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The phosphoinositide-specific phospholipase C (PI-
PLC) is an important component of the inositol phos-
phate/diacylglycerol signaling pathway. A newly discov-
ered Trypanosoma cruzi PI-PLC (TcPI-PLC) is lipid
modified in its N terminus, targeted to its plasma mem-
brane, and believed to play a role in differentiation of
the parasite because its expression increases during the
differentiation of trypomastigote to amastigote stages.
To determine whether TcPI-PLC is involved in this dif-
ferentiation step, antisense inhibition using phosphoro-
thioate-modified oligonucleotides, and overexpression
of the gene were performed. Antisense oligonucleotide-
treated parasites showed a reduced rate of differentia-
tion in comparison to controls, as well as accumulation
of intermediate forms. Overexpression of TcPI-PLC led
to a faster differentiation rate. In contrast, overexpres-
sion of a mutant TcPI-PLC that lacked the lipid modifi-
cation at its N terminus did not affect the differentiation
rate. Therefore, TcPI-PLC is involved, when expressed
in the plasma membrane, in the differentiation of trypo-
mastigotes to amastigotes, an essential step for the
intracellular replication of these parasites.

Phosphatidylinositol-specific phospholipase C (PI-PLC) 1

catalyzes the hydrolysis of phosphatidylinositol 4,5-bisphos-
phate (PIP2) to the second messengers diacylglycerol and ino-
sitol 1,4,5-trisphosphate (IP3) (1). Diacylglycerol is the physio-
logical activator of protein kinase C (2), and IP3 induces the

release of Ca2� from internal stores (3). Together, these second
messengers cause an increase in phosphorylation of proteins
that result in a cellular response. This pathway, also known as
the inositol phosphate/diacylglycerol pathway, is known to reg-
ulate a large array of cellular processes, including metabolism,
secretion, contraction, neural activity, and proliferation (1).

Previous research has indicated that some of the signaling
components of the inositol phosphate/diacylglycerol signal
pathway are present in Trypanosoma cruzi, the etiologic agent
of Chagas disease, and seem to be associated with cell differ-
entiation. T. cruzi has three main developmental stages, the
epimastigote that is found in the insect vector and can be grown
in axenic culture, the amastigote or intracellular form, which
lives in the cytosol of nucleated cells, and the trypomastigote,
which is the terminal differentiation stage in the vector (me-
tacyclic form) or is found in the bloodstream of mammalian
hosts (bloodstream form). Ca2� stimulated IP3 and diacylglyc-
erol formation in digitonin-permeabilized epimastigotes of
T. cruzi, thus suggesting the presence of a PI-PLC (4). Protein
kinase C activities were characterized in T. cruzi epimastigotes
(5, 6) and could be resolved into three subtypes in hydroxylapa-
tite columns (6). The enzyme isoforms require phosphatidyl-
serine and Ca2� for activity and are stimulated by diacylglyc-
erol (5, 6). The presence of significant amounts of inositol
phosphates in amastigotes (7) and much lower amounts in
trypomastigotes (8) was also reported. Characterization of the
recombinant T. cruzi PI-PLC (TcPI-PLC) (9, 10) confirmed the
presence of a functional enzyme in T. cruzi.

The PI-PLC described in T. cruzi is, like all PI-PLC described
so far in unicellular eukaryotes, similar to the �-type PI-PLC of
mammalian cells and plants. However, the T. cruzi enzyme
possesses an N-myristoylation and palmitoylation consensus
sequence that had not been described previously in any other
PI-PLC, and has been shown to be myristoylated and palmi-
toylated (10). It has been postulated that this lipid modification
could be important for plasma membrane attachment (10).

Evidence for the involvement of T. cruzi PI-PLC in differen-
tiation of these parasites is based on the increase in the IP3

levels and in the expression of the enzyme during the trypo-
mastigote to amastigote differentiation. Within amastigotes,
TcPI-PLC localized to the plasma membrane although the pro-
tein was not observed in detectable amounts in trypomastig-
otes (10). Differentiation of trypomastigotes to amastigotes was
also shown to be stimulated by nanomolar concentrations of the
protein phosphatase 1 and 2A inhibitor calyculin A (11), and
inhibited by the protein phosphatase 2A inhibitor okadaic acid
(12) implying the intervention of phosphorylation signaling
cascades in this process. In the present study, we report that
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antisense inhibition using phosphorothioate-modified oligonu-
cleotides inhibits, although overexpression of TcPI-PLC stim-
ulates, the differentiation of trypomastigote to amastigote
forms, and that lipid modification is essential for its plasma
membrane localization, and stimulation of differentiation.

EXPERIMENTAL PROCEDURES

Culture Methods—T. cruzi trypomastigotes and amastigotes (Y
strain) were obtained from the culture medium of L6E9 myoblasts by a
modification of the method of Schmatz and Murray (13) as we have
described before (7, 8). The contamination of trypomastigotes with
amastigotes and intermediate forms or of amastigotes with trypomas-
tigotes or intermediate forms was always less than 10% unless other-
wise stated. T. cruzi epimastigotes (Y strain) were grown at 28 °C in
liver infusion tryptose medium (14) supplemented with either 10%
newborn calf serum under normal conditions or 20% newborn calf
serum after cell transfections. Protein concentration was determined
using the Bio-Rad protein assay. Trypomastigotes were induced to
transform into amastigotes axenically as described previously (15).
Briefly, trypomastigotes were washed once with Dulbecco’s modified
Eagle’s medium (DMEM) containing 0.4% bovine serum albumin
(DMEM/BSA) at pH 7.5. The cells were resuspended at a concentration
of 5 � 107/ml in DMEM/BSA at either pH 5 or 7.5. The DMEM was
buffered with 20 mM Mes (pH 5.0) or 20 mM Hepes (pH 7.5). Parasites
were incubated at 35 °C and harvested at different time points. For
overnight incubations, parasites previously incubated at acidic pH for
4 h were centrifuged and resuspended in DMEM/BSA at pH 7.5.

Chemicals—ECL chemiluminescence detection kits, [�-32P]dCTP
(3,000 Ci/mmol) and nylon membranes were from Amersham Bio-
sciences. The protein assay was from Bio-Rad. All primers and oligo-
nucleotides were ordered from Integrated DNA Technologies (Cor-
alville, IA). G418 sulfate, Gene Tailor Site-directed Mutagenesis
System, pCR2.1-TOPO cloning vector, protein prestained molecular
weight markers, restriction enzymes, Taq polymerase, and TRIzol rea-
gent were from Invitrogen (Carlsbad, CA). Anti-green fluorescent pro-
tein (GFP) mouse monoclonal antibody 3E6 was from Molecular Probes
(Eugene, OR). Prime-a-Gene Labeling System was obtained from Pro-
mega (Madison, WI). Bovine serum albumin (Fraction V), �-mercapto-
ethanol, bromphenol blue, DMEM, Dulbecco’s PBS (PBS), EDTA,
Hank’s balanced salts, Hepes, minimum essential medium, Mes, Mops,
newborn calf serum, poly-L-lysine-coated glass slides, protease inhibitor
mixture for use with mammalian cells and tissue culture, sodium ace-
tate, sodium deoxycholate, and Triton X-100 were purchased from
Sigma. EN3HANCE, [9,10-3H]myristate (47.00 Ci/mmol), and [9,10-
3H]palmitate (57.00 Ci/mmol) were from PerkinElmer Life Sciences and
Analytical Sciences. Pfu Turbo DNA polymerase was purchased from
Stratagene (La Jolla, CA). Nonidet P-40 was from U. S. Biochemical
Corp. (Cleveland, OH). The plasmid pXG-GFP�2� was a gift from Dr.
Stephen Beverley, Washington University (St. Louis, MO). The T. cruzi
expression vector pTEX was a gift from Dr. David Engman, Northwest-
ern University (Chicago, IL). All other reagents were analytical grade.

