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Abstract

Trypanosoma brucei glycosylphosphatidylinositol phospholipase C (GPIPLC) is expressed in the bloodstream stage
of the life cycle, but not in the procyclic form. It is capable of hydrolyzing GPI-anchored proteins and phosphatidyli-
nositol (PI) in vitro. Several roles have been proposed for GPIPLC in vivo, in the release of variant surface
glycoprotein during differentiation or in the regulation of GPI and PI levels, but none has been substantiated. To
explore GPIPLC function in vivo, tetracycline-inducible GPIPLC gene (GPIPLC) conditional knock-out bloodstream
form and tetracycline-inducible GPIPLC-expressing procyclic cell lines were constructed. We were unable to generate
GPIPLC null mutants. Cleavage of GPI-anchored proteins was abolished in extracts from uninduced conditional
knock-outs and was restored upon induction. Despite the barely detectable level of GPIPLC activity in uninduced
conditional knock-out bloodstream forms, their growth was not affected. GPI-protein cleavage activity could be
induced in procyclic cell extracts, up to wild-type bloodstream levels. Myo-[3H]inositol incorporation into [3H]inositol
monophosphate was about 14-fold lower in GPIPLC conditional knock-out bloodstream forms than in the wild type.
Procyclic cells expressing GPIPLC showed a 28-fold increase in myo-[3H]inositol incorporation into [3H]inositol
monophosphate and a 1.5-fold increase in [3H]inositol trisphosphate levels, suggesting that GPIPLC may regulate
levels of inositol phosphates, by cleavage of PI and phosphatidylinositol 4,5-bisphosphate. © 1999 Published by
Elsevier Science B.V. All rights reserved.
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1. Introduction

Trypanosoma brucei bloodstream forms are
covered by a homogeneous coat of glycosylphos-
phatidylinositol (GPI)-anchored variant surface
glycoprotein (VSG) (for a review, see [1]) and
contain a GPI phospholipase C (GPIPLC),
which cleaves the VSG GPI-anchor, forming di-
acylglycerol (DAG) and 1,2-cyclic phosphate on
the inositol ring [2–4]. The enzyme is present
only in the bloodstream and metacyclic stages of
the parasite’s life cycle, in which T. brucei is
covered with a VSG coat [5]. Bloodstream forms
differentiate into procyclic forms after ingestion
by the insect vector, or in suitable culture sys-
tems. Procyclic forms contain no detectable en-
zyme activity [5], and very low levels of
GPIPLC mRNA [6].

GPIPLC is undoubtedly responsible for the
rapid cleavage of membrane-bound VSG
(mfVSG) when cells are lysed by hypotonic
shock or detergents [6]. However, the function
of the enzyme under physiological conditions re-
mains undiscovered. In particular, GPIPLC does
not play an obligatory role in the release of
surface VSG during differentiation to procyclic
forms [7,8], which appears to be attributable to
proteolytic cleavage [9–11]. Further data suggest
that VSG is released through synthesis or acti-
vation of a developmentally regulated
proteinase, shortly after treating bloodstream
forms with the Krebs cycle intermediates citrate
and/or cis-aconitate, and shifting their culture
temperature to 27°C, to induce differentiation
[10]. Under these conditions, differentiation does
not require GPIPLC. However, low-pH-induced
differentiation, whose physiological relevance is
unclear, would not occur in GPIPLC null mu-
tants [8]. Thus, any biological role for GPIPLC
as a VSG lipase remains elusive and the stage-
specific co-expression of VSG and GPIPLC may
only be a coincidence.

The sub-cellular localization of GPIPLC re-
mains uncertain. Based upon sub-cellular frac-
tionation and immunofluorescence experiments,
the enzyme appears to reside on the cytoplasmic
side of otherwise uncharacterized intracellular

vesicles [12]. This location presents a major to-
pological impediment to any role of GPIPLC in
VSG shedding in vivo, but would be consistent
with a role for GPIPLC in phosphatidylinositol
(PI) or GPI metabolism.

