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We report the cloning and sequencing of a gene encod-
ing the farnesyl pyrophosphate synthase of Trypano-
soma cruzi. The protein (T. cruzi farnesyl pyrophos-
phate synthase, TcFPPS) is an attractive target for drug
development, since the growth of T. cruzi is inhibited by
carbocation transition state/reactive intermediate ana-
logs of its substrates, the nitrogen-containing bisphos-
phonates currently in use in bone resorption therapy.
The protein predicted from the nucleotide sequence of
the gene has 362 amino acids and a molecular mass of
41.2 kDa. Several sequence motifs found in other FPPSs
are present in TcFPPS. Heterologous expression of TcF-
PPS in Escherichia coli produced a functional enzyme
that was inhibited by the nitrogen-containing bisphos-
phonates alendronate, pamidronate, homorisedronate,
and risedronate but was less sensitive to the non-nitro-
gen-containing bisphosphonate etidronate, which, un-
like the nitrogen-containing bisphosphonates, does not
affect parasite growth. The protein contains a unique
11-mer insertion located near the active site, together
with other sequence differences that may facilitate the
development of novel anti-Chagasic agents.

Infections caused by Trypanosoma cruzi (Chagas’ disease or
American trypanosomiasis) are responsible for heavy socioeco-
nomic losses in most countries of Latin America (1). Therapy
against Chagas’ disease is unsatisfactory because of the toxic-
ity of currently available drugs, together with the development
of drug resistance (1). One possible solution to these problems
is to find drugs active against T. cruzi that have already been
developed for other uses in humans and have therefore been
demonstrated to have low toxicity. An example of this approach
is offered by the potential use of bisphosphonates, currently
used in bone resorption therapy, as anti-Chagasic drugs (2, 3).

Bisphosphonates are pyrophosphate analogs in which the
oxygen bridge between the two phosphorus atoms has been
replaced by a carbon substituted with various side chains.
Several bisphosphonates are potent inhibitors of bone resorp-
tion and are in clinical use for the treatment and prevention of

osteoporosis, Paget’s disease, hypercalcemia caused by malig-
nancy, tumor metastases in bone, and other ailments (4–7).
Selective action in bone is based on binding of the bisphospho-
nate moiety to the bone mineral (4–7). The most potent class of
drugs are the nitrogen-containing bisphosphonates, such as
pamidronate, alendronate, and risedronate. Over the past sev-
eral years, several groups have narrowed the site of action of
these compounds to the mevalonate pathway (4, 8) and, more
specifically, to inhibition of the enzyme farnesyl pyrophosphate
synthase (FPPS)1 (9–15). This inhibition results in a deficit in
protein prenylation, and in mammals this deficit results in
osteoclast apoptosis (16–18).

Nitrogen-containing bisphosphonates have also recently
been shown to be active both in vitro and in vivo against T.
cruzi without apparent toxicity to the host cells (2). For exam-
ple, pamidronate and alendronate were active against the in-
tracellular forms of the parasite (amastigotes) with IC50 values
of �60 and 147 �M, respectively (3). No toxicity to the host cells
was detected except at high concentrations of bisphosphonates
(�300 �M) (2). Pamidronate given intravenously to mice with
an acute T. cruzi infection arrested the development of para-
sitemia during treatment (2). Since sterol biosynthesis should
also be affected by FPPS inhibition, the effects on sterol bio-
synthesis of one of the more potent bisphosphonates, rise-
dronate, were investigated in T. cruzi (3). The results were
consistent with the idea that FPPS could be a principal target
of the drug (3). It has also been postulated (2, 3) that the
selective activity of nitrogen-containing bisphosphonates on T.
cruzi could result from their preferential accumulation in the
parasites due to the presence of a calcium- and pyrophosphate-
rich organelle named the acidocalcisome (19). This organelle
would play the equivalent role of calcium hydroxyapatite in
bone, to which bisphosphonates are known to bind with high
affinity (4–7).

Although the presence of an FPPS activity in T. cruzi has
been inferred (20), a thorough molecular characterization of the
enzyme is essential for structure-function analysis and further
development of potential chemotherapeutic agents. In the pres-
ent study, we report the cloning, sequencing, and heterologous
expression of a T. cruzi gene, designated TcFPPS, that encodes
a functional FPPS. The TcFPPS sequence and enzymatic ac-
tivity of the expressed protein indicate that it is an authentic
member of the family of FPPSs, as found in other organisms
(21). The recombinant enzyme was shown to be potently inhib-
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ited by nitrogen-containing bisphosphonates, while a non-ni-
trogen-containing bisphosphonate (etidronate) was far less in-
hibitory, as found with the human enzyme (22). A three-
dimensional model of TcFPPS was constructed based on the
x-ray structure of avian FPPS (23), and this has provided
structural insights into several unique characteristics of the T.
cruzi enzyme. These results are also of general interest, since
they demonstrate, for the first time, the expression and specific
inhibition by bisphosphonates of an FPPS enzyme in a human
pathogen, opening up the way to the design and synthesis of
even more potent and specific FPPS inhibitors.