Attempts to Generate a TcPI-PLC Knock-out—The first step in our
attempt to generate null mutants was the preparation of a targeting
construct in which the region coding for the X and Y active sites of
TcPI-PLC was replaced by the neomycin (Neor) resistance gene. This
was accomplished using PCR to generate the 5� upstream region of
TcPI-PLC, the resistance gene (Neor), and the 3� downstream region of
TcPI-PLC with restriction sites attached to the termini of each frag-
ment and sequentially ligated into the pBluescript II KS(�) plasmid
vector so that the order of sequences were 5� TcPI-PLC region, Neor

marker, and the 3� TcPI-PLC region. To generate the 5� TcPI-PLC
fragment, primers were made to amplify a 831-bp region starting at
�102 and ending at �729 and adding an XhoI site to the 5� end and a
HindIII site to the 3� end of the PCR product using forward primer
5�-CCGCTCGAGAAATTAGGCATAGAAGCGCAAA-3�, reverse primer
5�-CCCAAGCTTCTTGCTGACTTTTTCTTCATCC-3�, and T. cruzi
genomic DNA as template. The 3� TcPI-PLC fragment was made by
amplifying a 410-bp region beginning at �1827 and ending at �2237
and adding a BamHI site to the 5� end and an XbaI site to the 3� end
using forward primer 5�-CGGGATCCAAACGTTCCAACAAGGGC-
GAAA-3�, reverse primer 5�-GCTCTAGATGTCCCCTATATCCTC-
CCCAAA-3�, and T. cruzi genomic DNA as template. The resistance
gene Neor (795 bp) was produced using the plasmid CpCDNA3 (Invitro-
gen) as template, with forward primer 5�-CCCAAGCTTATGATTGAA-
CAAGATGGATTGC-3�, and reverse primer 5�-CGGGATCCTCAGAA-
GAACTCGTCAAGAAGG-3�. PCR products were cloned into pCR2.1-
TOPO and transformed into an Escherichia coli host strain according to

the manufacturer’s instructions. Plasmid DNA from presumptive pos-
itive colonies was isolated using the QIAprep Spin Miniprep Kit and
screened by restriction analysis. Isolates with plasmids carrying the
correct size fragment were sequenced to confirm the identity of the
insert. In preparation for ligation, insert DNA was gel purified after
restriction digestion and DNA inserts eluted from gel fragments using
the Ultrafree-DA extraction system (Millipore Inc., Bedford, MA) fol-
lowed by concentration using ethanol precipitation. The inserts were
directionally subcloned into pBluescript II KS(�) using standard liga-
tion procedures for cohesive termini and transformed into JM109 E. coli
host cells using a standard CaCl2 method for preparation of competent
cells and heat shock transformation (16). Isolates were screened by
restriction analysis, and sequenced to confirm their identity and orien-
tation of the inserts.

The Neor knock-out construct was later redesigned to include a splice
acceptor site upstream of the drug resistance marker (17). This was
accomplished by cloning 511 bp of the glyceraldehyde-3-phosphate de-
hydrogenase intergenic region (GAP) (18) into the HindIII site separat-
ing the 5�-TcPI-PLC and Neor marker. T. cruzi genomic DNA was used
as template and PCR was performed using forward primer 5�-
CCAAGCTTAGGCGTGGCGATGACTTCAG-3� and reverse primer 5�-
CCAAGCTTAAATTCTGTTCAATGTAATT-3�, which both attached
HindIII sites to the PCR product. Amplified DNA was cloned into
pCR2.1-TOPO, subcloned into the HindIII restriction site of the Neor

knock-out cassette of pBluescript II KS(�), and sequenced to confirm
the identity and orientation of the insert.

Large-scale purification of plasmid DNA was accomplished using the
Qiagen Plasmid Maxi kit for purification of log phase culture volumes of
200–500 ml in Luria-Bertrani medium. After plasmid isolation, a re-
striction fragment containing each targeting construct was removed by
digestion with appropriate restriction enzymes, purified by electro-
phoresis using the Ultrafree-DA extraction system, followed by concen-
tration using ethanol precipitation. Targeting constructs were trans-
fected into wild-type epimastigotes (Y strain) by electroporation (19, 20)
and cultured overnight in liver infusion tryptose medium. After 48 h
incubation at 28 °C, 400 �g/ml G418 sulfate was added to the culture.
Culture medium was changed every 1–3 days. Three-6 weeks after
transfection, surviving cells were cloned by limited dilution (19).

Generation of TcPI-PLC Expression Constructs and Site-directed Mu-
tagenesis—All constructs were generated by polymerase chain reaction
using Pfu Turbo polymerase unless otherwise stated. GFP alone in
pTEX was made by amplifying GFP in pXG-GFP�2� using forward
primer 5�-GTCTAGAATGGTGAGCAAGGGCGAG-3�, which contained
a XbaI site, and reverse primer 5�-GCTCGAGTTACTTGTA-
CAGCTCGTCCAGGC-3� with a XhoI site. The PCR product was puri-
fied by agarose gel electrophoresis, extracted from the gel using the
Qiaquick Gel Extraction Kit (Qiagen, Valencia, CA), and cloned into the
pCR2.1-TOPO cloning vector. Constructs were removed from pCR2.1-
TOPO by restriction digest with XbaI and XhoI, gel purified, and ligated
into the XbaI and XhoI sites of the T. cruzi episomal expression
vector pTEX.

Site-directed mutagenesis of the full-length TcPI-PLC inserted be-
tween the EcoRI and HindIII sites of pTEX and TcPI-PLC/GFP with
GFP inserted in the HindIII site following the TcPI-PLC construct of
pTEX was accomplished using the Gene Tailor Site-directed Mutagen-
esis System in accordance with the manufacturer’s instructions. The
Gly2–Ala2 mutation was generated using forward primer 5�-TTCGC-
CCTTTGCTAGCATGGCTCTTTGTAGG-3� and reverse primer 5�-
CCATGCTAGCAAAGGGCGAATTCCTGCAGC-3�. The sequence and
orientation of all constructs was confirmed by sequencing.

Transfection of T. cruzi—Approximately 1 � 108 mid-log phase epi-
mastigotes were washed twice with 5 ml of Hepes-buffered saline (21
mM Hepes, 137 mM NaCl, 5 mM KCl, 0.7 mM Na2HPO4, and 6 mM

glucose), resuspended in 500 �l of Hepes-buffered saline, and mixed
with 50–100 �g of plasmid DNA. The suspension was placed in a 2-mm
Gene Pulser Cuvette (Bio-Rad) and pulsed twice at room temperature
with a Gene Pulser II electroporator (Bio-Rad) set at 1.5 KV and 50
microfarad capacitance. Cuvettes were cooled on ice for 5 min and the
parasites transferred to 5 ml of liver infusion tryptose medium contain-
ing 20% newborn calf serum. After 48 h incubation at 28 °C, 400 �g/ml
G418 sulfate was added to the culture. Culture medium was changed
every 1–3 days. Transfected epimastigotes were differentiated to mam-
malian forms as described before (17).

