti. 1997. Inhibition of the prenylation of K-Ras, but
not H- or N-Ras, is highly resistant to CAAX peptidomimetics and
requires both a farnesyltransferase and a geranylgeranyltransferase
I inhibitor in human tumor cell lines. Oncogene. 15: 1283–1288.

56. Sun, J., Y. Qian, A. D. Hamilton, and S. M. Sebti. 1998. Both
farnesyltransferase and geranylgeranyltransferase I inhibitors are
required for inhibition of oncogenic K-Ras prenylation but each
alone is sufficient to suppress human tumor growth in nude mouse
xenografts. Oncogene. 16: 1467–1473.

57. Cuevas, I. C., P. Rohloff, D. O. Sanchez, and R. Docampo. 2005.
Characterization of farnesylated protein tyrosine phosphatase
TcPRL-1 from Trypanosoma cruzi. Eukaryot. Cell. 4: 1550–1561.

58. Nepomuceno-Silva, J. L., K. Yokoyama, L. D. de Mello, S. M.
Mendonca, J. C. Paixao, R. Baron, J. C. Faye, F. S. Buckner, W. C.
Van Voorhis, M. H. Gelb, et al. 2001. TcRho1, a farnesylated Rho
family homologue from Trypanosoma cruzi: cloning, trans-splicing,
and prenylation studies. J. Biol. Chem. 276: 29711–29718.

59. Ackers, J. P., V. Dhir, and M. C. Field. 2005. A bioinformatic analysis
of the RAB genes of Trypanosoma brucei. Mol. Biochem. Parasitol. 141:
89–97.

Fighting parasitic disease by blocking protein farnesylation 239



60. Field, H., B. R. Ali, T. Sherwin, K. Gull, S. L. Croft, and M. C. Field.
1999. TbRab2p, a marker for the endoplasmic reticulum of
Trypanosoma brucei, localises to the ERGIC in mammalian cells.
J. Cell Sci. 112: 147–156.

61. Chehade, K. A., D. A. Andres, H. Morimoto, and H. P. Spielmann.
2000. Design and synthesis of a transferable farnesyl pyrophosphate
analogue to Ras by protein farnesyltransferase. J. Org. Chem. 65:
3027–3033.

62. Subramanian, T., Z. Wang, J. M. Troutman, D. A. Andres, and H. P.
Spielmann. 2005. Directed library of anilinogeranyl analogues of
farnesyl diphosphate via mixed solid- and solution-phase synthesis.
Org. Lett. 7: 2109–2112.

63. Troutman, J. M., M. J. Roberts, D. A. Andres, and H. P. Spielmann.
2005. Tools to analyze protein farnesylation in cells. Bioconjug.
Chem. 16: 1209–1217.

64. Makioka, A., M. Kumagai, T. Takeuchi, and T. Nozaki. 2005. Char-
acterization of protein geranylgeranyltransferase I from the enteric
protist Entamoeba histolytica. Mol. Biochem. Parasitol. Epub ahead of
print. October 19, 2005; doi: 10.1016/j.molbiopara.2005.10.005.

65. Ohkanda, J., F. S. Buckner, J. W. Lockman, K. Yokoyama, D.
Carrico, R. Eastman, K. Luca-Fradley, W. Davies, S. L. Croft, W. C.
Van Voorhis, et al. 2004. Design and synthesis of peptidomimetic

protein farnesyltransferase inhibitors as anti-Trypanosoma brucei
agents. J. Med. Chem. 47: 432–445.

66. Hunt, J. T., C. Z. Ding, R. Batorsky, M. Bednarz, R. Bhide, Y. Cho, S.
Chong, S. Chao, J. Gullo-Brown, P. Guo, et al. 2000. Discovery of
(R)-7-cyano-2,3,4,5-tetrahydro-1-(1H-imidazol-4-ylmethyl)-3-(phe-
nylmethyl)-4-(2-thienylsulfonyl)-1H-1,4-benzodiazepine (BMS-
214662), a farnesyltransferase inhibitor with potent preclinical
antitumor activity. J. Med. Chem. 43: 3587–3595.

67. Eastman, R. T., J. White, O. Hucke, K. Bauer, K. Yokoyama, L.
Nallan, D. Chakrabarti, C. L. Verlinde, M. H. Gelb, P. K. Rathod,
et al. 2005. Resistance to a protein farnesyltransferase inhibitor in
Plasmodium falciparum. J. Biol. Chem. 280: 13554–13559.

68. Lackner, M. R., R. M. Kindt, P. M. Carroll, K. Brown, M. R. Cancilla,
C. Chen, H. de Silva, Y. Franke, B. Guan, T. Heuer, et al. 2005.
Chemical genetics identifies Rab geranylgeranyl transferase as an
apoptotic target of farnesyl transferase inhibitors. Cancer Cell. 7:
325–336.

69. Kettler, K., J. Wiesner, K. Silber, P. Haebel, R. Ortmann, I. Sattler,
H. M. Dahse, H. Jomaa, G. Klebe, and M. Schlitzer. 2005. Non-thiol
farnesyltransferase inhibitors: N-(4-aminoacylamino-3-benzoylphe-
nyl)-3-[5-(4-nitrophenyl)-2 furyl]acrylic acid amides and their
antimalarial activity. Eur. J. Med. Chem. 40: 93–101.

240 Journal of Lipid Research Volume 47, 2006