EXPERIMENTAL PROCEDURES

Materials—Newborn calf serum, Dulbecco’s phosphate-buffered sa-
line, protease inhibitor mixture, dimethylallyl pyrophosphate
(DMAPP), geranyl pyrophosphate (GPP), and isopentenyl pyrophos-
phate (IPP) were purchased from Sigma. Restriction enzymes, T4 DNA
ligase, Taq polymerase, the Klenow fragment of DNA polymerase,
Trizol reagent, and 0.24–9.5-kb RNA ladder were from Life Technolo-
gies, Inc. The PolyATract mRNA isolation system was from Promega
(Madison, WI). pCR2.1-TOPO cloning kit was from Invitrogen (Carls-
bad, CA). Hybond-N nylon membrane and [�-32P]dCTP (3000 Ci/mmol)
were obtained from Amersham Pharmacia Biotech. [4-14C]IPP (57.5
mCi/mmol) was from PerkinElmer Life Sciences. The pET-28a� expres-
sion system, the His.Bind® kit, and the thrombin cleavage kit were
from Novagen (Madison, WI). Oligonucleotides FPPS1 (5�-CGAGTG-
GCACATCTG-3�), FPPS2 (5�-CCCGTACGACCTCCG-3�), ATG-FPPS
(5�-GTCGCTGCTAGCATGGCGTCCATGGAGCGGTTT-3�), and TAA-
FPPS (5�-CGGCCCAAGCTTACTTCTTACGCTTGTGGGTTTT-3�) were
synthesized at Sigma.

Culture Methods—T. cruzi amastigotes and trypomastigotes (Y
strain) were obtained from the culture medium of L6E9 myoblasts as
described previously (24). T. cruzi epimastigotes (Y strain) were grown
at 28 °C in liver infusion tryptose medium (25) supplemented with 10%
newborn calf serum.

Isolation of the T. cruzi FPPS Gene and DNA Sequencing—The
hybridization probe for screening a T. cruzi genomic library (26) was
obtained by using the PCR technique. A fragment of 283 bp of the
TcFPPS gene (TcFPPSf) was amplified using the oligonucleotides
FPPS1 and FPPS2 derived from a T. cruzi expressed sequence tag
(GenBankTM accession number AI046250) that showed pronounced
similarity to FPPSs of other organisms. To amplify the TcFPPS gene,
the PCR was performed with 35 cycles of 94 °C for 1 min for denatur-
ation, 50 °C for 1 min for annealing, and 72 °C for 2 min for extension,
using 1.5 units of Taq DNA polymerase with 500 ng of T. cruzi genomic
DNA, 25 pmol of each of the two oligonucleotide primers, 20 mM Tris-
HCl (pH 8.4), 50 mM KCl, 1.5 mM MgCl2, and 0.2 mM each deoxynucleo-
side trisphosphate in a total volume of 50 �l using a PTC-100 Program-
mable Thermal Controller (MJ Research, Inc., Watertown, MA). The
genomic library constructed in �GEM11 was replica-plated onto nylon
membranes and screened as described previously (27). The isolated
�GEM11 DNA was digested with restriction endonucleases, and a
3.5-kb BamHI-HindIII fragment that hybridized to the PCR probe was
ligated into pBSKS� and transformed into Escherichia coli DH5�. The
BamHI-HindIII insert was sequenced in a 373A DNA Automatic Se-
quencer (PerkinElmer Life Sciences). Appropriate primers were syn-
thesized by using as a model both DNA strands from the coding region.
The predicted amino acid sequence of TcFPPS was aligned with the
sequences of other FPPSs using the Biology Workbench 3.2 utility
(available on the World Wide Web at workbench.sdsc.edu).

Southern and Northern Blot Analyses—Total genomic DNA from T.
cruzi epimastigotes was isolated by phenol extraction (26), digested
with different restriction enzymes, separated on a 1% agarose gel, and
transferred to nylon membranes. The blot was probed with a
[�-32P]dCTP-labeled TcFPPS. After hybridization, the blot was washed
three times in 2� SSC, 0.1% SDS at 65 °C (SSC is 0.15 M NaCl, 0.015
M sodium citrate). For the Northern blot analysis, total RNA was
isolated from amastigotes, trypomastigotes, and epimastigotes using
Trizol reagent, according to the manufacturer’s instructions. Polyade-
nylated RNA was obtained with the PolyATract mRNA isolation sys-
tem. RNA samples were subjected to electrophoresis in 1% agarose gels
containing 1� Mops buffer (20 mM Mops, 0.08 M sodium acetate, pH 7.0,
1 mM EDTA) and 6.29% (v/v) formaldehyde after boiling for 10 min in
50% (v/v) formamide, 1� Mops buffer, and 5.9% (v/v) formaldehyde. The
gels were transferred to a Hybond-N filter and hybridized with a probe
containing the entire coding sequence of the TcFPPS gene obtained by

PCR. All Southern and Northern blots were visualized by autoradiog-
raphy. The TcP0 (T. cruzi ribosomal protein 1) fragment used as a
control in Northern blots was obtained as described before (24). Densi-
tometric analyses of Northern blots were done with an ISI-1000 digital
imaging system (Alpha Inotech Corp.). Comparison of levels of TcFPPS
transcription between the different stages was performed by taking as
a reference the densitometric values obtained with the TcP0 transcripts
and assuming a similar level of expression of this gene in all stages (28).
Similar results were obtained when the densitometric values were
compared by taking into account the amount of RNA added to each lane.