Fluorescence Microscopy—To observe GFP-tagged proteins, �1 � 107

parasites were fixed with 4% formaldehyde in PBS for 1 h at room
temperature, washed three times with PBS, and allowed to adhere to
poly-L-lysine-coated glass slides for 10 min. Images of GFP expressing
parasites were obtained with a Nikon Eclipse E600 microscope (Nikon
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Inc., Melville, NY) using settings for fluorescent microscopy and
equipped with a Spot RT Slider system consisting of a charge-coupled
device camera (Diagnostic Instruments, Inc.). Acquired images were
evaluated using Meta Morph 5.0 software (Universal Imaging Corp.,
Downingtown, PA). Slides intended for phase-contrast microscopy were
treated in the same manner but images were obtained using an
Olympus BX-60 fluorescence microscope. The images were collected
with a charge-coupled device camera (model CH250; Photometrics Ltd.,
Tucson, AZ), an electronic unit (model CE 200A, equipped with a 50-Hz
16-bit A/D converter), and a controller board (model NU 200; both from
Photometrics Ltd.). These images were evaluated using Adobe
Photoshop 6.0 (Adobe Systems Inc., San Jose, CA).

Phosphorotioate Antisense Inhibition of TcPI-PLC—High perform-
ance liquid chromatography-purified phosphorothioate oligonucleotides
were used containing the following sequences, antisense G*A*A*ATC-
ATCTACAAGTCTTTC*A*G*C, and sense G*C*T*GAAAGACTT-
GTAGATGAT*T*T*C (* � phosphorothioate modification). The sense
oligonucleotide contains the nucleotide sequence for TcPI-PLC bases 61
to 85 in the coding region of the gene and the antisense is complimen-
tary. Oligonucleotides were rehydrated using sterile water at a concen-
tration of 1 mM.

Approximately 5 � 108 trypomastigotes were harvested from L6E9

myoblast cell cultures. Only cultures containing �90% trypomastigotes
were used for pretreatment. Parasites were divided into 4 aliquots of
�1 � 108 trypomastigotes each. Two aliquots were used for treatment
groups Antisense and Sense and these were resuspended in 400 �l of
DMEM (pH 7.5) (DMEM containing 0.4% BSA and buffered with 20 mM

Hepes with a final pH adjustment to 7.5) (15) containing 20 �M of either
antisense or sense oligonucleotides. The two remaining aliquots were
used for Controls, pH 5.0 and pH 7.5, and were resuspended in 400 �l
of DMEM (pH 7.5). All aliquots were incubated in closed sterile 1.5-ml
microcentrifuge tubes for 5 h at 35 °C. After 5 h, a modified acid-
induced differentiation procedure for trypomastigotes to amastigotes
was followed (15). Before starting, a 40-�l sample containing �1 � 107

cells was removed from each group fixed with an equal volume of PBS
containing 4% formaldehyde and processed for microscope counting.
These samples were labeled time 0. Each group of pretreated trypomas-
tigotes was then washed once with 400 �l of Hanks’ balanced salt
solution and groups Antisense, Sense, and Control pH 5 were washed
quickly in 400 �l of DMEM (pH 5.0) (DMEM containing 0.4% BSA with
20 mM Mes and adjusted to pH 5.0) (15). The Control pH 7.5 was
resuspended in 400 �l of DMEM (pH 7.5). Aliquots Antisense, Sense,
and Control pH 5 were resuspended in 400 �l of fresh DMEM (pH 5.0)
and the appropriate oligonucleotide was added to obtain a final concen-
tration of 20 �M in the Sense and Antisense groups. Treatment groups
and controls were incubated at 35 °C and samples containing �1 � 107

cells were taken at time points 1, 2, and 4 h after the initial time 0 time
point and fixed with an equal volume of PBS containing 4% formalde-
hyde and processed for microscope counting. An additional sample of
1 � 107 cells was taken at 2 h and processed for real-time PCR. At 4 h
the remaining parasites in each aliquot group were washed in DMEM
(pH 7.5) and re-suspended in 400 �l of DMEM (pH 7.5). Aliquots of the
Antisense and Sense groups were combined with the appropriate oligo-
nucleotide to obtain a final concentration of 20 �M. Samples were
incubated overnight at 35 °C in closed 1.5-ml microcentrifuge tubes.
The experiment was ended at 22 h after the time 0 time point when all
samples were collected, individually fixed by combining with an equal
volume of PBS containing 4% formaldehyde, and processed for micro-
scope counting.

Overexpression of TcPI-PLC in Tissue Culture-derived Trypomastig-
otes—Approximately 5 � 107 wild-type or transfected tissue culture-
derived trypomastigotes were harvested from L6E9 myoblast cell cul-
tures and the composition of the cultures was determined by microscope
counts. Whenever possible cultures containing �90% trypomastigotes
were used for the experiment. If cultures contained �90% trypomasti-
gotes, differential centrifugation was used to reduce the number of
amastigotes and intermediate forms. This consisted of a low speed
centrifugation (120 � g) for 10 min at 28 °C to remove amastigotes and
intermediate forms. The supernatant was removed and high-speed
centrifugation (1,700 � g) for 10 min at 28 °C was used to pellet the
remaining trypomastigotes. A modified acid-induced differentiation
procedure of trypomastigotes to amastigotes was followed (15). For each
group, a sample containing 1.5 � 107 cells was removed and fixed with
an equal volume of PBS containing 4% formaldehyde. This sample was
labeled time 0. For the reminder of parasites in each group, 2 aliquots
of 1.5 � 107 were removed and washed once with 400 �l of Hanks’
balanced salt solution. Aliquots of the pH 5 groups were washed quickly
in 200 �l of DMEM (pH 5.0) and resuspended in 200 �l of fresh DMEM

(pH 5.0). Aliquots of the pH 7.5 group were resuspended in 200 �l of
DMEM (pH 7.5). Samples were incubated at 35 °C for 1 h, fixed with an
equal volume of PBS containing 4% formaldehyde at the end of the
incubation, and processed for microscope counting.

Cell Counting—Formaldehyde-fixed samples were washed twice
with 200 �l of PBS within 1 h after fixing and resuspended in 100 �l of
PBS or diluted 1:10 with PBS. A 100-�l aliquot was smeared on poly-
lysine slides and allowed to air dry. All slides were observed by phase-
contrast microscopy under the �100 oil immersion objective. Images
were obtained with an Olympus BX-60 fluorescence microscope contain-
ing a contact ridicule with 1-mm index squares (Edmund Industrial
Optics) installed in the eyepiece. At least 300 cells were counted on each
slide in 3 or more randomly chosen fields of view. The images were
collected with the system described above. The percentage of trypomas-
tigotes (including intermediate forms), and amastigotes were calculated
for each treatment group at each time point sampled.

