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bstract

Protein geranylgeranyltransferase type I (PGGT-I) and protein farnesyltransferase (PFT) occur in many eukaryotic cells. Both consist of two
ubunits, the common � subunit and a distinct � subunit. In the gene database of protozoa Trypanosoma cruzi, the causative agent of Chagas’
isease, a putative protein that consists of 401 amino acids with ∼20% amino acid sequence identity to the PGGT-I � of other species was identified,
loned, and characterized. Multiple sequence alignments show that the T. cruzi ortholog contains all three of the zinc-binding residues and several
esidues uniquely conserved in the � subunit of PGGT-I. Co-expression of this protein and the � subunit of T. cruzi PFT in Sf9 insect cells yielded
dimeric protein that forms a tight complex selectively with [3H]geranylgeranyl pyrophosphate, indicating a key characteristic of a functional
GGT-I. Recombinant T. cruzi PGGT-I ortholog showed geranylgeranyltransferase activity with distinct specificity toward the C-terminal CaaX
otif of protein substrates compared to that of the mammalian PGGT-I and T. cruzi PFT. Most of the CaaX-containing proteins with X = Leu are

ood substrates of T. cruzi PGGT-I, and those with X = Met are substrates for both T. cruzi PFT and PGGT-I, whereas unlike mammalian PGGT-I,
hose with X = Phe are poor substrates for T. cruzi PGGT-I. Several candidates for T. cruzi PGGT-I or PFT substrates containing the C-terminal
aaX motif are found in the T. cruzi gene database. Among five C-terminal peptides of those tested, a peptide of a Ras-like protein ending with
VLL was selectively geranylgeranylated by T. cruzi PGGT-I. Other peptides with CTQQ (Tcj2 DNAJ protein), CAVM (TcPRL-1 protein tyrosine
hosphatase), CHFM (a small GTPase like protein), and CQLF (TcRho1 GTPase) were specific substrates for T. cruzi PFT but not for PGGT-I. The

RNA and protein of the T. cruzi PGGT-I � ortholog were detected in three life-cycle stages of T. cruzi. Cytosol fractions from trypomastigotes

infectious mammalian stage) and epimastigotes (insect stage) were shown to contain levels of PGGT-I activity that are ∼100-fold lower than PFT
ctivity. The CaaX mimetics known as PGGT-I inhibitors show very low potency against T. cruzi PGGT-I compared to the mammalian enzyme,
uggesting the potential to develop selective inhibitors against the parasite enzyme.

2007 Elsevier B.V. All rights reserved.
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Abbreviations: PGGT-I, protein geranylgeranyltransferase type-I; PFT, pro-
ein farnesyltransferase; PGGT-II, protein geranylgeranyltransferase type-II; T.
ruzi, Trypanosoma cruzi; GGPP, geranylgeranyl pyrophosphate; FPP, farnesyl
yrophosphate; Sf9, Spodoptera frugiperda 9.
� Note: The nucleotide sequence of Trypanosoma cruzi PGGT-I � reported
n this paper is available in the GenBank database under the accession number
U113181.
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. Introduction

Prenyl modification of proteins with either farnesyl or ger-
naylgeranyl lipid is required for pivotal cellular events in
ukaryotic cells including cell proliferation, apoptosis, and
embrane trafficking [1,2]. Two distinct enzymes, protein

eranylgeranyltransferase-I (PGGT-I) and protein farnesyltrans-
erase (PFT), are thought to occur in most eukaryotic cells that
ransfer either a geranylgeranyl or a farnesyl group to proteins

ontaining the C-terminal CaaX motif (where C is cysteine, a
s usually an aliphatic amino acid, and X is a variety of amino
cids). The C-terminal CaaX motif is a major determinant for
ecognition either by PGGT-I or PFT. Proteins with Leu or Phe at

mailto:koheiy@u.washington.edu
dx.doi.org/10.1016/j.molbiopara.2007.09.006
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he X position are good substrates of PGGT-I, while those with
er, Glu, Met or a few other residues are preferred substrates
f PFT [2,3]. In in vitro enzyme assays, several CaaX proteins
ncluding those with X = Met such as K-Ras-CVIM also serve
s weak substrates of PGGT-I, and in mammalian cells cultured
ith a PFT inhibitor these proteins are shown to be geranyl-
eranylated [4]. Although geranylgeranylated and farnesylated
orms of some proteins could have different functions, the alter-
atively modified proteins seem to be functional in cells, which is
hought to be one reason that PFT inhibitors are not highly toxic
o mammalian cells [4]. Proteins such as H-Ras-CVLS, that are
ormally farnesylated but not alternatively modified by PGGT-I
n cells treated with a PFT inhibitor, may be mainly responsible
or the biological responses of PFT inhibition in the cells [4].

Protein prenyltransferases preferentially operate via an
rdered mechanism for binding two substrates with the prenyl
yrophosphate substrate binding first [2,5,6]. Mammalian
GGT-I and PFT form a tight complex selectively with their
ubstrates, geranylgeranyl pyrophosphate (GGPP) and farnesyl
yrophosphate (FPP), respectively [7,8]. Structural and mecha-
istic studies revealed that critical residues involved in substrate
inding occur in the � subunits of mammalian PFT and PGGT-
, and that PGGT-I discriminates FPP at the rate-determining
roduct-release step in which GGPP displaces the geranylger-
nylated product [9,10].

Most of Rab family GTPases contain the C-terminal sequence
C, CXC or CCXX and are doubly geranylgeranylated by pro-

ein geranygeranyltransferase-II (PGGT-II), which requires a
ab-escort protein for the substrate recognition [2,11]. Sev-
ral mammalian Rab GTPases that contain the C-terminal
aaX motif are shown to be preferentially modified by protein
eranygeranyltransferase-II as are other Rab family proteins that
re doubly geranylgeranylated [12,13]. After prenyl modifica-
ion, most proteins with the C-terminal CaaX motif including
ab proteins undergo endoproteolytic removal of the last three
mino acids “aaX” followed by carboxyl methylation of the
xposed prenyl-cysteine by Ras-convertion enzyme 1 (RCE1)
nd prenylprotein methyltransferase (PPMT or also known as
CMT), respectively [13,14].

PFT has been found in pathogenic protozoan parasites includ-
ng trypanosmatids (T. cruzi, T. brucei, and Leishmania), the

alaria parasite (Plasmodium falciparum), and the enteric par-
site Entamoeba histolytica [15–18]. PGGT-I has recently been
ound in E. histolytica [19]. T. brucei and malaria parasites show
igh sensitivity to inhibition of PFT compared to mammalian
ells [20–23]. We previously reported that potent PFT inhibitors
re highly effective in blocking growth of malaria parasites
nd T. brucei bloodstream forms, suggesting the opportunity
o develop PFT inhibitors as therapeutics for diseases caused by
hese parasites [22–25]. It is likely that PFT inhibitors are selec-
ively toxic to these protozoan parasites because of absence of
GGT-I or lack of alternative modification of critical farnesy-

ated proteins in the parasites.