Expression and Purification of TcFPPS from E. coli—For expression
in E. coli, the entire coding sequence of the TcFPPS gene was amplified
using the PCR technique. Oligonucleotide primers for amplification of
the FPPS coding region, ATG-FPPS and TAA-FPPS, were designed so
that NheI and HindIII restriction sites were introduced at the 5�- and
3�-ends for convenient cloning in the expression vector pET-28a� to give
pETcFPPS, which was cloned and propagated in E. coli DH5�. Double-
stranded DNA sequencing was performed to confirm that the correct
reading frame was used, with the polyhistidine tail placed in the N-
terminal position. Subsequently, pETcFPPS was used to transform E.
coli BL21(DE3). Bacterial clones were grown in LB medium containing
50 �g/ml kanamycin. When induction was performed, bacterial cells
transformed with pETcFPPS were first grown to an A600 of 0.6 at 37 °C,
and then 1 mM isopropyl �-D-thiogalactoside was added. After 6 h of
growth at 37 °C, cells were pelleted by centrifugation and resuspended
in 4 ml of 5 mM imidazole, 500 mM NaCl, 20 mM Tris-HCl (pH 7.9) buffer
and sonicated. The soluble extract was applied to a nickel-chelated
agarose affinity column that had been equilibrated with the same
buffer. The protein was eluted from the column as described by the kit
manufacturer (Novagen). The eluted fraction was transferred into a
dialysis cassette (molecular weight 10,000) and dialyzed against 10 mM

Hepes (pH 7.4). Extracts from E. coli expressing TcFPPS as a fusion
protein possessed 40-fold higher activity than extracts prepared from
control bacteria. Following affinity purification, the specific activity of
TcFPPS was 80-fold higher than the activity in the extracts of the
transformed E. coli, indicating that the gene encoded a functional FPPS
activity. The polyhistidine tag was removed by thrombin cleavage as
described by the kit manufacturer (Novagen). Proteins were deter-
mined by the method of Bradford (29) with bovine serum albumin as a
standard and analyzed by SDS-polyacrylamide gel electrophoresis.

FPPS Assay and Product Analysis—The activity of the enzyme was
determined by a radiometric assay based on that described before (30).
Briefly, 100 �l of assay buffer (10 mM Hepes, pH 7.4, 5 mM MgCl2, 2 mM

dithiothreitol, 47 �M [4-14C]IPP (10 �Ci/�mol)), and 55 �M DMAPP or
GPP was prewarmed to 37 °C. The assay was initiated by the addition
of 10–20 ng of recombinant protein. The assay was allowed to proceed
for 30 min at 37 °C and was terminated by the addition of 10 �l of 6 M

HCl. The reactions were made alkaline with 15 �l of 6 M NaOH, diluted
in 0.7 ml of water, and extracted with 1 ml of hexane. The hexane
solution was washed with water and transferred to a scintillation vial
for counting. One unit of enzyme activity was defined as the activity
required to incorporate 1 nmol of [4-14C]IPP into [4-14C]FPP in 1 min.
To identify the reaction products after the enzymatic reaction, the
radioactive prenyl products in the mixture were hydrolyzed to the
corresponding alcohols with alkaline phosphatase as described before
(31). The mixture was extracted with hexane and concentrated after the
addition of farnesol, geraniol, and geranylgeraniol, as carriers, and the
reaction products were separated on silica gel 60 plates (Merck), using
a mixture of benzene/acetone (9:1) as solvent. The positions of the
prenyl alcohols were visualized by using iodine vapor. The radioactivity
was visualized by autoradiography.

Bisphosphonates—Sodium salts of the bisphosphonate compounds
were synthesized, purified, and characterized as described previously
(3). The structures of etidronate, homorisedronate, pamidronate, alen-
dronate, and risedronate are shown in Fig. 1. The purity of all samples
was verified by microchemical analysis (H/C/N/P) and via 13C, 31P, and
1H NMR spectroscopy, the 1H NMR experiments being performed in
triplicate using an internal maleic acid quantitation standard. Absolute
compound purities as determined from these experiments were 97.9,
99.2, 98.1, and 98.8%, for homorisedronate, pamidronate, alendronate,
and risedronate, respectively. Etidronate was obtained from Gador S.A.
(Buenos Aires, Argentina).