Purified T. brucei GPIPLC, or recombinant T.
brucei GPIPLC expressed from Escherichia coli,
can cleave PI to inositol 1-monophosphate (IP)
in vitro and during trypanosome lysis [13], like
a prokaryotic PI-specific phospholipase C (PLC)
[14,15]. PI is a key intermediate in at least two
important pathways. It is the precursor of the
inositol phosphates cascade leading to phos-
phatidylinositol bisphosphate (PIP2), which gives
rise to the secondary intracellular messengers,
inositol 1,4,5-trisphosphate (IP3) and DAG.
These two metabolites are responsible for activa-
tion of signal transduction pathways related to
Ca2+ [16] and to Ca2+-dependent and Ca2+-in-
dependent protein kinase C [17]. PI is also a
constituent of protein GPI anchors [18] and a
precursor of other complex lipids. Biochemical
data on the metabolism of inositol phosphates
in Crithidia fasciculata showed that myo-
[3H]inositol (Ins) is incorporated into PI by
phosphatidylinositol synthase, in a two-step re-
action [19]. Presumably, such activity may also
be present in T. brucei, since myo-[3H]Ins incor-
poration into different phosphoinositides has
been detected in bloodstream and procyclic cells
[20]. PI turnover is considered to be involved
in the regulation of mammalian cell growth.
The enzymes for PI turnover include phos-
pholipase C (PLCg), PI 4-kinase and phos-
phatidylinositol synthase. It has been suggested
that PIP2 hydrolysis by PLCg is involved in
the regulation of serum-induced S-phase in-
duction in mammalian cells [21] and that PI
synthesis is involved in growth control of yeast
[22].

In the current study, we manipulated the ex-
pression of T. brucei GPIPLC to probe its func-
tions in vivo. For this purpose, we generated
tetracycline-inducible (Tc-inducible) GPIPLC
conditional knock-out bloodstream form and
GPIPLC-expressing procyclic T. brucei.
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2. Materials and methods

2.1. Materials

All reagents were from Sigma, unless otherwise
stated. dCTP-a[32P] (3000 Ci mmol−1) was pur-
chased from Dupont-NEN and myo-[3H]inositol
(80 Ci mmol−1) from Amersham Pharmacia Bio-
tech. L-a-[myoinositol-2-3H]phosphatidylinositol
(13 Ci mmol−1) was purchased from DuPont-
NEN. Bovine erythrocyte acetylcholinesterase
(AChE) was purified by affinity chromatography,
as described previously [23]. G418 (Geneticin®)
was from GIBCO-BRL, hygromycin-B was from
Boehringer Mannheim, and phleomycin was from
CayLa (France). The liquid scintillation cocktail
Ready Safe™ was from Beckman.

2.2. Trypanosomes and culture conditions

T. brucei monomorphic strain 427 [24] procyclic
and bloodstream-form (Molteno Institute Try-
panozoon antigenic type 1.2 (MITat 1.2) clone
221a) cells were used in these studies. Blood-
stream forms were cultured in HMI-9 medium at
37°C [25] and procyclic forms in SDM-79 medium
at 27°C [26]. Transgenic procyclic cell line 29-13
clone 6 and transgenic bloodstream cell line 90-13
clone 4 constitutively express T7 RNA poly-
merase (T7RNAP) and Tet repressor (TetR) [27].
Genotypes [28] of T. brucei bloodstream lines
used were: parental strain 90-13 (T7RNAP::NEO
PT7::TETR::HYG); GPIPLC one-allele knock-out
17 (Dgpiplc::T7RNAP::NEO); GPIPLC condi-
tional knock-out 17-19-18 (Pparp

Ti ::GPIPLC::BLE
Dgpiplc::T7RNAP::NEO/
Dgpiplc::PT7::TETR::HYG). Genotypes of T. bru-
cei procyclic lines used were: parental strain 29-13
(T7RNAP::NEO PT7::TETR::HYG); Tc-inducible
GPIPLC 29-13-19 (Pparp

Ti ::GPIPLC::BLE
T7RNAP::NEO PT7::TETR::HYG).