Effective PFT inhibitors to block growth of T. cruzi amastig-

tes in mammalian host cells have not been found, although
he growth of T. cruzi showed significantly more sensitivity to
FT inhibition than the mammalian cells [15]. Two proteins in T.
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ruzi, TcRho1 GTPase [26] and TcPRL-1 protein tyrosine phos-
hatase [27] have so far been shown to be farnesylated. Here we
escribe the cloning of a putative PGGT-I � subunit and co-
xpression of this gene in combination with the T. cruzi PFT
gene to yield a functional PGGT-I. The recombinant enzyme
as characterized by specific complex formation with GGPP,

nd its substrate specificity with respect to the CaaX motif was
tudied in comparison with those of mammalian PGGT-I and T.
ruzi PFT. Protein substrate candidates in the parasite cells for
. cruzi PGGT-I and PFT are also discussed. The results may
rovide insights that will help design protein prenyltransferase
nhibitors as anti-T. cruzi therapeutics.

. Materials and methods

.1. Materials

Recombinant T. cruzi PFT and rat PGGT-I were produced
n the baculovirus/Sf9 cell expression system and purified as
escribed [8,16]. H-Ras-CVLL and other protein substrates
roduced in Escherichia coli were obtained as described [8].
iotinylated peptides were synthesized, and their structures
ere verified by mass-spectrometry as described [8]. The pep-

ide segment VDWRKDDGVFMAERK of the T. cruzi PGGT-I
subunit sequence predicted from the cDNA was synthesized

nd used to raise the polyclonal antibodies in a rabbit (21st
entury Biochemicals, Marlboro, MA). [1-3H]Geranylgeranyl
yrophosphate ([3H]GGPP) and [1-3H]farnesyl pyrophosphate
[3H]FPP) were purchased from Perkin-Elmer, and unlabeled
GPP and FPP were from BIOMOL. PGGT-I and PFT inhibitors
ere obtained as generous gifts from the following sources;
GTI-297, FTI-276, GGTI-2154, and GGTI-2151 from Dr.
.D. Hamilton (Yale University), and GGTI-DU40 from Dr.

. J. Casey (Duke University). T. cruzi Tulahuen and CL Brener
trains are gifts of Dr. S. Reed (Infectious Diseases Research
nstitute, Seattle, WA).

.2. Cloning of T. cruzi PGGT-1 β subunit and production
f the recombinant baculovirus

cDNA was made from T. cruzi (CL Brener) epimastigote
otal RNA using SuperScript II First-Strand Synthesis System
Invitrogen, Carlsbad, CA) according to the manufacturer’s
nstructions. Genomic DNA was eliminated with RNase-free
Nase (Ambion, Austin, TX). The putative T. cruzi PGGT-1 �

ubunit (Tc00.1047053508817.150) was identified by TBlastN
n GeneDB [28]. cDNA was sequenced using spliced-leader
ACE and oligo-dT RACE to establish the 5′- and 3′-
oundaries of the expressed gene [29]. The defined full length
RF (1206 bp) was then amplified from T. cruzi genomic DNA
sing primers 5′-ccgaattcatgccgcatgccgtggttg-3′ (sense) and
′-cctctagactacaaagtgctcgtggaagt-5′ (antisense) and ligated into
FastBac (GIBCO/Invitrogen). Transposition of the gene into

bacmid in DH10Bac competent cells, and transfection of Sf9

ells were carried out according to manufacturer’s instructions.
he baculovirus was subjected to plaque purification and
mplified to a final titer of 2.8 × 108 plaque-forming units/ml.
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.3. Co-expression of the putative T. cruzi PGGT-I β with T.
ruzi PFT α and prenyl-pyrophosphate binding assay

A baculovirus carrying the putative T. cruzi PGGT-I � gene
lone or together with the T. cruzi PFT � virus [16] was used
o infect Sf9 cells in a 12-well plate (0.5 × 106 cells/well) at

multiplicity of infection of 1–2 for each virus. After the
onolayer culture was incubated at 27 ◦C for 3 days, cells
ere collected, washed once with phosphate buffered saline,

nd frozen at −80 ◦C. The frozen cells were thawed on ice in
00 �l lysis buffer (30 mM potassium phosphate, pH 7.7, 50 mM
aCl, 5 mM dithiothreitol (DTT) containing protease inhibitors,
mM Pefabloc, 10 �g/ml each of aprotinin, leupeptin and Pep-

tatin A). The cells were disrupted on ice by sonication with a
icrotip probe (10 pulses), and the homogenate was centrifuged

t 14,000 × g for 10 min followed by at 100,000 × g for 1 h
t 4 ◦C. The supernatant (cytosol fraction) typically contained
.1–1.5 �g protein/�l. For control assays, cytosol fractions were
lso prepared from uninfected Sf9 cells and those expressing
. cruzi PFT by co-infection with the viruses carrying T. cruzi
FT � and � genes [16]. For measuring selective formation
f a GGPP·protein complex, the cytosol (35 �g protein) and
�l each of ethanol/25 mM NH4HCO3 (7:3, v/v) containing
.5 �Ci (21.7 pmol) [3H]GGPP and 50 pmol of unlabeled FPP
ere mixed in a total volume of 40 �l in buffer A (30 mM potas-

ium phosphate, pH 7.7, 100 mM NaCl, and 5 mM DTT). For
easuring the formation of a FPP·protein complex, a mixture of

.5 �Ci (19.1 pmol) [3H]FPP and 50 pmol of unlabeled GGPP
as used. The mixture was incubated at 30 ◦C for 10 min and

ubjected to gel filtration chromatography at 4 ◦C on a Superdex
00 HR10/30 column (Pharmacia). Elution was carried out at a
ow rate of 0.5 ml/min using buffer A. Fractions of 0.5 ml were
ollected, and a portion (0.1 ml) was submitted to scintillation
ounting.

.4. Expression and partial purification of recombinant T.
ruzi PGGT-I

A suspension culture of Sf9 cells (∼1 × 106 cells/ml) in a
pinner flask was infected with baculoviruses of T. cruzi PFT

subunit and T. cruzi PGGT-I � subunit at a multiplicity of
nfection of 1–2. After incubation at 27 ◦C for 3 days, cells were
arvested. The Sf9 cells from a 10 ml culture were lysed in 1 ml
ysis buffer as described above. The lysate was centrifuged at
4,000 × g for 10 min followed by at 100,000 × g for 1 h at 4 ◦C.
he resulting supernatant (cytosol fraction, 1.65 mg of protein)
as subjected to ammonium sulfate precipitation at 0 ◦C. The
–60% ammonium sulfate fraction was dialyzed at 4 ◦C against
l of buffer B (20 mM Tris-HCl, 50 mM NaCl, 5 mM DTT,
H 8.0) overnight with three exchanges. The dialyzed material
1.22 mg protein in 447 �l) was mixed with 1 �Ci of [3H]GGPP.
fter incubation at 30 ◦C for 10 min, the mixture was applied

o a column (0.5 × 3.2 cm) of Q-Sepharose HP (Pharmacia) at

◦C. The column was washed with 3.5 ml of Buffer B at a flow

ate of 0.25 ml/min, then a linear gradient elution program was
arried out at the same flow rate using buffer B and buffer C
buffer B containing 1 M NaCl); 0–50 min, 0–60% buffer C,

e

p

ical Parasitology 157 (2008) 32–43

0–52 min, 60–100% buffer C, then 52–72 min, 100% buffer
. Fractions of 0.25 ml were collected, and an aliquot (25 �l) of
ach fraction was counted for radioactivity. For a control experi-
ent, 0.25 �Ci of [3H]GGPP without protein sample in 450 �l of

uffer A was chromatographed on the same Q-Sepharose HP col-
mn as above. Radioactive fractions of the protein · [3H]GGPP
omplex (fractions 27–36) were combined and concentrated to
0 �l using a Microcon 30 (MILLIPORE).