Homology Modeling—The structural similarities between the TcF-
PPS and the avian FPPS were examined by homology modeling the T.
cruzi FPP synthase sequence onto the published structure of the avian
FPPS in the presence of either GPP or FPP (23). The three-dimensional
models of TcFPPS were constructed following the sequence alignment
(Fig. 2) and the three-dimensional homology using the coordinates of
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the avian x-ray crystal structure (Protein Data Bank code: 1UBW) (23).
All steps of homology model building and refinement were performed
within the Homology module of Insight II 2000 (Molecular Simulations
Inc., San Diego, CA). The Search Loops algorithm was used to display
a range of possible loop geometries for the unique 11-mer region in the
TcFPPS sequence. The entire three-dimensional models were in general
subjected to molecular mechanics energy minimization calculations
using the CHARMM (Chemistry at Harvard Molecular Mechanics)
force field with a convergence criterion of 0.01 kcal/mol, resulting in
protein models that are conformationally reasonable.

Electrostatic Potential Calculations—We used ab initio Hartree-Fock
methods (6-311G** basis sets) to evaluate the molecular electrostatic
potentials, �(r), and the charge density, �(r), for etidronate and rise-
dronate, basically as described previously (11). The results obtained are
shown graphically in the docked ligand models described below (Fig. 9).

RESULTS

Isolation of the TcFPPS Gene—A tBLASTn search of the
data base from the Institute for Genome Research using the
human FPPS sequence (P14324) indicated that the predicted
amino acid sequence encoded by T. cruzi expressed sequence
tag clone 18h5 (accession number AI046250) presented an as-
partate-rich motif (region VI), which is one of the most con-
served and characteristic motifs present in prenyltransferases.
A PCR probe was obtained by amplification of the fragment of
the putative T. cruzi FPPS gene, using oligonucleotide primers
complementary to the expressed sequence tag and genomic T.
cruzi DNA as template. The product of the amplification (283
bp) was ligated into vector pCR2.1TOPO for sequence analysis.
A genomic DNA library constructed in �GEM11 (26) was
screened with the specific PCR probe. Thirty positive clones
were obtained in the first screening of approximately 3.0 � 105

plaque-forming units. After the third screening, one clone was
selected for restriction analysis. The clone contained an insert
that possessed the complete coding region of the FPPS gene. A

BamHI-HindIII fragment was identified that hybridized
strongly with the PCR probe. This 3.5-kb segment was ligated
into pBSKS�, resulting in pFPPS3.5, and its complete se-
quence was determined on both strands. Translation of the
open reading frame of 1086 bp yielded a polypeptide of 362
amino acids with a predicted molecular mass of 41,180 Da. A
BLAST search of the protein data base showed that the amino
acid sequence from T. cruzi has 35–39% identity and 48–55%
similarity with other representative (mammalian, plant, yeast)
FPPSs (Fig. 2). The amino acid sequence from the T. cruzi
enzyme was aligned with the sequences of avian, human, Ara-
bidopsis thaliana, and Saccharomyces cerevisiae synthases as
shown in Fig. 2. All the conserved residues involved in catalysis
or binding (regions I–VII) identified in other FPPSs (21) are
present in the T. cruzi enzyme.

Genomic Organization of the TcFPPS Gene—Southern blot-
ting was performed with a PCR fragment that encompasses the
entire coding region of TcFPPS (Fig. 3A). All restriction en-
zymes used, except NcoI, BglI, and NaeI, gave single, strong
bands, which were distinct from one another. Observation of
two bands with NcoI, BglI, and NaeI was due to the presence of
unique restriction sites within the coding region of the gene,
suggesting the presence of a single TcFPPS gene in the T. cruzi
genome.

Analysis of FSPP Transcripts in Amastigote, Trypomastigote,
and Epimastigote Stages of T. cruzi—In order to confirm the
transcription of the TcFPPS gene, we performed Northern blot
analysis using poly(A)� RNA from different forms of the para-
site and the TcFPPS gene as a probe. The presence of a single
TcFPPS transcript of �1.85 kb after prolonged exposure was
detected in each of the three life stages of T. cruzi (Fig. 3B).
Analysis of the 1.85-kb band by densitometry indicated that the

FIG. 1. Structure of GPP, FPP, and
different bisphosphonates used in
this work.
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TcFPPS gene was expressed at higher levels in trypomastig-
otes and epimastigotes than in amastigotes, while the amount
of transcription of a ribosomal protein gene (TcP0) was at
comparable levels in all three stages of the parasite.