Northern Blotting—The total RNA from �1 � 108 cells trypomastig-
otes (transfected or wild-type) was extracted using TRIzol reagent ac-
cording to the manufacturer’s instructions. Total RNA was electro-
phoresed in 1.0% agarose gels with 2.2 M formaldehyde, 20 mM Mops
(pH 7.0), 1 mM EDTA, 8 mM sodium acetate, and transferred to nylon
membranes. The DNA probe consisting of the full-length TcPI-PLC was
labeled with [�-32P]dCTP using random hexanucleotide primers and
the Klenow fragment of DNA polymerase I (Prime-A-Gene labeling
system). The RNA blot was hybridized at 42 °C for 16 h, washed at high
stringency, and exposed to x-ray film (Midwest Scientific, St. Louis,
MO) at �80 °C for 1–7 days.

Quantitative Real-time PCR—Approximately 1 � 107 parasites were
washed in PBS and total RNA was purified using the RNeasy Kit
(Qiagen) following the procedure for animal cells including the optional
DNase digestion step. cDNA synthesis was accomplished using the
iScript cDNA synthesis kit (Bio-Rad) with 100 ng of total RNA used per
reaction. Real-time PCR was done using an ABI Prism 7000 sequence
detector (Applied Biosystems, Foster City, CA) with software version
1.1 and the QuantiTect SYBR Green PCR Kit (Qiagen). The primers for
TcPI-PLC amplification were: forward primer 5�-CACTGAGTTCTCGT-
GGGATGTGAA-3�, and reverse primer 5�-ATGCACTCTGCTA-
GAAAGTCGTCG-3�. The primers for amplification of the reference
ribosomal gene TcP0 were forward primer 5�-CCTCCGTTGCCAC-
CGAATAC-3�, and reverse primer 5�-CGTCATCATCATCCTCCTCT-3�.
The primers for amastin amplification were forward primer 5�-ATCTT-
TGCGACCCTGCTGTTGG-3�, and reverse primer 5�-AGCACGACGGC-
GACAAATATCAG-3� (21). Reaction mixtures contained 12.5 �l of 2 �
QuantiTech SYBR Green master mixture, 0.5 �M of each primer, 10 ng
of cDNA template, and RNase-free water to 25 �l of the total reaction
volume. PCR cycling conditions were 1 cycle (50 °C for 2 min/95 °C for
10 min) and 40 cycles (95 °C 15 s/60 °C for 1 min). All PCR reactions
were performed in duplicate. Separate reactions for amplification of
TcPI-PLC, TcP0, and amastin were performed for each sample. Relative
expression of TcPI-PLC or amastin was calculated by comparing the Ct

of amplification to the Ct of TcP0 in each group using the following
equation: relative TcPI-PLC or amastin expression � 2�	Ct with 	Ct �
[	Cttreatment group (CtTcPI-PLC or amastin-CtT0) � 	CtpH 5 control group-
(CtTcPI-PLC or amastin-CtT0)].

Metabolic Labeling and Immunoprecipitation—For myristate and
palmitate labeling, cells were individually labeled with either [9,10-
3H]myristate (25 �Ci/ml) or [9,10-3H]palmitate (50 �Ci/ml) using a
modified procedure developed by Godsel and Engman (22). Briefly,
epimastigotes were grown to a density of 5–7 � 106/ml and 2 � 108 cells
were suspended in 5 ml of minimal essential medium with 2% dialyzed
fetal calf serum containing 1 mCi of [9,10-3H]myristate (25 �Ci/ml), or
1 mCi of [9,10-3H]palmitate (50 �Ci/ml). Cultures were incubated at
room temperature for 4 h (myristate labeling), or 1 h (palmitate label-
ing) with gentle shaking and then washed 3 times with 20 ml of sterile
PBS to remove excess label. Cells were then lysed in 1 ml of radioim-
munoprecipitation analysis (RIPA) buffer (50 mM Tris-HCl, pH 7.4, 150
mM NaCl, 0.5% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, 1
mM EGTA, and 1 mM MgCl2) containing protease inhibitor mixture for
use with mammalian cell and tissue cultures. Lysates were divided into
200-�l aliquots, and stored at �20 °C until use. Aliquots of labeled
lysates were mixed with 1 �g of anti-GFP mouse monoclonal antibody
3E6. After a 2-h incubation at 4 °C with agitation, the protein-antibody
complex was selectively adsorbed by incubation with 25 �l of protein A
plus agarose overnight under the same conditions. The beads were
collected by centrifugation at 14,000 � g for 2 min and washed four
times with RIPA buffer and once with 50 mM Tris-HCl (pH 7.5). The
collected beads were used for SDS-PAGE analysis and fluorography by
mixing beads with 100 �l of 2 � SDS-electrophoresis buffer without
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�-mercaptoethanol (125 mM Tris, 20% glycerol, 6.0% SDS (w/v), and
0.4% (w/v) bromphenol blue) to avoid deacylation of the protein at high
temperature and heated at 96 °C for 2 min. Gels were treated with
EN3HANCE according to the manufacturer’s instructions, dried, and
exposed to blue-sensitive x-ray film at �80 °C for 7–15 days.

Preparation of T. cruzi Lysates—One � 108 epimastigotes were
hypotonically lysed by rapid vortexing in 50 �l of lysis solution (10
mM Hepes, pH 7.9, 0.5 mM dithiothreitol, 1 mM EGTA, 0.5 mM

NaHCO3, and protease inhibitor mixture for use with mammalian
and tissue culture cells, at a 1:500 dilution) for 15 min at 0 °C.
Further disruption was performed by sonicating 3 times for 10 s with
30-s intervals in ice. The whole cell lysates were used directly to
determine phospholipase activity.

PI-PLC and IP3 Assay—A PI-PLC assay adapted from Furuya et al.
(10) was used. PI-PLC activity was measured as the release of water-
soluble radioactivity of [2-3H]inositol-labeled PIP2. Stock solutions of
PIP2 in organic solvents were dried just before using under a stream of
nitrogen and suspended in reaction buffer by vortexing for 10 s. Reac-
tion mixtures contained 20 �l of cold PIP2, 15,000–20,000 cpm of
[3H]PIP2, 1 mg of sodium deoxycholate/ml, 50 mM Hepes-HCl (pH 7.0),
2.5 mM EGTA, 10 �M CaCl2, and 5–10 �g of protein in a total volume of
100 �l. Reactions were initiated by the addition of cell lysates, carried
out for 5 or 10 min at 30 °C, and terminated by the addition of 0.5 ml of
chloroform/methanol/HCl (100:100:6) followed by 0.15 ml of 5 mM EGTA
in 1 N HCl. Samples were subjected to vigorous vortexing for 20 s and
centrifuged at 21,000 � g for 2 min to separate the organic and aqueous
phases. The aqueous phase (0.25 ml) was removed, dissolved in 5 ml of
a liquid scintillation fluid, and counted in a scintillation counter. Pro-
tein amount was adjusted in each assay so that a linear time course
could be obtained during the reaction.

The quantitation procedure of IP3 in T. cruzi was identical to that
used by Furuya (10). IP3 measurements were made 1 h after acid-
induced (pH 5.0) differentiation of trypomastigotes. Approximately
8.3 � 108 cells were collected and washed in pH 7.5 medium. A 10-�l
aliquot was removed for protein determination and the reminder used
for IP3 measurement using the D-myo-inositol 1,4,5-trisphosphate (IP3)
[3H]Biotrak System (Amersham Biosciences) following the perchloric
acid procedure (Method A) for IP3 extraction from cells.