The concentrated sample (156.8 �g protein) was applied to a
uperdex 200 HR10/30 column, and chromatography was car-
ied out at 4 ◦C in 20 mM Tris–HCl, 100 mM NaCl, 5 mM DTT,
H 8.0, containing 0.05% �-octylglucoside at a flow rate of
.5 ml/min. Fractions of 0.5 ml were collected, and an aliquot
50 �l) of each fraction was counted for radioactivity. Frac-
ions 28–30 contained majority of the radioactivity and were
ooled and concentrated in a Microcon 30. The concentrated
ample contained ∼50 �g protein and stored in buffer containing
0% glycerol at −80 ◦C. Aliquots of radioactive protein frac-
ions from Q-Sepharose HP and Superdex 200 columns were
ubjected to protein analysis on SDS-PAGE using a 12.5% gel.

T. cruzi PGGT-I apo-enzyme (without bound [3H]GGPP) was
lso prepared by the same purification procedures as above.
he amount of T. cruzi PGGT-I was monitored by SDS-PAGE
nalysis and by measuring the enzyme activity using the pro-
ein substrate H-Ras-CVLL and [3H]GGPP as describe below.
he typical yield of the partially purified T. cruzi PGGT-I from
8 ml of Sf9 cell culture is ∼15 �U (∼200 �g protein) after the
bove purification steps. One �unit of PGGT-I activity is defined
s 1 pmol product formation per min using H-Ras-CVLL as a
ubstrate. The partially purified enzyme was stored in buffer
ontaining 10% glycerol at −80 ◦C. The purity was estimated
o be ∼90% based on SDS-PAGE analysis.

.5. PGGT-I and PFT assays

Standard reaction mixtures for measuring the geranylger-
nyltransferase activity contain 50 ng protein of the partially
urified T. cruzi PGGT-I or 10 ng protein of rat PGGT-I, 0.65 �M
0.3 �Ci) [3H]GGPP and 5 �M H-Ras-CVLL in a total volume
f 20 �l containing 30 mM potassium phosphate, 5 mM DTT,
.5 mM MgCl2, and 20 �M ZnCl2, pH 7.7. After incubation at
0 ◦C for 30 min, the reaction was terminated by adding 200 �l
f 10% HCl in ethanol. The amount of radiolabeled protein prod-
ct was quantified by the glass fiber filter method [8]. When a
iotinylated peptide was used as a substrate, the reaction was
erminated by boiling for 3 min, and 40 �l of avidin–agarose
uspension (50% aqueous slurry, Pierce) was added to mea-
ure radioactivity transferred to the peptide as described [8].
or PFT assay, 10 ng protein of the recombinant T. cruzi PFT
as incubated with 0.65 �M (0.34 �Ci) [3H]FPP and 5 �M of
AS-CVIM or a biotinylated peptide as substrates.

.6. Preparation of cytosol fractions from T. cruzi

pimastigotes and trypomastigotes

T. cruzi epimastigotes (Tulahuen strain) were grown as
reviously described [30]. Trypomastigotes were obtained by
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o-culturing T. cruzi with murine 3T3 fibroblasts at 37 ◦C as pre-
iously described [30]. Motile trypomastigotes were recovered
rom the culture supernatant with virtually no contamination
f the adherent mammalian host cells. To prepare cytosol
ractions from epimastigotes and trypomastigotes, the cells
∼1.5 × 108 cells) were disrupted on ice in 100 �l buffer of
0 mM potassium phosphate,pH 7.7, 50 mM NaCl, 10 mM DTT
ontaining protease inhibitors (1 mM Pefabloc, 10 �g/ml each
f aprotinin, leupeptin, and pepstatin A) by sonication using a
icrotip probe (10 pulses). The homogenate was centrifuged at

4,000 × g for 10 min followed by 100,000 × g for 1 h at 4 ◦C.
he resulting supernatant (cytosol fraction) typically contained
.5–4.0 �g protein/�l.

.7. Northern blot analysis of expression of PGGT-I β in
ifferent life cycles of T. cruzi cells

Northern blots were performed using total RNA from the
ulauen strain trypomastigotes, epimastigotes and the intra-
ellular amastigotes. RNA was purified using the RNeasy
ini kit and Qiashredder column (Qiagen, Valencia, CA).
mounts of RNA loaded were 13 �g for the epimastigotes

nd trypomastigotes, and 70 �g for amastigotes/mouse 3T3
broblast host cells (in which 15–20% was estimated to be
rom the amastigotes). Total RNA from uninfected fibroblasts
30 �g) was loaded as a negative control. Blots were hybridized
ith a PCR generated DNA probe corresponding to bases
18–967 of the T.cruzi PGGT-I � gene or bases 651–1319
f the T. cruzi 18S ribosomal RNA (GenBank AF288660).
he relative expression levels were quantified by densitometry
nd normalized against the 18S ribosomal RNA band densi-
ies.

. Results and discussion

.1. Cloning and sequence analysis

BLAST similarity searching of the T. cruzi gene database
28] with mammalian and yeast PGGT-I � protein sequences
ed to identification of an open reading frame (ORF) of
c00.1047053508817.150 (1383 bp) annotated as a “conserved
ypothetical” protein. The deduced amino acid sequence showed
ow identity (19–23%) to rat PGGT-I � and PGGT-II �
equences, but it contained several residues that are unique
n PGGT-I � as described below. Analysis of the cDNA to
stablish the correct boundaries of the gene expressed in vivo
evealed that the actual start ATG occurs at nucleotide posi-
ion 178–180 of Tc00.1047053508817.150. There is a typical
plice leader acceptor site (i.e. polypyrimidine track followed
y an AG dinucleotide at position 135–136) [31] downstream
f the GeneDB predicted start ATG. Of particularly inter-
st for the actual cDNA, there are two start codons 37 and
2 nucleotides downstream of the spliced-leader sequence.

hese two ATGs are in different reading frames, and the first
TG is in a short ORF of 27 bp, whereas the second ATG
ives the full ORF of 1206 bp whose translated amino acid
equence is shown in Fig. 1. The significance of the first
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hort ORF is unknown. A very low level of PGGT-I activity
as detectable in the cytosol fraction of T. cruzi epimastig-
tes [26]. It is possible that this gene architecture may allow
or low expression levels of the PGGT-I � since the ribo-
ome could preferentially begin translation at the first start
odon.