2.3. Transfection of trypanosomes

Plasmid DNA for transfection was prepared
using anion exchange columns (Qiagen). Blood-
stream and procyclic forms were transformed with
10 mg of plasmids linearized by Not I digestion, as

previously described [29]. Each electroporation of
transfected bloodstream cells was immediately
aliquoted in 24-well plates with HMI-9. Antibi-
otics were added to the bloodstream culture
medium 16 h after electroporation, to final con-
centrations of 2.5 mg ml−1 G418, 5 mg ml−1

hygromycin B, and 2.5 mg ml−1 phleomycin. All
bloodstream cell populations used in this study
were cloned by limiting dilution in vitro. Antibi-
otics were added to the SDM-79 medium 16 h
after the procyclic cell electroporations, to final
concentrations of 15 mg ml−1 G418, 50 mg ml−1

hygromycin B, and 2.5 mg ml−1 phleomycin. Pro-
cyclic-form trypanosomes were serially diluted in
microtiter plates with conditioned medium. For
all subsequent assays, drug-resistant clones were
grown in the absence of antibiotics, unless other-
wise stated.

2.4. Construction of targeting 6ectors

Polymerase chain reaction (PCR) amplification
of GPIPLC coding sequence (GenBank M27301;
nucleotides 80–1167), GPIPLC 5% untranslated
region (UTR) (GenBank M27301; nucleotides 1–
93), and GPIPLC 3% UTR (GenBank M27301;
nucleotides 1153–1328) from genomic DNA of T.
brucei strain 427 was performed by using the
oligonucleotide primers OC56 (5%-GGAAGCTTT-
CTTTGTAATGTTTGGTGGTGT-3%) and OC-
57r (5%-CCGGATCCTTTTTATGACCTTGCG-
GTTTGG-3%), OC52 (5%-GGGCGGCCGCGT-
GCGTGTGGGTGTCTGAGA-3%) and OC53r
(5%-AAGTATACACGCGTCTCGAGTCATC-
TATTTAAACACCACCAAACATTACAAAG-
3%), and, OC54 (5%-GGGAAAGATCTAGAGC-
AAGGTCATAAAAATGTGGG-3%) and OC55r
(5%-CCCAGGCCTGCGGCCGCTTCCAACGT-
CATTGTCGCCC-3%), respectively. All PCR-am-
plified products were confirmed by sequencing.
Plasmid pCO19 was constructed to express GPI-
PLC in a Tc-dependent way. The 1076-bp PCR
product from OC56–OC57r was digested with
Hind III and BamH I, and ligated into the simi-
larly digested vector pLew79 [27], replacing LU-
CIFERASE, yielding the plasmid pCO19,
constructed to target the rRNA spacer (Fig. 1B).
Plasmid pCO17 was constructed to knock-out one
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allele of the GPIPLC gene (Fig. 1A). The GPI-
PLC 5% UTR 125-bp PCR product from OC52
and OC53r was digested with Not I and Mlu I,
and inserted in a similarly digested vector pLew13
[27], to yield pCO16. The GPIPLC 3% UTR 190-
bp PCR product from OC54 and OC55r was
digested with Xba I and Stu I, and ligated to a
similarly digested vector pCO16, to yield pCO17.
Plasmid pCO18 was constructed to knock-out the
second allele of the GPIPLC gene (Fig. 1A). A
Xho I–Stu I 2490-bp fragment from plasmid

pLew90 [27] was cloned into an Xba I, blunt-
ended Xho I 4370-bp fragment from plasmid
pCO17, to generate pCO18. This plasmid contains
the Tn5 hygromycin phosphotransferase gene
(HYG), flanked upstream by the Tetracycline re-
pressor (TetR) open reading frame (GenBank
TRN10TETR; nucleotides 903–1526), and pre-
ceded by a 10% strength T7RNAP promoter [27].
Cloning junctions and all PCR-amplified frag-
ments were sequenced at The Rockefeller Univer-
sity Shared Technology Resource Center.