Statistical Analysis—The data from the antisense experiments were
analyzed in two different ways. First, the proportion of amastigotes was
compared between the various treatment groups after 22 h. This was
accomplished using the Wilcoxon nonparametric rank test (SPSS ver-
sion 11.5 software, SPSS, Chicago, IL) for dependent samples (23). A
p value �0.05 was considered statistically significant. In addition to
comparing the proportion of amastigotes between the groups, the num-
bers of amastigotes and trypomastigotes in the different groups were
compared. Mantel-Haenzsel odds ratios (ORMH) were calculated from
contingency tables (EpiInfo, CDC) for each pairwise comparison of
treatment groups (24). This analysis provides the odds of a parasite
being an amastigote (versus a trypomastigote) in one group compared
with the odds of being an amastigote in the second group. 95% confi-
dence intervals were calculated around each ORMH. Confidence inter-
vals that did not contain 1.0 (the null value of the ORMH) were consid-
ered statistically significant. Wilcoxon nonparametric rank tests were
also used to compare the ability of sense and antisense phosphorothio-
ate oligonucleotides to reduce the expression of TcPI-PLC. A p value
�0.05 was considered statistically significant.

For the overexpression experiments, logistic regression was used
(SPSS version 11.5) to model the probability that a trypomastigote
would differentiate into an intermediate form or amastigote (25). Each
cell was thus coded as 1 (differentiated form) or 0 (trypomastigote).
These models included variables for treatment group and pH (5.0 versus
7.0), which were categorized as indicator variables. In addition, an
interaction term was included in the model. Thus, the relationship was
modeled as,

log� pi

1 � pi
� � �0 � �1X1i � �2X2i � �3X1iX2i (Eq. 1)

where pi is the probability that the ith cell was differentiated and � is
the regression coefficient indicating the effect of X on the probability of
differentiation. Variables included in the model were treatment group
(1 if treatment and 0 if control) and pH (1 if pH 5.0 and 0 if pH 7.0).
Significance of each variable and model selection were assessed by the
Wald statistic and likelihood ratio test in which a p value �0.05 was
considered significant. Fit of the model was assessed using the Hosmer
and Lemeshow goodness-of-fit test in which a p value �0.1 was consid-
ered a good fit. The probabilities of differentiation represented by var-

ious combinations of variables were calculated on the basis of the
formula,

e�0��1X1i��2X2i��3X1iX2i

1�e�0��1X1i��2X2i��3X1iX2i
(Eq. 2)

by use of the estimated regression coefficients. Corresponding 95%
confidence intervals for the probability of differentiation were obtained.

RESULTS

Attempts to Generate a TcPI-PLC Knock-out—Three initial
attempts were made to produce a heterozygous knock-out of
TcPI-PLC using a construct that contained Neor. After electro-
poration, parasites were allowed to recover 1–3 days and selec-
tion was started with 400 �g/ml G418 thereafter. During the
first two attempts, the parasite concentration decreased over a
3-week period until no living parasites could be detected in the
5-ml culture flasks. During the third attempt, efforts were
made to reduce the stress of selection. The concentration of
G418 was reduced to 50 �g/ml and the culture volume was
reduced during the selection period, as the number of live
parasites became less numerous. Volumes started at 5 ml but
were progressively reduced to 0.5 ml after 3 weeks. Also, me-
dium was replaced more frequently and was done every day or
every 2 days during the entire selection procedure. Epimastig-
otes survived 3 weeks and began to increase in numbers al-
though the medium concentration was increased from 0.5 to 2
ml. The culture continued to grow but at a very slow rate and
consisted entirely of epimastigotes with abnormal morpholo-
gies. Two distinct morphologies were observed. The first con-
sisted on two epimastigotes that were fused into one long
slender form with one flagellum exposed on each end. The
parasites appeared to have stopped dividing. This suggested
that division was taking place at a very slow rate. The other
form was epimastigotes with rounded amastigote-like shape
and a thin wire-like flagellum. Both forms were nonmotile.

At approximately 6 weeks after transfection the concentra-
tion of cells was still below the number needed to clone by
limited dilution or to analyze them by Southern blotting. At
this time the parasite numbers began to decrease until all cells
died. No changes in the culture conditions were made. Abnor-
mal morphology, slow growth, and cell death under standard
culture conditions suggested that the transfected epimastig-
otes may have exhibited an impaired phenotype after transfec-
tion with a knock-out construct for TcPI-PLC. This suggests
that TcPI-PLC is an important or essential gene in T. cruzi
epimastigotes. The knock-out experiment was repeated two
additional times using a revised knock construct containing a
splice acceptor sequence upstream of the drug resistance
marker. Again, all transfectants died during the selection proc-
ess indicating that failure of selection was not because of lack
of expression of the drug resistance marker.

Inhibition of Differentiation by Antisense Phosphorotioate-
modified Oligonucleotides—We used antisense phosphorothio-
ate-modified oligonucleotides to inhibit the expression of TcPI-
PLC in trypomastigotes. Antisense oligonucleotides are
incorporated into the cytosol of target cells by an unknown
mechanism and in some cases are able to suppress gene ex-
pression (26). Phosphorothiotate modification is done to in-
crease the half-life of oligonucleotides in solution (27). Phos-
phorothioate antisense oligonucleotides were designed
spanning the 5� initiation codon region (nucleotides 61–85) of
the TcPI-PLC gene. Sense oligonucleotides of the same length
were prepared as controls. Both oligonucleotides were purified
by high performance liquid chromatography as described under
“Experimental Procedures.” Trypomastigotes were subjected to
a 5-h pretreatment with 20 �M antisense or sense oligonucleo-
tides in pH 7.5 medium, then stimulated to differentiate by
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transfer to the same medium at pH 5.0 containing the same
concentration of oligonucleotides, for 4 h, followed by transfer
to medium at pH 7.5 containing oligonucleotides, for 18 h. The
Control pH 5.0 was treated in the same manner without oligo-
nucleotides present, and the Control pH 7.5 remained at pH 7.5
for the entire 22 h. Twenty-two hours after the initiation of
differentiation, parasites were collected, fixed, and the percent-
age of trypomastigotes and amastigotes was determined by
microscope counting. Although the percent of trypomastigotes
at time 0 before treatment was greater than 90% for all groups
(Fig. 1, panels A–D), after 22 h the proportion of trypomastig-
otes to amastigotes was visibly different with a larger propor-
tion of amastigotes in the Sense and Control pH 5 and an
accumulation of intermediate forms (circled) in the Antisense
and Control pH 7.5 groups (Fig. 1, E and H, respectively). A
total of 5 assays were performed and the mean 
 S.E. of the
percent of amastigotes in each of the treatment groups 22 h
after acid-induced differentiation are shown in Fig. 2. In the
nonparametric Wilcoxon rank analysis, the proportion of
amastigotes present in the Sense and Control pH 5.0 groups
was significantly higher than in the Antisense group (p � 0.043).
The Sense and Control pH 5.0 groups were not significantly
different (p � 0.1). The proportion of amastigotes in the Control
pH 7.5 group was significantly lower than in all of the other
groups (p � 0.043). The analysis using ORMH demonstrated a
similar relationship. The Sense group had significantly more
amastigotes than the Antisense group, with an ORMH of 4.48
(95% confidence interval 3.94–5.44). Thus, a trypomastigote was
almost 4.5 times more likely to differentiate into an amastigote in
the Sense group than in the Antisense group.