Fig. 1 shows comparison of the amino acid sequences
etween three � subunits of protein prenyltransferases, PFT,
GGT-I, and PGGT-II from T. cruzi and rat, including the puta-

ive T cruzi PGGT-I � subunit. All three of the zinc binding
esidues, Asp269, Cys271, and His321 (residue numbers in rat
GGT-I �) are conserved in all of these prenyltransferase � sub-
nits (Fig. 1). The putative T. cruzi PGGT-I � sequence contains
everal unique residues including Phe53 and Lys311 that are
onserved in PGGT-I � orthologs from rat and 12 other species
ut not in PGGT-II � or PFT � orthologs from rat (Fig. 1) and
ost of other species (not shown). Structural studies with mam-
alian PGGT-I and PFT revealed the residues contacting GGPP

r FPP [9] that include the consensus residues Phe53 and Lys311
n PGGT-I � (Fig. 1). Trp102 and Tyr365 in the mammalian PFT

subunit have been shown to block binding of GGPP by steric
indrance of the bulky side groups based on the crystal struc-
ure and mutational studies [9,32]. The residues corresponding
o Trp102 and Tyr365 are altered in the putative T. cruzi PGGT-
� as in the rat PGGT-I ortholog (Fig. 1). Among residues of

he rat enzymes contacting CaaX peptide substrates, His121 and
la123 of rat PGGT-I � are altered to Thr and Ser in the T. cruzi

equence (Fig. 1). Thus, the putative T. cruzi protein shows sig-
ificant identity to PGGT-I � orthologs, although substantial
ifferences in residues contacting substrates from those of rat
nzyme are present, suggesting unique substrate specificity of
. cruzi PGGT-I.

.2. Expression of the putative T. cruzi PGGT-I in Sf9
nsect cells

PGGT-I enzymes that have been characterized consist of
� subunit tightly bound to an � subunit, which is identi-

al to the � subunit of PFT. Co-expression of the putative T.
ruzi PGGT-I � and T. cruzi PFT � subunit genes was carried
ut in the baculovirus/Sf9 cell system. Detection of the pro-
ein expression was done by immuno-blotting analysis using
ntiserum that was raised against a synthetic peptide corre-
ponding to the predicted amino acid residues 63–79 of the
utative PGGT-I � gene. A high level of protein with apparent
olecular weight of 42 kDa, similar to the calculated molecu-

ar weight of the putative T. cruzi PGGT-I � (44.5 kDa), was
etected in the cytosol fraction obtained from the infected Sf9
ells (Fig. 2A, lane 1). No significant western blot band was
een in a control sample from Sf9 cells co-infected with bac-
loviruses of T. cruzi PFT � and � subunits (Fig. 2A, lane 2),
lthough bands of the PFT � and � subunits (apparent molec-
lar weights of ∼68 and 70 kDa) were seen in the gel stained

ith Coomassie blue (not shown). This shows that a signifi-

ant expression level of the putative T. cruzi PGGT-I � protein
as obtained in Sf9 cells when co-expressed with the PFT �

ubunit.
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Fig. 1. Comparison of amino acid sequences between the three protein prenyltransferase � subunits from T. cruzi and rat. Alignment was made using Clustal W
program with the putative T. cruzi PGGT-I � (GenBank accession number EU113181) and PGGT-II � (XP 817693), T. cruzi PFT � (AAL69905) (residues 383–442
and 562–588 that do not align with others are not shown), rat PGGT-I � (AAA17756), PGGT-II � (AAA41999), and PFT � (AAA41176) (residues 431–436 are not
shown). The conserved three residues binding to the active site Zn2+ ion are indicated as letters in black boxes. Trp102 and Tyr365 (numbers from rat PFT �) shown
in open boxes are reported to be involved in specific FPP binding [32]. Phe53 and Lys311 (numbers from rat PGGT-I �) shown in open boxes are consensus residues
a I � or
b
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mong PGGT-I � orthologs from most species. Residues of mammalian PGGT-
oth (#) are indicated below the alignment (according to ref. [9]).

.3. Analyses for expression of the putative PGGT-I β gene
n different life-cycle stages of T. cruzi cells

Northern blots demonstrate that the putative PGGT-I � gene
s transcribed in three separate life-cycle stages of T. cruzi

Fig. 3). The level of the PGGT-I � mRNA slightly varies
etween mammalian stage infectious trypomastigotes, intracel-
ular amastigotes grown in mouse 3T3 cells, and insect stage
pimastigotes.
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PFT � contacting GGPP or FPP (*), those contacting the CaaX peptide (◦), or

When cytosol fractions from the three life-cycle stages
f T. cruzi cells were subjected to immuno-blotting analysis
sing the same antiserum as in Section 3.2, a band co-
igrating with the recombinant PGGT-I � protein was detected

n all three life-cycle cells tested but not in the mouse host

ells (Fig. 2B). The results suggest that the putative PGGT-
� gene is expressed at the protein level in T. cruzi cells
ith somewhat varied levels between the different life-cycle

tages.
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Fig. 2. Western blot analysis. (A) Expression of the recombinant putative T.
cruzi PGGT-I � in Sf9 cells. Cytosolic proteins from Sf9 cells co-expressing
the putative T. cruzi PGGT-I � and PFT � subunit genes (lane 1) or T. cruzi
PFT � and � subunit genes (lane 2) were resolved by SDS-PAGE using an 11%
gel. (B) Detection of the putative PGGT-I � protein in T. cruzi cells. Cytosolic
proteins from T. cruzi epimastigotes, trypomastigotes, amastigotes/mouse 3T3
cells, and uninfected mouse 3T3 cells (amounts loaded are 8, 8, 28, and 24 �g
protein, respectively) were subjected to the analysis. Partially purified recombi-
nant T. cruzi PGGT-I (10 ng) was loaded as a standard, and the arrow indicates the
migration position of the � subunit. Immuno-blotting was performed with rabbit
antiserum raised against the synthetic peptide corresponding to residues 63–79
(VDWRKDDGVFNAERDKL) of the putative T. cruzi PGGT-I �. Horseradish
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Fig. 4. Formation of a GGPP·enzyme complex. (A) The cytosol (35 �g protein)
from Sf9 cells co-infected with the baculovises carrying the putative T. cruzi
PGGT-I � and PFT � subunit genes was used to examine the complex formation
with [3H]GGPP (�) or with [3H]FPP (©). The cytosol from Sf9 cells infected
with a virus carrying the putative T. cruzi PGGT-I � alone was also tested for
[3H]GGPP complex formation (�). For detecting selective complex formation
with either GGPP or FPP, the cytosol samples were incubated at 30 ◦C for 10 min
with a mixture of either 0.5 �Ci (21.7 pmol) [3H]GGPP and 50 pmol of unla-
beled FPP or 0.5 �Ci (19.1 pmol) [3H]FPP and 50 pmol of unlabeled GGPP,
respectively. The mixture (40 �l) was subjected to gel filtration chromatogra-
eroxidase-conjugated anti-rabbit IgG antibody was used as a secondary anti-
ody, and the enhanced chemiluminescent reagent (Amersham) was used to
isualize the protein band.