Fig. 1. Strategy to generate inducible GPIPLC cell lines. Constructs and targeting strategy used for (A) the replacement of GPIPLC
endogenous alleles and (B) for the stable expression of an ectopic copy of GPIPLC (ecGPIPLC) in a rDNA locus of T. brucei. The
black arrow indicates a T7RNAP promoter, the open arrow indicates a Tc-inducible PARP promoter, and the grey arrow indicates
a rRNA promoter. Solid bars under the constructs indicate position of probes used for Southern and Northern analyses.
Abbreviations: act, actin; adl, aldolase; PARP, procyclic acidic repetitive protein; PAS, polyadenylation sequence; SAS, splice-accep-
tor sequence. Restriction enzyme abbreviations: A, Aat II, B; BamH I; C, Cla I; E, EcoR I; H, Hind III; M, Mlu I; N, Not I; Nc,
Nco I; Nd, Nde I; R, Rsr II; S, Sca I; Xb, Xba I; Xh, Xho I.
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2.5. RNA and DNA analysis and probes

Total RNA or DNA from trypanosomes was
isolated using RNAstat60™ (Tel-Test ‘B’,
Friendswood, TX) or DNAzol® (Molecular Re-
search Center, Cincinnati, OH). Parasite blocks
for pulsed field gel electrophoresis (PFGE) were
prepared as previously described [30] at a con-
centration of 4×108 trypanosomes ml−1.
Northern and Southern analysis were carried
out according to standard protocols [31]. RNA
and DNA were cross-linked to a Hybond N+

membrane (Amersham Pharmacia Biotech, Pis-
cataway, NJ) in a UV Stratalinker-1800 (Strata-
gene, La Jolla, CA). Probes used for Southern
and Northern analyses were a 523-bp Nde I–
Mlu I fragment from the GPIPLC gene, a 357-
bp Rsr II–Aat II fragment from the BLE gene,
a 727-bp EcoR I–Sca I fragment from the HYG
gene, a 555-bp Hind III–Nco I fragment from
the NEO gene, a 700-bp Hind III–EcoR I frag-
ment from the TUBULIN gene, and a 770-bp
EcoR I fragment from the procyclic acidic
repetitive protein (PARP) coding sequence.
Probes were labeled by using the Prime-It II®

kit (Stratagene) and purified with NucTrap®

Probe Purification Columns (Stratagene). All hy-
bridizations and washes were performed at 65°C
in a hybridization oven (Hybaid), using the
QuikHyb® system (Stratagene). Washes were for
30 min in 1×SSC (1×SSC: 0.15 M NaCl,
0.015 M sodium citrate) and 0.1% SDS. Final
washes were at high stringency (0.1×SSC, 0.1%
SDS). DNA and RNA sizes were estimated ac-
cording to the migration of 1 kb DNA Ladder
(GIBCO-BRL), and 0.24–9.5 kb RNA ladder
(GIBCO-BRL), respectively. Northern hybridiza-
tion signals were quantified by phosphorimager
analysis and the Imagequant™ Software (Molec-
ular Dynamics). Chromosomal DNA separations
were performed in 0.8% agarose gels, in a rotat-
ing agarose gel electrophoresis apparatus
(Stratagene). The program consisted of three
windows: a 20-s pulse at 150 V for 5 h, fol-
lowed by a 500-s pulse at 80 V for 35 h, then a
1500-s pulse at 80 V for 25 h. The rotating
angle was 105°, and a 0.5×Tris-borate–EDTA
re-circulating buffer was run at 12°C. DNA size

was estimated from the migration of Hansenula
wingeii PFGE size standard (BIO-RAD).