To confirm that antisense treatment caused a reduction in
TcPI-PLC expression, real-time quantitative PCR was per-
formed to measure the relative levels of TcPI-PLC mRNA in
comparison to the reference gene TcP0 (Fig. 3). Two hours after
starting acid-induced differentiation of trypomastigotes, total
RNA was extracted from 1 � 107 parasites and used for cDNA
synthesis followed by real-time PCR. Analysis was performed
on all 5 antisense knockdown experiments. The results of three
experiments are shown with the Control pH 5.0 group (Fig. 3,
black bars) used as the standard level of TcPI-PLC expression

FIG. 1. Effect of antisense phosphorotioate oligonucleotides on T. cruzi morphology. The percent trypomastigotes at time 0 was greater
than 90% for all groups as observed by bright field microscopy (panels A–D). Twenty-two h after the initiation of differentiation the proportion of
trypomastigotes to amastigotes was visibly different with a larger proportion of amastigotes in the Sense (F) and Control pH 5 (G) and an
accumulation of intermediate forms (circled) in the Antisense (E) and Control pH 7.5 (H) groups. Bar � 10 �m.

FIG. 2. Antisense phosphorotioate oligonucleotides inhibits
T. cruzi differentiation. A total of 5 antisense phosphorotioate oligo-
nucleotide inhibition assays were performed. The combined mean of the
percent of amastigotes in each of the treatment groups 22 h after
acid-induced differentiation is shown. Error bars represent the S.E.
(n � 5). The Antisense group (asterisk) was significantly different than
both the Sense and Control pH 5.0 groups (p � 0.043).

FIG. 3. Real-time quantitative PCR confirms a reduction in
TcPI-PLC expression upon antisense phosphorotioate oligonu-
cleotide treatment of trypomastigotes. Two hours after starting
acid-induced differentiation, total RNA was extracted from 1 � 107

parasites and used for cDNA synthesis followed by real-time PCR. The
results of three experiments are shown. The relative expression level of
the Antisense group (asterisks) was significantly lower than both Sense
and Control pH 5 groups in every experiment (p � 0.043; n � 5).

FIG. 4. Effect of TcPI-PLC overexpression on T. cruzi morphol-
ogy and Northern blot analysis of TcPI-PLC. Wild-type trypomas-
tigotes (A–C) or trypomastigotes overexpressing TcPI-PLC (D–F) were
examined at time 0 (A and D) or after 1 h at pH 7.5 (B and E) or pH 5.0
(C and F). After 1 h the proportion of trypomastigotes in the TcPI-PLC
overexpressing group was greatly reduced to a 12–14% range with
accumulation of intermediate forms (F). An increase in intermediate
forms is also observed at pH 7.5 (E). The inset in A shows a Northern
blot of TcPI-PLC from overexpressing and Wild-type trypomastigotes at
time 0 and confirms that TcPI-PLC is being expressed at higher levels
in the TcPI-PLC overexpressing group. Bar � 10 �m.
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and given the expression level of 1. For all experiments the
relative level of TcPI-PLC expression was not statistically dif-
ferent for Sense and Control pH 5.0 groups. In contrast, the
relative expression level of the Antisense group was signifi-
cantly lower than both Sense and Control pH 5 groups in every
experiment (Fig. 3, asterisks). In fact, the relative expression in
the Antisense group was reduced to levels that were greater
than 70% less than in the Control pH 5.0 (Fig. 3, experiment 1)
and similar to the Control pH 7.5 (Fig. 3, experiments 2 and 3).
Error bars represent the standard deviation of relative gene
expression for each experiment. These results confirm that
antisense treatment reduces the expression level of TcPI-PLC,
whereas sense treatment has little effect.

Stimulation of Differentiation by Overexpression of TcPI-
PLC—To determine whether overexpression of TcPI-PLC has
an effect on the differentiation of trypomastigotes to amastig-
otes, trypomastigotes obtained by differentiation of epimastig-
otes (17) transfected with TcPI-PLC inserted in the expression
vector pTEX were obtained from myoblast cultures and induced
to differentiate to amastigotes using acid treatment in 3 different
experiments (Fig. 4). The time of infection of myoblasts, and the
harvesting of trypomastigotes were synchronized to collect try-
pomastigotes as soon as they were released from the host cells.
Whenever possible parasite cultures containing greater than
90% trypomastigotes were used and differential centrifugation
was utilized to increase the proportion of trypomastigotes. How-
ever, even after purification by centrifugation the percentage of
trypomastigotes in the TcPI-PLC overexpressing group was less
than 90% for three experiments and ranged from 86.5 to 89.2% at
time 0 (Fig. 4, panel D). G418 was not added to these cultures
because its addition considerably decreased the proportion of
trypomastigotes released (data not shown).

Trypomastigotes were exposed to pH 5.0 medium and then
collected for counting after 1 h. Control groups of Wild-type and
TcPI-PLC overexpressing cells remained in pH 7.5 medium. After
1 h the proportion of trypomastigotes in the TcPI-PLC overex-

pressing group was greatly reduced from the 80% range to a
12–14% range with the accumulation of intermediate forms (Fig.
4, panel F). In contrast, the Wild-type pH 5.0-treated group
changed from the 90% range to a 70–80% range. In the Control
pH 7.5 groups, the trypomastigote proportion remained stable in
the Wild-type group at the 90% range (Fig. 4, panel B), although
the TcPI-PLC overexpressing group changed from the 80% range
to a 50–70% range (Fig. 4, panel E). These results suggested that
overexpression of TcPI-PLC during acid treatment increased the
rate of differentiation of trypomastigotes to amastigotes and that
even without acid treatment TcPI-PLC overexpression was in-
ducing trypomastigotes to differentiate at a faster rate. The in-
duction of differentiation without acid treatment reduced the
number of trypomastigotes obtained at time 0. The inset in Fig.
4A shows a Northern blot of TcPI-PLC from overexpressing and
Wild-type trypomastigotes at time 0 and confirms that TcPI-PLC
was being expressed at higher levels in the TcPI-PLC overex-
pressing group. Statistical analysis of the results of the three
experiments, as described under “Experimental Procedures,” is
shown in Fig. 5. Fig. 5A, for example, shows the probability of
differentiation in the Wild-type and TcPI-PLC overexpressing
groups for pH 5 and 7.5. The probability of differentiation is
about three times greater in the presence of acid (8 versus 25% for
the Wild-type group and 32 versus 88% in the TcPI-PLC overex-
pressing group). Fig. 5A also shows that the differentiation of the
TcPI-PLC overexpressing line is significantly higher than that of
the Wild-type line at both pH levels. This demonstrates that the
TcPI-PLC overexpressing group has a significantly higher prob-
ability of differentiation than the Wild-type group. Even more
interesting is that the slopes of the two lines are not parallel. This
is the influence of the interaction term. TcPI-PLC overexpression
and pH 5.0 are acting synergistically, and the result is an even
greater probability by either effect alone (interaction). In other
words, the presence of the acid is affecting the probability of
differentiation more for the TcPI-PLC overexpressing group than
for the Wild-type group.