.4. Formation of the enzyme·GGPP complex

Mammalian PGGT-I and PFT have been shown to form a tight
omplex selectively with GGPP and FPP, respectively, that can
e isolated by gel filtration chromatography [7,8]. To explore the
ossible formation of a protein·GGPP complex, cytosolic pro-
eins from Sf9 cells expressing the recombinant proteins were
ncubated briefly with [3H]GGPP and unlabeled FPP (∼2 mol
xcess), and the complex formation was analyzed by Superdex
00 gel filtration chromatography. Unlabeled FPP was added to
easure specific [3H]GGPP-binding, since mammalian PGGT-
is known to selectively bind GGPP over FPP with affinity for

GPP ∼300-fold higher than for FPP [8]. Mammalian PFT has

lso been shown to form a tight complex with FPP with binding
ffinity ∼15-fold higher than GGPP [8]. For measuring selective
omplex formation with FPP, a mixture of [3H]FPP and unla-

ig. 3. Northern blot analysis. Total RNAs from T. cruzi trypomastigotes,
mastigotes/mouse 3T3 fibroblasts, epimastigotes, or control mouse 3T3 fibrob-
ast cells were blotted and hybridized with a probe for the T. cruzi PGGT-I �

ubunit (top) or the T. cruzi 18S ribosomal RNA (bottom).

phy on a Superdex 200 HR10/30 column. (B) The cytosol from un-infected Sf9
cells was used for the complex formation with [3H]GGPP (�) or with [3H]FPP
(
i

b
t
T
p
s
c
c
r
o
r
a
c
c
r
c
P

©). The void volume (Vo), and elution positions of T. cruzi PFT and GGPP are
ndicated. FPP eluted at fraction 46.

eled GGPP (∼2 mol excess) was used. As shown in Fig. 4A,
he cytosol fraction from Sf9 cells co-expressing the putative
. cruzi PGGT-I � and the PFT � subunits gave a radioactive
rotein peak with [3H]GGPP that eluted at a position corre-
ponding to a molecular weight slightly smaller than that of T.
ruzi PFT protein. The cytosolic proteins from uninfected Sf9
ells (Fig. 4B) or those infected only with a baculovirus car-
ying the putative T. cruzi PGGT-I � gene (Fig. 4A) produced
nly low amounts of the radioactive protein peak, which may
epresent the endogenous level of Sf9 PGGT-I. Formation of
protein·[3H]FPP complex was not detectable with the same

ytosolic protein sample of Sf9 cells expressing the putative T.

ruzi PGGT-I � and the PFT � subunits (Fig. 4A). Thus, the
esults suggest that selective formation of a protein·[3H]GGPP
omplex occurs with a dimeric protein of the putative T. cruzi
GGT-I � and the PFT � subunits.
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Fig. 5. Isolation of [3H]GGPP · enzyme complex. (A) Q-Sepharose chromatography. The dialyzed 60% ammonium sulfate fraction (1.22 mg protein) of cytosol
from Sf9 cells expressing the putative T. cruzi PGGT-I � and PFT � was mixed with 1 �Ci of [3H]GGPP and chromatographed on a Q-Sepharose HP column
(0.5 × 3.2 cm) (�). Aliquots of fractions were counted for radioactivity. Elution profile of [3H]GGPP (0.25 �Ci) alone is also shown (©). (B) Superdex 200 gel
filtration chromatography. The radioactive protein (fractions 27–30) from the Q-Sepharose chromatography (Fig. 4A) was concentrated and applied to a Superdex
200 HR10/30 column. Elution positions of T. cruzi PFT, GGPP, and void volume are indicated. (C) Protein analysis of the radioactive protein peak from Q-Sepharose
column (A). Aliquots of fractions 26–32 were subjected to SDS-PAGE analysis using a 12.5% gel, and protein bands were visualized by Coomassie blue staining.
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D) Protein analysis of the radioactive peak from Superdex 200 column (B). F
igration positions of the � and � subunit proteins. Protein molecular weight m

.5. Co-purification of the putative T. cruzi PGGT-I β with
FT α and [3H]GGPP as a ternary complex

We further investigated whether the putative T. cruzi PGGT-I
and the PFT � subunit form a dimeric protein that binds GGPP.
o isolate the protein·[3H]GGPP complex, 60% ammonium sul-
ate precipitated proteins from the cytosol of Sf9 cells expressing
he two subunits were mixed with [3H]GGPP, and the mixture
as subjected to two steps of chromatography. As shown in
ig. 5A, two radioactive peaks were separated after Q-Sepharose

on exchange chromatography. The elution position of a peak at
0.3 M NaCl corresponds to that of [3H]GGPP alone in the same

olumn. Fractions of a large radioactive peak eluted at ∼0.4 M
aCl were subjected to protein analysis on SDS-PAGE. This

howed co-elution of a few proteins with [3H]GGPP (Fig. 5C).
urther purification of the radioactive protein peak by Superdex
00 gel filtration chromatography followed by SDS-PAGE anal-
sis revealed two protein bands with apparent molecular weights
f ∼42.5 and 70 kDa that co-eluted with [3H]GGPP (Fig. 5B and
). The calculated molecular weights of the putative T. cruzi
GGT-I � and the PFT � subunits are ∼44.5 and 72.5 kDa,

espectively, which agree with band positions in the SDS-PAGE.
hese results indicate that a dimeric protein consisting of the
utative T. cruzi PGGT-I � and the PFT � subunits forms a
omplex with [3H]GGPP.

c

a

ns 25–32 were subjected to SDS-PAGE analysis. Arrows indicate the putative
s are shown in the left lanes (M).

.6. Protein geranylgeranyltransferase activity of the
ecombinant enzyme

The radioactive peak containing the putative T. cruzi PGGT-
� and the PFT � subunits obtained from Superdex 200

hromotography (Fig. 5B) was tested for the enzyme activ-
ty of transferring a geranylgeranyl group from GGPP using

panel of mammalian and yeast protein substrates (Table 1).
he partially purified protein showed significant amounts of

3H]geranylgeranyl-transferring activity on most of the C-
erminal CaaX-containing proteins ending with Leu or Met.
owever, a very small amount of activity was detected with those

ubstrates having X = Phe or RhoB-CKVL. This result illustrates
he different CaaX specificity from that of mammalian PGGT-I
Table 1). The proteins with X = Met were also good substrates
or T. cruzi PFT, and one with X = Cys was selectively utilized
y PFT. Two mammalian Rab family GTPases lacking the CaaX
otif but containing the C-terminal CXC sequence did not serve

s substrates for T. cruzi PGGT-I as expected.

.7. Substrates for the putative T. cruzi PGGT-I in T. cruzi

ells

To identify T. cruzi proteins with C-terminal CaaX sequences
s potential substrates of T. cruzi PGGT-I or PFT, BLAST
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Table 1
Activity of T. cruzi PGGT-I and PFT on several protein substrates of mammalian
and yeast protein prenyltransferases

Protein substrate Prenyl-group transferred (fmol/30 min)

T. cruzi PGGT-I Rat PGGT-I T. cruzi PFT

H-Ras-CVLS 0 0 9.7
H-Ras-CVLL 204.0 151.6 3.3
RAS1-CAIL 278.8 n.d. 0.3
Rap2B-CVLL 194.9 204.7 n.d.
RhoB-CKVL 3.3 154.3 n.d.
RAS1-CVIM 141.2 113.6 142.8
K-Ras-CVIM 166.3 99.0 161.0
GST-CDC42-CCIF 5.5 26.6 0
GST-TC21-CVIF 0 111.1 0
RAS2-CIIC 0 n.d. 50.5
Rab3A-CAC 0 0 0
Rab6-CSC 0 0 0