Purification and Reaction Requirements of Recombinant Pro-
tein—TcFPPS was expressed in E. coli BL21(DE3) as a fusion
protein with an N-terminal polyhistidine tail. Affinity chroma-
tography on a nickel-chelated agarose column permitted a sim-
ple one-step protein purification. Enzyme purity was judged by
using SDS-polyacrylamide gel electrophoresis with Coomassie
Blue staining (Fig. 4). The final protein preparation catalyzed
the incorporation of [4-14C]IPP into hexane-extractable mate-
rial when the allylic substrates, DMAPP and GPP, were used
(data not shown). The product of the FPPS assay was analyzed
by TLC, confirming that the purified protein shown in Fig. 4
catalyzed the synthesis of FPP. [4-14C]IPP incorporation into
the organic solvent extractable material was linear with time
for at least 60 min. The radioactive assay was performed in the
presence of different concentrations of Mg2� and Mn2�, to
determine their effect on the T. cruzi FPPS. Mg2� and Mn2�

were added to the reaction mixture at concentrations between
0.5 and 20 mM. As shown in Table I, optimal levels of activity
were obtained by the addition of Mg2� (1–5 mM). However, the

enzymatic activity was very low when the divalent cation was
Mn2�. The addition of 10 mM EDTA abolished FPPS activity.
The T. cruzi enzyme activity was also assayed between pH 6
and 10.5 using a Tris-HCl (10 mM), Tris-glycine (10 mM) buffer.
Optimum activity was observed between pH 8 and 9 (Fig. 5A).
Since the polyhistidine tag could potentially affect the enzy-
matic activity of TcFPPS, in two experiments, the polyhistidine
tag was removed by thrombin cleavage. However, this treat-
ment resulted in an almost complete loss (99.74 � 0.07%) of
the catalytic activity of the enzyme, presumably due either to
misfolding or aggregation. Consequently, all activity and in-
hibition results reported were obtained with the His-tagged
enzyme.

Kinetic Analysis—Standard procedures were used to deter-
mine kinetic parameters. Km and Vmax values were obtained by
a nonlinear regression fit of the data to the Michaelis-Menten
equation (SigmaPlot for Windows version 3.06). When the rate
of FPP synthesis by the recombinant enzyme (10 ng) was meas-
ured in the presence of saturating IPP (47 �M) and varying
GPP concentration between 0.5 and 55 �M, a Km value of 7.48 �
1.25 �M and a Vmax of 214 � 12 units/mg were calculated (Fig.
5B). When the concentration of GPP was kept at 55 �M and the
IPP concentration was varied between 0.5 and 44 �M, the Km

FIG. 2. Comparison of the deduced amino acid sequence of T. cruzi with other FPPSs. The deduced amino acid sequence of T. cruzi
FPPS (GenBankTM accession number AF312690) is compared with the sequences of the avian (P08836), human (P14324), A. thaliana FPPS isoform
2 (L46349), and S. cerevisiae (J05091) synthases. Similar residues are shaded. The seven conserved regions I–VII are underlined. The potential
glycosomal targeting signal (AHL) is indicated by asterisks above the alignment.

FIG. 3. Southern and Northern blot
analysis. A, Southern blot analysis. Total
genomic DNA was digested with different
endonucleases. The DNA fragments were
separated in 1% (w/v) agarose, trans-
ferred to a nylon membrane, and hybrid-
ized with the FPPS coding sequence. B,
Northern blot analysis of amastigotes (A),
trypomastigotes (T), and epimastigotes
(E) stages of T. cruzi. Approximately 3 �g
of poly(A)� RNA were subjected to elec-
trophoresis on the gel before transfer to
nylon and hybridized with 32P-labeled
probe corresponding to the FPPS coding
sequence. The membranes were stripped
and reprobed with a 32P-labeled PCR
fragment of the TcP0 gene from T. cruzi
as control.
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value was 2.96 � 0.74 �M and the Vmax was 325 � 5 units/mg
(Fig. 5C).

Inhibition by Bisphosphonates—Five bisphosphonates were
tested for their ability to inhibit the T. cruzi enzyme. The Ki

values for bisphosphonates were calculated using the Dixon
equation (32), and the IC50 values were obtained as described
previously (3) (Table II). Bisphosphonates are known competi-
tive inhibitors with respect to GPP of FPPSs having different
origins (14). Three nitrogen-containing bisphosphonates used
clinically, alendronate, pamidronate, and risedronate, inhib-
ited the TcFPPS activity. Risedronate was significantly more
potent than alendronate and pamidronate. The non-nitrogen-
containing bisphosphonate etidronate was much less active,
while the risedronate analog homorisedronate had an interme-
diate activity (Table II).

Homology Modeling—Using homology modeling within the
Homology module of Insight II 2000, we obtained the folded
TcFPPS protein structure shown in Fig. 6B, which is to be
compared with that of the avian enzyme whose structure has
been reported previously (23, 33) (Fig. 6A). Both structures
contain the substrate GPP. There is a 35% sequence identity
and 48% sequence similarity between TcFPPS and the avian
enzyme and a 35% sequence identity and a 50% sequence

similarity with the human FPPS. The most obvious difference
between the TcFPPS and all other sequences investigated is
the addition of an 11-mer peptide sequence (between regions IV

FIG. 4. Purification of T. cruzi FPP synthase from E. coli. A
SDS-polyacrylamide gel was stained with Coomassie Brilliant Blue.
Lane 1, crude extract from pET-28a�-transformed cell; lane 2, crude
extract of E. coli BL21(DE3)/pETcFPPS; lane 3, soluble fraction from
extract of E. coli BL21(DE3)/pETcFPPS; lane 4, nickel column purified
fraction.