FIG. 5. Probability of differentiating as a function of treatment. Logistic regression model on the data from three experiments to predict
the probability of differentiation as a function of treatment (TcPI-PLC, TcPI-PLC/GFP, GFP, TcPI-PLC G2A versus Wild-type) and pH (5 versus
7.5) with 95% confidence intervals. The probability of differentiation in the wild-type parasites is about two times greater in the presence of acid
in all cases. The acid treatment has similar effects in trypomastigotes transfected with GFP alone (C) or with a mutant TcPI-PLC lacking the
N-myristoylation site (D). However, trypomastigotes overexpressing either TcPI-PLC (A) or TcPI-PLC linked to GFP (B) had significantly higher
probability of differentiation and both overexpression of TcPI-PLC or TcPI-PLC/GFP and pH 5 act synergistically resulting is an even greater
probability of differentiation than would be predicted by either effect alone. Bars represent 95% confidence intervals.
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Morphological changes that occur during trypomastigote to
amastigote transformation, both in vivo and in vitro, are asso-
ciated with the expression of stage-specific proteins (15). To
relate the morphological changes described above with the
expression of stage-specific proteins, real-time quantitative
PCR was performed to measure the relative levels of amastin
(an amastigote-specific protein (21, 28)) mRNA in comparison
to the reference gene TcP0 (Fig. 6A). The results of two exper-
iments are shown with the Wild-type group (Fig. 6A, gray bars)
used as the standard level of amastin expression and given the
expression level of 1. For both experiments the relative level of
amastin expression was not statistically different from that of
cells transfected with GFP alone or TcPI-PLC G2A-GFP (full-
length protein with a mutation of the N-terminal glycine to
alanine, the site of N-myristoylation (10), and see below). In
contrast, the relative expression level of TcPI-PLC overexpress-
ing cells (white bars) was significantly higher than in the other
groups. Error bars represent the standard deviation of relative
gene expression for each experiment. These results, together
with the real-time quantitative PCR studies reported before
(Fig. 3) showing decreased expression of TcPI-PLC (another
specific marker of amastigotes, Ref. 21) after antisense treat-
ment, indicate that the morphological characteristics of

amastigotes are correlated with the expression of amastigote-
specific markers.

To confirm that overexpressed TcPI-PLC was properly folded
and active we measured the PLC activity of homogenates from
108 mid-log phase epimastigotes overexpressing TcPI-PLC and
grown in medium containing 400 �g/ml G418, and compared it
to that of homogenates of wild-type cells grown in medium
without G418. In two experiments the activity was 67 
 2.5%
higher in TcPI-PLC overexpressing cells than in wild-type cells.
In agreement with these results, overexpression of TcPI-PLC
led to increased turnover of the phosphatidylinositol 4,5-
bisphosphate substrate. This was demonstrated by the more
than 5-fold increase in the concentration of IP3 after 1 h of
acid-induced differentiation (Fig. 6B).

TcPI-PLC Needs to Be Overexpressed in the Plasma Mem-
brane to Stimulate Trypomastigote to Amastigote Transforma-
tion—Tc-PI-PLC has been shown to be lipid modified at its N
terminus and localized to the plasma membrane of amastigotes
(10). We therefore investigated whether this lipid modification
was important for plasma membrane localization of TcPI-PLC.
Gene fusions coding the full-length protein or the full-length
protein with a mutation of the N-terminal glycine to alanine
(the site for N-myristoylation, Ref. 10) followed by GFP were
ligated into the T. cruzi expression vector pTEX. GFP and
untransfected cells were used as controls. Epimastigotes were
transfected by electroporation and drug selection was accom-
plished by adding G418 to the culture medium. After approxi-
mately 5 weeks of selection epimastigotes were viewed by flu-
orescent microscopy. The full-length TcPI-PLC/GFP fusion
protein localized to the plasma membrane (Fig. 7A, panel a) as
evidenced by a fluorescent border around the cells. The G2A
mutated TcPI-PLC/GFP (Fig. 7A, panel d) and the GFP posi-
tive control (data not shown) localized to the cytosol, whereas
no fluorescence was detected in cells that were not transfected
(data not shown). Although we were previously unable to detect
the plasma membrane localization of TcPI-PLC in epimastig-
otes using antibodies (10), this difference could be attributed to
overexpression of the fusion proteins in the present work, and
to the low expression of TcPI-PLC in the log phase epimastig-
otes used in the previous study (10).

We then investigated whether the plasma membrane local-
ization of the full-length fusion protein was maintained in
trypomastigote and amastigote stages. Metacyclic trypomastig-
otes were obtained from stationary phase cultures of epimas-
tigotes by complement lysis selection (17). Tissue culture try-
pomastigotes were generated by infection of L6E9 myoblasts
with metacyclic trypomastigotes to establish the intracellular
cycle, and were maintained by weekly passage in the presence
of 400 �g/ml G418. Tissue culture-derived trypomastigotes
were fixed in 4% formaldehyde solution, smeared on polylysine
slides, and observed by fluorescence microscopy. Trypomastig-
otes transfected with GFP alone (data not shown) or with the
G2A mutant displayed cytosolic localization (Fig. 7A, panel e).
The full-length TcPI-PLC/GFP localized to the plasma mem-
brane (Fig. 7A, panel b). Trypomastigotes grown in myoblast
cultures containing G418 were maintained another 4–5 days
until amastigotes were obtained. Parasites were collected for
viewing by fluorescence microscopy. Full-length TcPI-PLC/
GFP (Fig. 7A, panel c) was targeted to the plasma membrane as
evidenced by a ring around the cell. Cells transfected with GFP
alone (data not shown) or the G2A mutant (Fig. 7A, panel f)
displayed cytosolic localization. These results are similar to
localization in trypomastigotes and they are also in agreement
with previous localization studies using fluorescent antibody
staining against TcPI-PLC (10). In summary, these results
establish that, when expressed in sufficient amounts, TcPI-

FIG. 6. Relative expression of amastin (A) and IP3 levels (B)
after acid-induced differentiation of trypomastigotes. A, 1 h after
acid (pH 5.0)-induced differentiation of bloodstream trypomastigotes to
amastigotes, total RNA was extracted followed by cDNA synthesis and
real-time PCR to determine relative expression levels of amastin. Two
independent experiments were performed and amastin expression lev-
els in the TcPI-PLC overexpressing group was approximately twice the
level of expression in the Wild-type group. A TcPI-PLC mutant (TcPI-
PLC G2A) that is not acylated and not targeted to the plasma mem-
brane (Fig. 7) displayed lower levels of amastin expression than the
TcPI-PLC overexpressing group, indicating that targeting to plasma
membrane is likely necessary to induce amastin expression. A GFP
control displayed amastin expression levels similar to the wild-type
showing that expression of proteins from the pTEX vector has no effect
on amastin expression (n � 2). B, T. cruzi bloodstream trypomastigotes
were treated with pH 5.0 medium for 1 h followed by IP3 detection as
indicated under “Experimental Procedures.” The cellular content of IP3
in the TcPI-PLC overexpressing group was over 5 times higher than that
in the Wild-type group. Error bars represent standard deviation (n � 2).
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PLC localized to the plasma membrane of all three develop-
mental stages of T. cruzi.