Each protein (5 �M) was incubated at 30 ◦C for 30 min with either partially
purified T. cruzi PGGT-I (50 ng protein) and 0.65 �M (0.3 �Ci) [3H]GGPP or T.
cruzi PFT (10 ng protein) and 0.65 �M (0.34 �Ci) [3H]FPP. Rat PGGT-I (10 ng
protein) was also assayed with these proteins under the same conditions for
comparison. Control levels without protein substrate or enzyme were 7.7 and
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.8 fmol for PGGT-I and PFT assays, respectively, which were subtracted from
he data. The typical experimental error is <10%. n.d.: not determined.

earching was carried out against the T. cruzi genome in GeneDB
sing several mammalian prenylated proteins such as human Ras
uperfamily small GTPases as queries. As shown in Table 2, the
earch revealed at least five small GTPase-like proteins that have
-terminal CaaX tetrapeptide sequences, which include previ-

usly reported TcRho1 GTPase with C-terminal CQLF [26].
y sequence alignment of these putative T. cruzi GTPase-like
roteins with human GTPases (not shown), XP 818107 was

able 2
andidate protein substrates of T. cruzi PGGT-I and PFT

rotein name/accession number CaaX sequence Reference and
comment

mall GTPase-like protein
XP 818107 CVLL Ras-like protein
XP 814824 CTLL
XP 819513 CHFM
TcRho1 (AAG09284) CQLF Farnesylated [26]
XP 818500 CWLM Putative Rab28

homolog [37]

RL protein tyrosine phosphatase
TcPRL-1 (AAS19277) CAVM Farnesylated [27]
XP 815396 CTLM
XP 805262 CTVM
XP 816678 CIVM

NAJ
Tcj2 (AAC18895) CTQQ [36]
Tcj4 (AAC18897) CQLQ [36]
XP 819443 CAHQ
XP 818454 CVHQ
XP 820422 CAAQ

hown are putative or characterized T. cruzi proteins containing the C-terminal
aaX sequence found in the gene database; homologs of small GTPase-like
roteins, PRL (phosphatase found in regenerating liver) protein tyrosine phos-
hatases, and DNAJ proteins.
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ound to be highly similar to human H-, K-, N-Ras and Rap
roteins (42–47% sequence identity). In addition, this protein
ontains sequences similar to the conserved switch 1 and switch

domains, YDPTIED (residues 32–38) and GQEEYSAM-
DQYMRTG (residues 60–75), respectively, of human Ras
roteins [33]. In the T. cruzi putative protein, the sequences
hat align with the switch 1 and switch 2 are YDATIED and
QDAFGAMRDQYLRKG, respectively. The residue Gln61 of
as proteins is involved in GTP hydrolysis and an oncogenic
utation site, while Thr is the natural residue at this position in
ap proteins [34]. This Gln residue is conserved in XP 818107.
hese suggest that this T. cruzi protein is an ortholog of Ras

amily GTPases.
BLAST gene database searching with TcPRL-1 and human

RL sequences identified three PRL homologs in T. cruzi,
hich show ∼35–41% sequence identity to human PRL-1, 2

nd 3, and contain the conserved catalytic region sequence
CVAGLGRAP [35]. All of these four T. cruzi PRL homologs

ontain the C-terminal CaaX sequence ending with Met, and
hus are predicted to be prenylated similarly to TcPRL-1, which
as been reported to be farnesylated [27]. Two T. cruzi DNAJ
roteins (Tcj2 and Tcj4) that have previously been reported
lso contain the CaaX sequences [36]. By BLAST search with
he Tcj2 and Tcj4 sequences, three additional putative DNAJ
roteins with the CaaX motif were found in T. cruzi, which
how 24–44% sequence identity to Tcj2 or Tcj4, and con-
ain three to four repeats of the conserved Zinc finger motif
XXCXGXG and the J-domain motif HPD (the latter is not
resent in XP 820422). All these proteins contain the CaaX
otif ending with Gln, which are expected to be substrates for

. cruzi PFT since the SSCALQ peptide was one of the best sub-
trates of T. cruzi PFT among 20 different peptides of SSCALX
X is one of 20 different amino acids) as described previously
16].

The C-terminal peptides of the Ras-like protein with CVLL
nd the GTPase-like protein with CHFM as well as those of
TQQ (Tcj2), CQLF (TcRho1) and CAVM (TcPRL-1) were

ested as substrates for either T. cruzi PGGT-I or PFT (Table 3).
mong these, only a peptide of the Ras-like protein with CVLL
as efficiently geranylgeranylated by T. cruzi PGGT-I, while
thers containing C-terminal CTQQ, CAVM, CHFM and CQLF
ere selectively farnesylated by T. cruzi PFT. It is notable that no

ignificant prenylation cross-over by T. cruzi PGGT-I and PFT
ccurs for these C-terminal peptides, unlike a number of mam-
alian protein substrates with X = Met reported to be prenylated

y both of mammalian enzymes in vitro and in vivo [4]. The
eptides with CAVM and CHFM were modified by T. cruzi PFT
ut not by PGGT-I, although K-Ras-CVIM and RAS1-CVIM
roteins served as good substrates for both T. cruzi PGGT-I and
FT (Table 1). These results suggest that additional factors other

han the X-residue dictate the selectivity of recognition by PFT
ersus PGGT-I.

Further studies on specificity of T. cruzi PGGT-I were carried

ut in comparison with that of PFT. Partially purified apo-
nzyme of T. cruzi PGGT-I and [3H]GGPP were shown to form
significant amount of the complex separated by Superdex 200
hromatography (Fig. 6A) as seen in the experiment using the
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Table 3
Prenylation specificity of C-terminal peptides of putative T. cruzi protein substrates

Substrates Prenyl-group transferred (fmol/15 min) Protein

Biotin-peptide Prenyl donor T. cruzi PGGT-I T. cruzi PFT

KKRRCVLL GGPP 393.4 ± 33.5 36.9 ± 11.4 Ras-like protein
FPP 105.1 ± 13.4 34.4 ± 14.0

TGATCTQQ GGPP 8.3 ± 6.3 15.0 ± 6.6 Tcj2
FPP 4.4 ± 1.3 601.8 ± 67.7

SCAGCAVM GGPP 6.7 ± 4.4 22.2 ± 12.3 TcPRL-1
FPP 5.4 ± 2.4 984.9 ± 40.0

QCRRCHFM GGPP 4.0 ± 2.6 19.7 ± 5.3 Small GTPase-like protein
FPP 9.0 ± 1.0 707.5 ± 94.6

QSCQLF GGPP 15.3 ± 10.2 n.d. TcRho1
FPP n.d 215.5 ± 41.1

Recombinant T. cruzi PGGT-I (50 ng protein) or T. cruzi PFT (20 ng protein) was incubated at 30 ◦C for 15 min with 5 �M of the biotinylated peptide and 0.65 �M
o ± the standard diviations of two independent measurements. Control levels without
p nylgeranyl transfer and [3H]farnesyl transfer assays, which were subtracted from the
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Table 4
The KM values for T. cruzi PGGT-I and PFT acting on the C-terminal CaaX
peptides of the putative T. cruzi protein substrates

Biotin-peptide KM (�M)

T. cruzi PGGT-I T. cruzi PFT

KKRRCVLL 1.0 ± 0.1 4.0 ± 0.7
TGATCTQQ n.d. 3.7 ± 1.7
SCAGCAVM n.d. 3.9 ± 0.6
QCRRCHFM n.d. 4.2 ± 1.5

The standard assays for PGGT-I and PFT were performed with various con-
centrations of each biotinylated peptide. The KM values for the peptides were
d
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f either [3H]GGPP (0.3 �Ci) or [3H]FPP (0.34 �Ci). The data represent mean
eptide substrate are 73.9 ± 14.2 and 63.0 ± 5.6 fmol, respectively, for [3H]gera
ata. n.d.: not determined.

ytosol of Sf9 cells co-expressing the � and � subunits (Fig. 4A).
n contrast, despite its high specificity for FPP over GGPP in the
ransferase reaction, T. cruzi PFT was unable to form a signifi-
ant level of a tight complex with [3H]FPP under the conditions
hat rat PFT can efficiently form the complex with [3H]FPP
Fig. 6B and C). A very low level of PFT·[3H]FPP complex
ormation was also observed with the cytosol from Sf9 cells
xpressing T. cruzi PFT � and � subunits (not shown), suggesting
relatively low affinity of FPP to T. cruzi PFT.