FIG. 5. Effect of pH and substrate concentration on the FPP
synthase activity. The FPP synthase activity was measured as de-
scribed under “Experimental Procedures” over a range of pH between 6
and 10.5 using Tris-HCl buffer and Tris-glycine (A) and in the presence of
different concentrations of GPP (B) or IPP (C). Insets in B and C represent
the linear transformation, by double reciprocal plot, of each curve.

TABLE I
Effect of divalent cations on FPPS from T. cruzi

FPPS activity was measured in the presence of the different concen-
trations of MgCl2 or MnCl2 indicated in a reaction medium containing
10 mM Hepes (pH 7.4), 2 mM dithiothreitol, 47 �M [4-14C]IPP (10
�Ci/�mol), 55 �M GPP, and 10 ng of recombinant protein (final volume
of 100 �l). Reactions were incubated for 30 min at 37 °C, stopped by the
addition of HCl, and made alkaline with NaOH. The radioactive prenyl
product was extracted with hexane as described under “Experimental
Procedures.” No activity was detected in the absence of MgCl2 or MnCl2
and presence of 10 mM EDTA. Values shown are means � S.D. of two
experiments in duplicate.

Concentration
FPPS activity

MgCl2 MnCl2

mM units/mg

0 4.9 � 1.6 4.9 � 1.6
0.5 189.9 � 21.1 17.9 � 11.0
1 256.2 � 9.9 16.1 � 4.9
5 279.6 � 6.7 6.0 � 2.8

10 226.5 � 10.8 6.1 � 2.3
20 202.2 � 10.3 5.2 � 2.4

TABLE II
The effects of bisphosphonates on FPPS activity

The activity of the T. cruzi enzyme was assayed in the presence of
bisphosphonates in mixtures containing 10 mM Hepes (pH 7.4), 5 mM

MgCl2, 2 mM dithiothreitol, 47 �M [4-14C]IPP (10 �Ci/�mol), 18 �M GPP,
and 10 ng of protein in a final volume of 100 �l. Reactions were
incubated for 30 min at 37 °C, and the prenyl product was extracted and
measured by liquid scintillation counting as described under “Experi-
mental Procedures.”

Bisphosphonate
T. cruzi FPPS

Human FPPS IC50
Ki

a IC50
a

�M �M �M

Etidronate 61.08 � 8.7 57.7 � 1.69
Homorisedronate 8.17 � 1.36 9.07 � 0.7 2.93 � 0.58b

Alendronate 1.04 � 0.18 0.77 � 0.0 0.05 � 0.001b; 0.46c

Pamidronate 2.02 � 0.10 1.08 � 0.4 0.20 � 0.01b; 0.5c

Risedronate 0.032 � 0.002 0.037 � 0.003 0.01 � 0.002b; 0.0039c

a Values are the means � S.D. of three independent experiments.
b From Ref. 22.
c From Ref. 14.
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and V; Fig. 2), which, based on the alignment and homology
modeling results shown in Fig. 6B, is located near the active
site of the enzyme. Since the 11-mer contains two proline
residues, any helical structure is unlikely in this region. We
therefore generated a family of loop structures using the
Search Loops algorithm in Insight II and a superposition of six
energetically feasible structures is shown in Fig. 7. Interest-
ingly, a number of these loops can readily penetrate the active
site region of the protein, and it will clearly be of interest to see
to what extent this loop affects enzyme activity.

DISCUSSION

We report here that a gene, TcFPPS, encoding a functional
FPPS, is present in the T. cruzi genome. Heterologous expres-
sion of TcFPPS in E. coli resulted in the production of a recom-
binant enzyme that was similar to other FPPSs with respect to
its Mg2� requirement, optimum pH, and sensitivity to bisphos-
phonates. This is the first report of a gene encoding a functional
FPPS in a trypanosomatid.

Structural Aspects—As shown in the alignment in Fig. 2,
there is considerable sequence similarity between different
FPPSs, and this similarity extends to some 20 sequences we
have aligned (data not shown). Detailed sequence comparisons
between several known FPPSs have shown the presence of two
highly conserved aspartate-rich domains having a DDXX(XX)D
motif (where X can be any amino acid), which have been sug-
gested to be involved in substrate binding through the forma-
tion of magnesium salt bridges between the pyrophosphate
moieties of the isoprenoid substrates and the carboxyl groups of
the aspartates (34). These two motifs reside within larger re-
gions of homology, domain II and domain VI. Several site-
directed mutagenesis experiments have shown that most of the
conserved Asp and Arg residues in these two regions are crucial
for catalytic function (35, 36).