2.6. GPI hydrolysis assays

AChE from bovine erythrocytes, a GPI-an-
chored protein, was used as substrate for mea-
suring GPI hydrolysis, as previously described
[13], in a buffer containing 50 mM Tris, pH 8.0,
and 2 mM EDTA. The extent of GPI-anchor
hydrolysis was determined by measuring the rel-
ative amount of AChE in the aqueous phase
after partitioning the reaction mixture in Triton
X-114 [32]. Assays using extracts from try-
panosomes were performed at 37°C. AChE ac-
tivity was determined as previously described
[33]. Each experiment contained control samples
incubated in the absence of extracts. The corre-
sponding controls have been substracted from
experimental values. Average values from dupli-
cate determinations performed in several inde-
pendent experiments showed a variability of
B10%. A GPIPLC assay using [3H]mfVSG as a
substrate was performed as previously described
[34].

2.7. PI hydrolysis analysis

PI hydrolysis was performed essentially as
previously described [13] at 37°C for try-
panosome extracts in the buffer described for
AChE hydrolysis, unless otherwise noted. The
extent of [3H]PI hydrolysis was measured by de-
termining the distribution of radioactivity be-
tween the aqueous and organic phases after low
speed centrifugation. The sum of radioactivity in
the aqueous and organic phases, representing
hydrolyzed and non-hydrolyzed [3H]PI, respec-
tively, was constant in all samples and corre-
sponded to the amount of [3H]PI added to the
incubation mixtures (recovery of radioactivity
was \90%). Each experiment contained control
samples incubated in the absence of extracts. All
numbers were expressed after substraction of the
corresponding controls. Average values from du-
plicate determinations, performed in several in-
dependent experiments, showed a variability of
B10%.
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2.8. Labeling and extraction of water-soluble
inositol phosphates

Labeling of trypanosomes with myo-[3H]Ins
was performed as described previously [35], with
modifications. Exponentially growing blood-
stream or procyclic parasites were centrifuged and
resuspended in 5 ml serum-free HMI-9 (7.2 mg
l−1 Ins) or serum-free and hemin-free SDM-79 (5
mg l−1 Ins) [20], respectively, supplemented with
50 mM glucose and 50 mg ml−1 BSA, at 5×106

parasites ml−1. Bloodstream and procyclic forms
were incubated with 10 mCi ml−1 of myo-[3H]Ins
(80 Ci mmol−1) for 18 h at 37 or 27°C, respec-
tively, and optionally supplemented with 1 or 2.5
mg ml−1 Tc, respectively. Parasite counts per-
formed at the end of incubation time confirmed
that cells had multiplied at the normal rate.
[3H]IP1 and [3H]IP3 produced by the cells was
isolated chromatographically on Dowex AG® 1-
X8 anion exchange resin (BIO-RAD) in the for-
mate form (200–400 mesh), as recommended by
myo-[3H[inositol manufacturer (Amersham Phar-
macia Biotech) and described elsewhere [36]. Free
Ins was not retained on the column. Glycerophos-
phoinositol and 1:2-cyclic phosphate were eluted
with 5 mM-sodium tetraborate plus 60 mM am-
monium formate, as described [35]. Standards of
IP, inositol 1,4-bisphosphate (IP2), IP3 and inosi-
tol 1,3,4,5-tetrakisphosphate (IP4) (Amersham
Pharmacia Biotech) eluted at 0 M ammonium
formate, 0.3–0.4, 0.5–0.6, 0.7–0.8 and 0.9–1.0 M
ammonium formate, respectively. A standard of
the water-soluble GPI glycan (Man3GlcN-Ins)
eluted at 60 mM ammonium formate.