T. cruzi PGGT-I shows preferential utilization of GGPP but
an also utilize FPP to prenylate the CVLL peptide, whereas T.
ruzi PFT is highly selective for the utilization of FPP (Table 3).
inetic studies of prenylation of the CVLL peptide by T. cruzi
GGT-I showed that the apparent KM values for GGPP and FPP
re similar (∼0.5 �M), but the Vmax value with GGPP is three
o four fold higher than the Vmax with FPP (Fig. 7A). It was also
ound that the peptide with C-terminal CVLL shows higher affin-
ty to T. cruzi PGGT-I over PFT with a ∼4-fold lower KM value
or T. cruzi PGGT-I (Fig. 7B and Table 4). Thus, the C-terminal
eptide containing CVLL of the T. cruzi Ras-like protein is selec-

ively geranylgeranylated in vitro by T. cruzi PGGT-I. A tight and
elective binding to GGPP (Fig. 4A) may contribute largely to
he specific action of T. cruzi PGGT-I in cells as suggested for

ammalian PGGT-I [8].
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able 5
GGT-I and PFT activities in T. cruzi trypomastigotes (mammalian stage) and epima

. cruzi cells Protein
substrate

rypomastigotes H-Ras-CVLL
RAS-CVIM

pimastigotes H-Ras-CVLL
RAS-CVIM

GGT-I assays were carried out by incubating the cytosol (9 �g protein) from T. cr
0–120 min) with 0.3 �Ci (0.65 �M) [3H]GGPP and 5 �M H-Ras-CVLL or RAS-CV
arious time periods (0–30 min) with 0.3 �Ci (0.57 �M) [3H]FPP and 5 �M RAS-CV
er �g of cytosolic protein) ± the standard deviations of two measurements for PFT
etermined by fitting the data to the Michaelis–Menten equation using non-linear
egression. The values represent mean ± S.D. of two independent measurements.
.d.: not determined due to low activity.

.8. PGGT-I activity in T. cruzi trypomastigotes
mammalian stage) and epimastigotes (insect stage)

PGGT-I and PFT assays were carried out with the cytosol
ractions from T. cruzi cells (trypomastigotes and epimastigotes)

Table 5). Using a large amount of cytosolic protein (9 �g) and

prolonged incubation (30–120 min), low but reproducible
evels of PGGT-I activity were detectable using H-Ras-CVLL
r RAS-CVIM as a substrate. Both trypomastigotes and epi-

stigotes (insect stage)

PGGT-I activity
(fmol/min �g protein)

PFT activity
(fmol/min �g protein)

0.018 ± 0.003 0.007 ± 0.002
0.016 ± 0.001 1.49 ± 0.06

0.016 ± 0.008 0.008 ± 0.006
0.014 ± 0.002 2.09 ± 0.07

uzi cells (trypomastigotes or epimastigotes) at 30 ◦C for various time periods
IM. PFT assays were done by incubating the cytosol (5 �g protein) at 30 ◦C for
IM or H-Ras-CVLL. The data represent mean of the specific activity (fmol/min
and four measurements for PGGT-I.
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Fig. 6. Complex formation of the isolated T. cruzi PGGT-I with GGPP, and T.
cruzi PFT or rat PFT with FPP. The recombinant apo-enzyme (1.5 �g protein)
of the PGGT-I or PFT was incubated with 0.5 �Ci of [3H]GGPP (0.54 �M)
or [3H]FPP (0.48 �M), respectively, and the formation of a radioactive protein
complex was analyzed by chromatography on a Superdex 200 HR10/30 col-
umn. (A) A mixture of T. cruzi PGGT-I (partially purified by Q-Sepharose and
Superdex 200 columns) and [3H]GGPP. (B) T. cruzi PFT and [3H]FPP. (C) Rat
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Fig. 7. C-terminal peptide KKRRCVLL of a putative T. cruzi Ras-like pro-
tein is selectively geranylgeranylated by T. cruzi PGGT-I. (A) Specificity for
GGPP vs. FPP of T. cruzi PGGT-I to prenylate biotin-KKRRCVLL peptide. T.
cruzi PGGT-I (partially purified, 50 ng protein) was incubated with 5 �M biotin-
KKRRCVLL and various concentrations of either [3H]GGPP or [3H]FPP. (B)
Selective utilization of the peptide substrate by T. cruzi PGGT-I or PFT. Assays
for geranylgeranylation by T. cruzi PGGT-I (partially purified, 50 ng protein)
o
o
r

l
[
e
C
a
o
w

3

P
m
inhibitor without a carboxylic acid [39] showed low inhibitory
FT and [3H]FPP. Elution positions of the enzyme proteins, GGPP, and FPP as
ell as the void volume (Vo) are indicated.

astigotes contain very low levels (∼0.02 fmol/min per �g of
ytosolic protein) of [3H]geranylgeranyl-transferring activity on
-Ras-CVLL or RAS-CVIM, which are ∼100-fold lower than

3H]farnesyl-transferring activity measured with RAS-CVIM.
n addition, when the protein·[3H]GGPP complex formation
ssays were performed with the cytosol fractions from trypo-
astigotes and epimastigotes, small amounts of radioactive
rotein were observed in Superdex 200 chromatography frac-
ions, which contain a protein detected by Western blot with the
nti-T.cruzi PGGT-I � antiserum (not shown). These suggest a

p
t
C

r for farnesylation by T.cruzi PFT (20 ng protein) were carried out with vari-
us concentrations of biotin-KKRRCVLL and 0.65 �M [3H]GGPP or [3H]FPP,
espectively.

ow abundance of PGGT-I in both life-cycle cells of T. cruzi. The
3H]geranylgeranyl-transferring activity in trypomastigotes and
pimastigotes was detected with both H-Ras-CVLL and RAS-
VIM in a similar efficiency, while the [3H]farnesyl-transferring
ctivity in both cells shows high specificity for RAS-CVIM
ver H-Ras-CVLL (Table 5). These specificities are consistent
ith those of recombinant T cruzi PGGT-I and PFT (Table 1).