To confirm the proper acylation of the full-length TcPI-PLC/
GFP fusion protein, transfectants expressing this protein, the
mutated protein (G2A), or GFP alone were metabolically la-
beled with either [3H]myristate or [3H]palmitate (Fig. 7B) and
immunoprecipitates were analyzed by SDS-PAGE and fluorog-
raphy. Endogenous TcPI-PLC (all lanes) was both myristoy-
lated and palmitoylated, as was the full-length TcPI-PLC/GFP,
which is slightly larger because of the GFP tag (arrowheads).
G2A was neither myristoylated nor palmitoylated, indicating
that glycine is required for these two modifications. It has been
described before that the palmitoylation step requires the pres-
ence of a nearby myristoyl (22, 29, 30). For the full-length
TcPI-PLC/GFP transfectants, gels were treated with buffer
containing or lacking hydroxylamine to confirm that the la-
beled protein was indeed palmitoylated in a cysteine (10). The
[3H]palmitate- (Fig. 7C, lane 1) or [3H]myristate- (Fig. 7C, lane
2) labeled immunoprecipitated TcPI-PLC/GFP from epimastig-
otes were separated by SDS-PAGE and the gels were incubated
in 1 mM hydroxylamine at neutral pH (7.5). Under these con-
ditions S-ester but not O-ester linkages are broken (10, 31). As
shown in Fig. 7C, lane 1, the radioactivity incorporated from
[3H]palmitate on TcPI-PLC/GFP was greatly reduced by neu-
tral hydroxylamine treatment although the radioactivity incor-
porated from [3H]myristate (Fig. 7C, lane 2) remained on the
protein after treatment. These results strongly suggest that
[3H]myristate is linked to TcPI-PLC/GFP by an amide bond
although [3H]palmitate could be linked to TcPI-PLC/GFP by a
thioester bond (10).

Differentiation experiments using trypomastigotes express-
ing TcPI-PLC/GFP gave similar results (Fig. 5B) to those ob-
served using trypomastigotes overexpressing TcPI-PLC alone
(Fig. 5A), although control trypomastigotes expressing GFP
alone did not show significant differences as compared with
Wild-type parasites (Fig. 5C). In addition, overexpression of
mutant TcPI-PLC/GFP G2A did not show any significant dif-
ference in differentiation as compared with Wild-type parasites

(Fig. 5D). Taken together, these results established that only
overexpression of TcPI-PLC in the plasma membrane is able to
stimulate differentiation of trypomastigotes to amastigotes.

DISCUSSION

T. cruzi trypomastigotes can invade a wide variety of host
cells by a process of parasite-directed endocytosis (32). Al-
though T. cruzi internalization and formation of a parasitopho-
rus vacuole is not strictly dependent upon lysosome fusion with
the plasma membrane (33), as previously suggested (34, 35),
lysosomes rapidly fuse with the parasitophorus vacuole making
it acidic (32). Acidification is apparently the trigger for differ-
entiation of trypomastigotes into amastigotes because low pH
also accelerates their extracellular transformation (15, 36).
Acidification also induces the expression of TcPI-PLC in vitro
(10). Because differentiation of trypomastigotes into amastig-
otes in vitro was accompanied by an increase in IP3 formation,
a role for TcPI-PLC in this process was suggested (10). The
involvement of the inositol phosphate/diacylglycerol pathway
and of phosphorylation cascades in this transformation was
also suggested by its stimulation by very low concentrations (1
nM) of the protein phosphatase inhibitor calyculin A (11).

In this report we provide genetic evidence that TcPI-PLC is
important for differentiation of trypomastigotes into amastig-
otes. Two complementary approaches were used to alter TcPI-
PLC expression in T. cruzi: RNA oligonucleotides designed to
target the TcPI-PLC sequence, and overexpression of the TcPI-
PLC gene.

Although antisense RNA oligonucleotides have been used
extensively to reduce the expression of target genes in mam-
malian cells (26, 27), their use in trypanosomatids has been
limited to the targeting of the mini-exon sequence in Leishma-
nia amazonensis as a form of chemotherapy (37), and to reduce
the expression of a surface glycoprotein in T. cruzi (38). Our
results demonstrate that their use to reduce the expression of
functional enzymes in T. cruzi is feasible and that the tech-
nique could therefore have wider application when other tech-
niques, such as gene targeting disruption, are not feasible. The

FIG. 7. The acyl modifications are required for the plasma membrane localization of TcPI-PLC. A, epimastigote (panels a and d),
trypomastigote (panels b and e), and amastigote (panels c and f) transfectants expressing TcPI-PLC/GFP (panels a–c) or G2A (panels d–f) proteins
were analyzed by immunofluorescence microscopy as described under “Experimental Procedures.” Neither the G2A mutant protein, which lacks
both acyl modifications, nor GFP show plasma membrane localization. Plasma membrane localization is shown in cells expressing TcPI-PLC/GFP
(arrows in panels a–c). B, epimastigote transfectants were labeled with [3H]myristate (upper panels) or [3H]palmitate (lower panels). Cell lysates
were prepared and analyzed by SDS-PAGE and fluorography after immunoprecipitation with anti-GFP monoclonal antibody. The arrowheads in
both panels marks the position of the endogenous (lower bands) and GFP fusion proteins. The TcPI-PLC/GFP protein is labeled with both myristate
and palmitate, whereas no labeling is detected in the G2A and GFP proteins. C, after electrophoresis, gels from [3H]palmitate-labeled cells
transfected with TcPI-PLC/GFP (lane 1) were treated with buffer containing hydroxylamine, which cleaves labile thioester palmitate linkages. A
[3H]myristate-labeled lysate (lane 2) was included in the immunoprecipitation as a control. Endogenous TcPI-PLC and the TcPI-PLC/GFP protein
are labeled with myristate (lane 2), but not with palmitate (lane 1, arrowheads).
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advantage of the phosphorothioate antisense oligonucleotides
is that they can be tested directly on trypomastigotes and the
differentiation step from epimastigotes is not needed as in gene
targeting disruption experiments (17). Inhibition of gene ex-
pression by RNA oligonucleotides targeted against TcPI-PLC,
as verified by real-time quantitative PCR experiments (Fig. 3),
resulted in a significant inhibition of trypomastigote to
amastigote differentiation (Figs. 1 and 2).

Overexpression of genes has been used before in T. cruzi to
give insight into the function of genes. Overexpression of su-
peroxide dismutase resulted in increased sensitivity to the
trypanocidal agents crystal violet and benzidazole (39), al-
though overexpression of cruzipain, the major cysteine protein-
ase of T. cruzi, was associated with enhanced metacyclogenesis
(40). We found that overexpression of TcPI-PLC resulted in an
increased rate of differentiation of trypomastrigotes into
amastigotes (Figs. 4 and 5).

Our results using GFP fusion proteins (Fig. 6) indicate that,
when expressed in sufficient amounts, TcPI-PLC is localized in
the plasma membrane of the three different stages of T. cruzi,
lipid modification is necessary for this localization and overex-
pression of TcPI-PLC stimulates differentiation only when the
enzyme localizes to the plasma membrane. In this regard, it
has been reported that exogenous bacterial PI-PLC treatment
induces differentiation of trypomastigote forms (41), thus sug-
gesting a critical role of phospholipid hydrolysis in the plasma
membrane to trigger this process.

In summary, our results demonstrate an important role of
TcPI-PLC in the differentiation of trypomastigotes to amastig-
otes of T. cruzi, an essential step for the intracellular replica-
tion of this parasite, and provide evidence of the utility of
antisense RNA oligonucleotides and overexpression techniques
in the study of the functional role of genes in T. cruzi.
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