3. Results

3.1. Generation of GPIPLC conditional knock-out
bloodstream forms

We designed a conditional knock-out strategy
(Fig. 1A), to avoid potential lethality, when trying
to obtain GPIPLC null mutants in the monomor-
phic strain 427, and to be able to conditionally
restore GPIPLC activity under in vivo conditions
without further genetic manipulation. One allele

was replaced with a cassette carrying T7RNAP
and NEO (construct pCO17) using the GPIPLC 3%
and 5% UTR as targeting sequences. Recombinant
parasites were selected with G418 and analyzed by
Southern blot (Fig. 2B) and PFGE (Fig. 2A). A
second construct (pCO19), carrying GPIPLC
driven by a Tc-inducible PARP promoter, was
targeted to the rRNA spacer of the GPIPLC
one-allele knock-out (Fig. 1B). Several G418 and
phleomycin-resistant clones from independent
transformations had inserted the cassette in at
least two different rDNA loci (Fig. 2A). The
remaining endogenous GPIPLC allele was re-
placed in those clones with a cassette expressing
TetR and HYG, both driven by a T7RNAP pro-
moter (construct pCO18). Recombinant parasites
resistant to all three inhibitors were selected in the
presence of 100 ng ml−1 Tc. The correct replace-
ment of GPIPLC by the markers and the inser-
tion of the ectopic copy in the bloodstream-form
cell line 17-19-18 were confirmed by PFGE (Fig.
2A) and Southern blot (Fig. 2B).

In many attempts and using alternative strate-
gies, no clones were obtained with lower amounts
of Tc, or in the absence of Tc, suggesting that the
absence of GPIPLC is lethal, or severely limits
growth, in T. brucei strain 427. However, unin-
duced GPIPLC conditional knock-out blood-
stream cells grew as well as wild-type cells, in
vitro or in vivo. The mean survival time of mice
infected with 5–10 trypanosomes of this virulent
strain was 14 days, whether or not GPIPLC was
induced (data not shown).

3.2. Tc-induced transcription of GPIPLC in
procyclic forms

To express GPIPLC in procyclic cells, the na-
tive GPIPLC open reading frame was expressed
in the T7RNAP-TetR-expressing procyclic cell
line 29-13, under the control of a Tc-inducible
PARP promoter [27], as depicted in Fig. 1B.
Detectable levels of GPIPLC mRNA became evi-
dent as early as 2 h after Tc induction, reaching a
maximum by 24 h (Fig. 3A). Quantification, by
phosphorimaging, showed that the 1.4-kb band,
corresponding to the ectopic copy, was sevenfold
higher than the 3.4-kb bloodstream-form wild-
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Fig. 2. Chromosomal and Southern analysis of GPIPLC conditional knock-out cell line. (A) Lane 1, wild-type cells; lane 2, GPIPLC
one allele knock-out cell line (clone 17.1); lane 3, GPIPLC one allele knock-out cell line with an ectopic GPIPLC copy introduced
into the rDNA spacer (clone 17.1-19.2); lane 4, final GPIPLC conditional double knock-out cell line (17.1-19.3-18.1). Unfortunately,
the parental line used for the second allele knockout (lane 4) was lost, and no other clone contained the ectopic copy in the large
chromosomal rDNA locus, which is why a different clone, where the ectopic copy inserted into a smaller chromosome, is shown in
lane 3. (B) Lanes 1–3, wild-type bloodstream cells; lanes 3–6, GPIPLC conditional knock-out bloodstream cells. The same blot was
hybridized with successive probes. Enzyme abbreviations as in Fig. 1.

type RNA. GPIPLC expression was tightly regu-
lated. In the absence of Tc, GPIPLC mRNA was
undetectable by Northern blot analysis and com-
parable with the signal obtained for wild-type
procyclic cells (Fig. 3A).