.9. Inhibitor studies

Several inhibitors showing high potency against mammalian
GGT-I have been developed. However, CaaX tetrapeptide
imetics containing leucine [38] and a recently developed
otency against T. cruzi PGGT-I at 50 nM, a concentration
hat caused significant inhibition of rat PGGT-I (Table 6). The
aaX mimetics GGTI-297 and FTI-276, selective inhibitors of
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Table 6
Inhibition of recombinant T. cruzi PGGT-I, PFT, and rat PGGT-I

Compound % inhibition at 50 nM

T. cruzi PGGT-I Rat PGGT-I T. cruzi PFT

GGTI-297 <10 93.8 ± 5.4 92.6 ± 1.4
FTI-276 <10 64.6 ± 14.5 75.0 ± 7.4
GGTI-2154 14.7 ± 0.9 91.7 ± 4.5 13.3 ± 3.2
GGTI-2151 16.3 ± 1.8 68.7 ± 13.0 <10
GGTI-DU40 16.3 ± 3.9 95.7 ± 0.9 <10

PGGT-I inhibition assays were carried out with 50 nM of each compound using
T. cruzi PGGT-I (50 ng) or rat PGGT-I (5 ng) and 5 �M H-Ras-CVLL as a
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ubstrate. PFT inhibition assays were done using T. cruzi PFT (10 ng) and 5 �M
AS-CVIM. The data represent mean ± the standard deviations of two to three
easurements.

ammalian PGGT-I and PFT, respectively, had little effect on
. cruzi PGGT-I, whereas both of these compounds strongly
nhibit T. cruzi PFT. Previous results show that methyl ester
rodrugs of both FTI-276 and GGTI-297 inhibit growth of
ntracellular T. cruzi amastigotes more potently than they inhibit
rowth of mammalian host cells [21]. This may be due to
nhibition of T. cruzi PFT by both compounds in the parasites.

Sequence identity of protozoan PFT � and � subunits from
rypanosomatids, P. falciparum, and E. histolytica is quite low
∼20% identity) compared to the mammalian orthologs as well
s between protozoan species. This includes a subset of the active
ite residues, suggesting distinct specificity of binding to CaaX
eptide substrates and inhibitors between PFT enzymes from
hese different species [15,16,18,40]. PGGT-I � orthologs have
ot been identified in gene databases of T. brucei and Leish-
ania species. In gene databases of Plasmodium species, in

ddition to PFT � subunit, two putative proteins with 16–20%
equence identity to the family of prenyltransferase �-subunits
ere found (not shown), although these have not been charac-

erized. Among protozoan organisms, PGGT-I � orthologs have
een so far identified only in T. cruzi and E. histolytica, which
how about 20–30% sequence identity to the orthologs from
ther species (Fig. 1) [19]. Phylogenic analysis of PGGT-I �
rom 15 species, PFT � from 14 species, and PGGT-II � from
1 species suggests that the T. cruzi protein is a member of
GGT-I � family although it diverges earlier than other species
GGT-I � orthologs (not shown). Structural studies of rat PGGT-
complexed with a non-productive GGPP analog and various
aaX peptides have revealed residues that directly contact the
aaX peptide [3,9]. Of those, several residues that contact the
and/or a2 residues of the Ca1a2X peptide, Thr49, His121,

la123, and Leu320 of rat PGGT-I �, are altered to Ile, Thr,
er, and Val, respectively, in T. cruzi PGGT-I � (Fig. 1), and
yr166 of rat PGGT-I � is altered to Phe in T. cruzi PGGT-I.
tructure modeling of the CaaX binding site of T. cruzi PGGT-I
as performed based on the ternary complex structures of rat
GGT-I with the C-terminal peptide of TC21 KKSKTKCVIF
Protein Data Bank ID 1TNB) or the peptide KKKSKTKCVIL

1N4Q). The results show that bulkier side chains of the Ile
nd Ser residues of T.cruzi PGGT-I � versus the correspond-
ng Thr49 and Ala123 of the rat enzyme appear to cause steric
rash with the C-terminal Phe of the CVIF peptide ligand,

i
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ical Parasitology 157 (2008) 32–43

hile the amino acid replacements seem to provide enough
pace to accommodate the CVIL peptide (not shown). These
re consistent with the CaaX specificity of the T. cruzi PGGT-I
Table 1). Alterations in the residues involving substrate inter-
ctions in PFT and PGGT-I subunits between protozoan and
ammalian orthologs may cause substantial differences in bind-

ng specificity for the CaaX motif and small-molecule inhibitors
n protozoa and mammalian cells [15–21,40]. This suggests
ot only different selectivity of inhibitors against parasite PFT
nd PGGT-I from that of mammalian enzymes but also dif-
erential consequences of inhibitory effects of PGGT-I or PFT
n cellular events in the parasites from those in mammalian
ells.

T. cruzi PGGT-I did not show significant activity on tested
rotein and peptide substrates containing aromatic amino acids
ithin the CaaX or at the X position (Tables 1 and 3). This

oincides with insensitivity of T. cruzi PGGT-I to the CaaX
imetic inhibitors selective for mammalian PGGT-I, which con-

ain an aromatic side group and were originally designed based
n the structure of the CVFM peptide that is an inhibitor but
ot a substrate of mammalian PFT [41]. These results may pro-
ide useful information to design specific inhibitors against the
arasite PGGT-I.

Only a few prenylated proteins have been identified so far
n protozoan parasites. In the T. cruzi gene database, sev-
ral putative proteins were found to contain the C-terminal
aaX prenylation signal motif. Among five GTPase-like pro-

eins found to have the CaaX motif, two of those contain the
-terminal Leu (Table 2) that are predicted to be T. cruzi PGGT-
substrates. One putative Rab GTPase with CWLM [37] may
e a PGGT-II substrate, and other two GTPase-like proteins
TcRho1-CQLF [26] and one with CHFM) seem to serve as
elective T. cruzi PFT substrates (Table 3). Four of the T. cruzi
RL protein tyrosine phosphatase homologs and five of the
NAJ homologs were found to have the CaaX ending with Met

nd Gln (Table 2), respectively, and thus these are predicted to
e farnesylated (Table 3).

Our data so far indicate that PFT inhibitors are unable to
ompletely kill T. cruzi at concentrations that are below the
oxic range to host cells. Based on following facts, we spec-
late the potential of the PGGT-I to be utilized as a drug target
gainst T. cruzi. (1) It is likely that the substrate Ras-like GTPase
lays essential roles in T. cruzi cells based on analogy to the
unction of mammalian Ras. (2) T. cruzi PGGT-I acts on the C-
erminal peptide of the Ras-like GTPase as a selective substrate.
Tables 3 and 4, Fig. 7B). (3) Distinct CaaX substrate specificity
nd inhibitor selectivity of T. cruzi PGGT-I from those of mam-
alian enzyme (Tables 1 and 6) suggest the potential to develop

elective inhibitors against this enzyme. (4) T. cruzi cells seem
o have a low abundance of PGGT-I and a small number of its
ubstrates (Tables 2, 3 and 5). (5) T. cruzi cells showed relatively
ow sensitivity to PFT inhibitors compared to P. falciparum and
. brucei that do not seem to have PGGT-I. A potent and specific

nhibitor against T. cruzi PGGT-I with high cell permeability will
llow us to assess if PGGT-I inhibition alone or in combination
ith PFT inhibition will serve as an effective treatment strategy

gainst T. cruzi infection.
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