An interesting feature of TcFPPS as compared with animal
FPPSs is the change of two Phe residues to His93 and Tyr94. An
analysis of the x-ray structure of the avian enzyme, coupled
with the information about conserved amino acids in the pre-
nyltransferases so far cloned, has led to the idea that the
aromatic rings of these two Phe residues, situated at the fifth
and fourth amino acids before the first DDXXD motif in region
II, are important for determining the ultimate length of the
prenyl chains (33). The T. cruzi FPPS has His and Tyr residues
at these positions, with the His93 residue corresponding to Phe
or Tyr in other organisms and the Tyr94 corresponding to Phe
(Fig. 2). In contrast, geranylgeranyl pyrophosphate and higher
chain length synthases have smaller amino acid side chains in
these positions, and it is this increase in size of the binding
pocket that permits further prenyl chain growth. Based on
molecular modeling (Fig. 8, A and B), our results suggest that

at least the His93 residue may play a similar role as Phe112 in
the avian enzyme, in regulating chain elongation, although it
should be noted that mutation of the corresponding Phe to His
in Bacillus stearothermophilus FPPS resulted in further chain
elongation (35). This observation may be of interest from the
perspective of designing novel parasite-specific inhibitors,
since from the molecular modeling results, the TcFPPS His93

residue is in apposition to the prenyl chain terminus and may
provide an interaction site for binding to other, more highly
functionalized bisphosphonates.

Another interesting feature of the sequence is that an SKL-
like sequence (in positions 239–241) of the T. cruzi FPPS has
previously been identified as a possible signal sequence for
glycosomal import. Glycosomal targeting sequences are usually
present at the C terminus of the protein; however, signals at an
internal position have also been described (37). Since glyco-
somes in trypanosomatids are known to possess a phosphate-
pyruvate dikinase (38), it seems likely that pyrophosphate
generated by the action of the TcFPPS could be utilized by the
dikinase.

Enzymatic Aspects—The FPPS catalyzes the synthesis of
FPP from IPP and DMAPP. This reaction is considered to be a
rate-limiting step in isoprenoid biosynthesis, since it is the
starting point of different branched pathways leading to the
synthesis of key isoprenoid end products (39). As such, it rep-
resents an interesting drug target.

FIG. 6. A, x-ray crystallographic struc-
ture of avian FPPS (with GPP) (from Ref.
33). B, homology model of T. cruzi FPPS
(with GPP). The conserved Asp-rich bind-
ing motifs of domain I and II are dis-
played in yellow. The 11-mer insert in the
TcFPPS is shown in gray.

FIG. 7. Homology model of TcFPPS (with GPP) showing six
possible 11-mer loop conformations (Search Loops algorithm,
Insight II 2000).
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As shown in Table I and Fig. 5A, the protein we have ex-
pressed has optimum activity in the presence of 1–5 mM MgCl2
and in the pH range 8–9, basically as found with the human
enzyme (40). In addition, our results show that TcFPPS is
potently inhibited by a number of bisphosphonates (Table II).
The pattern of inhibition is that the Ki values decrease in the
order etidronate to homorisedronate to pamidronate to alendr-
onate to risedronate. Interestingly, the short chain non-nitro-
gen-containing bisphosphonate etidronate is in fact an inhibi-
tor of the TcFPPS enzyme, although its Ki (or IC50) value is
about 60 �M (Table II). This is much larger than the Km,
implying that etidronate may act simply as an inert substrate
rather than a transition state/reactive intermediate analog.
The second generation bone resorption drugs pamidronate and
alendronate have Ki (or IC50) values in the 1–2 �M range (Table
II), while the aromatic species risedronate has a Ki (IC50) of
�30 nM, making it a very potent inhibitor (Ki �� Km) The
activity of the methylene homolog of risedronate, homorisedr-
onate, has a Ki (IC50) of about 8–9 �M. In general, these Ki

(IC50) values are about a factor of 5 greater than those reported
for a recombinant human enzyme (Table II), which may be
related to the presence in TcFPPS of the 11-mer region (Figs. 2
and 5), although as shown in Table II, there is some variability
in the reported IC50 values for the human enzyme, and small
systematic differences between assays cannot be excluded.

The pattern of inhibition observed with the different bisphos-
phonates (Table II) is consistent with the proposal made pre-
viously that the more potent nitrogen-containing bisphospho-
nates act as aza-carbocation transition state/reactive
intermediate analogs of the allylic substrates DMAPP/GPP
(11). To illustrate this point further, we show in Fig. 9, left and
right, space-filling models of risedronate and etidronate docked
into the GPP binding site of the TcFPPS. Clearly, the much
smaller methyl side chain in etidronate provides no electro-
static interaction with the protein (Fig. 9, right) and only a

minimal hydrophobic interaction, while the 3-pyridyl substitu-
tion to form risedronate results in a much more favorable
electrostatic interaction with the protein (Fig. 9, left) in addi-
tion to a much larger hydrophobic interaction. This enhanced
hydrophobic interaction is most likely the reason that minodr-
onate, containing a benzimidazole side chain, has an even
smaller IC50 than does risedronate in inhibiting a human FPPS
(22).

It is also possible that some bisphosphonates may mimic the
homoallylic (IPP) substrate. In order to address the question of
the nature of the second (IPP) binding site, we extended our
computer modeling studies to include not only the GPP sub-
strate but also the bonding of the second, allylic pyrophosphate
(i.e. isopentenyl pyrophosphate), which we find can be readily
docked into the second, conserved DDXXD binding site in the
active site of the TcFPPS (data not shown). While obtaining
x-ray structures of e.g. FPPS � GPP � IPP might not be
feasible, it seems likely that the tightly binding bisphosphonate
inhibitors (such as risedronate) may substitute for GPP, lead-
ing to high resolution ternary complex structures, with IPP.
This model of the FPPS active site also points to the possibility
of developing larger inhibitors having four phosphonates (bind-
ing to both Asp-rich clusters) and does not exclude the possi-
bility that some bisphosphonates we have investigated may
already bind to the second Asp-rich region.

Removal of the polyhistidine tag of TcFFPS resulted in al-
most complete loss of activity. It has been suggested that poly-
histidine tags may affect folding (41) or facilitate dimerization/
oligomerization (42) of some proteins. Polyhistidine tags have
been used before for the purification of other FPPSs (43, 44),
but no attempts to remove them were reported, and it is likely
that structural studies will be required in order to distinguish
between these possibilities. Likewise, detailed structure deter-
minations are desirable in order to facilitate the design of new
and more potent inhibitors.

Isoprenyl groups generated by FPPS and other enzymes in
the isoprene pathway can be transferred to cysteine residues
within carboxyl-terminal motifs present in several classes of
proteins, including the family of GTP-binding proteins Ras,
Rho, Rac, and Rab and the nuclear lamins, in a reaction cata-
lyzed by at least three distinct cytoplasmic prenyl protein
transferases (45). Post-translational modification of proteins
with farnesyl or geranylgeranyl groups appears to be essential
for the localization of these proteins to membranes and, conse-
quently, for their biological function (45). Inhibition of protein
prenylation by substrate inhibitors of prenyl protein trans-
ferases or by inhibitors of mevalonate or isopentenyl pyrophos-
phate synthesis (such as lovastatin, mevastatin, and phenyla-
cetate) have a profound effect on cell morphology (46), cell

FIG. 8. Detail of avian FPPS (with FPP) (A) and TcFPPS (with
FPP) (B) showing apposition of the prenyl chain terminus and
Phe112 or His93, respectively. The amino acid residues are shown as
stick structures with carbon in green, nitrogen in blue, and oxygen in
red. FPP is displayed in the ball and stick representation with carbon in
gray, oxygen in red, and phosphorus in orange.

FIG. 9. Docking of risedronate (left) and etidronate (right) into
the active site of TcFPPS. The representations of the drug molecules
are the electrostatic potentials �(r) mapped onto the charge densities,
�(r) 	 0.05 eao

3.
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replication (47, 48), and intracellular signal transduction (17)
and can lead to the induction of apoptotic cell death (18, 50). It
has been shown that apoptosis induced by bisphosphonates in
J774 macrophages is associated with the inhibition of post-
translational prenylation of proteins such as Ras and that this
effect can be reversed by the addition of components of the
mevalonate pathway, such as FPP and geranylgeranyl pyro-
phosphate (51). Recent studies have indicated that protein
prenylation also occurs in T. cruzi and other trypanosomatids,
since the growth of T. cruzi intracellular forms is sensitive to
protein farnesyl transferase inhibitors (20). Although it is not
yet known whether treatment with nitrogen-containing
bisphosphonates leads to apoptosis in T. cruzi, characteristics
of apoptosis have been found to occur in D. discoideum (52) and
in several trypanosomatids (53–55), and it has been reported
that inhibition of protein prenylation in T. brucei using the
statin compactin (an HMGCo-A reductase inhibitor) may lead
to apoptosis (49, 56) or at least a process having many charac-
teristics of apoptosis. Thus, the available evidence suggests
that the nitrogen-containing bisphosphonates act in T. cruzi in
much the same way that they do in bone resorption, by inhib-
iting FPPS. This results in disruption of protein prenylation,
and in T. cruzi there may also be additional effects due to
disruption of sterol (ergosterol) biosynthesis, although, as
noted previously, this effect alone would not be expected to
result in cell death (3).

The results we have obtained to date suggest that the N-
containing bisphosphonates and potentially related species
such as imidodiphosphates may have potential for use in treat-
ing parasitic protozoan infections, by inhibition of protein pre-
nylation via blocking the synthesis of FPP. Since millions of
people have already been treated with bisphosphonates and
since they have proven anti-Chagasic activity, bisphosphonate
inhibitors of FPPS appear to constitute an attractive group of
compounds to further develop as chemotherapeutic agents us-
ing structure-based drug design.

Acknowledgments—We thank Dr. Leda Aslund (T. cruzi Genome
Initiative, Uppsala University, Sweden) for letting us know that an
expressed sequence tag for a T. cruzi FPPS gene was available, and we
thank Linda Brown for technical assistance.

REFERENCES
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