3.3. Regulated expression of GPIPLC in a
conditional knock-out bloodstream cell line

A GPIPLC conditional knock-out bloodstream
clone was analyzed for its steady-state RNA levels
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of GPIPLC. These cells showed a very tight ex-
pression of the 1.4-kb band corresponding to the
ectopic GPIPLC copy: no signal was detectable in
the absence of Tc (Fig. 3A). The 1.4-kb band
became detectable at 10 ng ml−1 Tc, exhibiting a
saturated signal at 1 mg ml−1 Tc (Fig. 3B). The
levels of the 1.4-kb ectopic copy after 2 and 24 h
of 1 mg ml−1 Tc stimulation were eight- and
14-fold above background, respectively (Fig. 3B).
In bloodstream cultures stimulated with 10 or 100
ng ml−1 Tc for 24 h, expression of the 1.4-kb
band was three- and sevenfold higher than the
background, respectively. A 3.4-kb duplex band is
normally detectable in wild-type bloodstream
forms, although the open reading frame is only
1.4 kb (Fig. 3A). When both GPIPLC alleles were
replaced, the higher band of the 3.4-kb duplex
disappeared (Fig. 3A). The lower band of the
3.4-kb signal remained visible under Northern
analysis when both alleles of GPIPLC were
knocked-out and it was also visible in procyclic
parental cells (Fig. 3A), suggesting the existence
of a mRNA cross-hybridizing with the probe.
This cross-hybridization may be explained by
genes sharing some sequence similarity with the
GPIPLC open reading frame, but no GPIPLC
activity can be detected in procyclic cells [6] and
was barely detectable in our uninduced condi-
tional knock-outs (see later), so this cross-reacting
RNA is very unlikely to encode a GPIPLC
paralog.

3.4. Inducible GPI- and PI-hydrolyzing acti6ity in
GPIPLC bloodstream conditional knock-outs and
GPIPLC-expressing procyclic cell extracts

GPI- and PI-hydrolyzing activities were mea-
sured in cell extracts using AChE, mfVSG and PI
as substrates (Fig. 4A). At 1 mg ml−1 Tc, maxi-
mum GPIPLC activity was observed after 24 h, in
both conditional knock-out bloodstream and in-
ducible procyclic forms. The Tc induction system
generally gives rise to some initial overshoot in
expression levels, as seen here, before equilibrium
between synthesis and turnover of mRNA and/or
protein is attained. In the GPIPLC conditional
knock-out bloodstream forms, GPI-hydrolyzing
activity reached 45–50% of wild-type bloodstream

Fig. 3. Induction of GPIPLC mRNA in conditional knock-
out bloodstream cells and GPIPLC expressing procyclic
cells. (A) Induction in bloodstream and procyclic forms.
Probes are indicated to the left of each panel. The TUB or
PARP probes served as loading controls. Lane 1, wild-type
bloodstream cells; lane 2, non-induced GPIPLC conditional
knock-out bloodstream clone 17-19-18; lane 3, 24 h induc-
tion with 1 mg ml−1 Tc of GPIPLC conditional knock-out
bloodstream clone 17-19-18; lane 4, GPIPLC one allele
knock-out bloodstream clone 17; lane 5, parental procyclic
29-13 cell line; lane 6, non-induced GPIPLC expressing pro-
cyclic clone 29-13-19; lane 7, 24 h induction with 1 mg ml−1

Tc of GPIPLC expressing procyclic clone 29-13-19. Arrows
indicate position of 3.4 kb doublet band referred to in the
text. Insert represents quantification of gel profile from (—)
wild-type bloodstream cells, (—
—) GPIPLC conditional
knock-out non-induced cells, (........) GPIPLC conditional
knock-out Tc-induced cells. (B) Induction kinetics in blood-
stream forms. Results are shown for GPIPLC conditional
knock-out bloodstream clone 17-19-18, when cultures were
induced for 24 h with increasing amounts of Tc (left panel)
or when cultures were induced with 1 mg ml−1 Tc for differ-
ent times (right panel).
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form levels, while PI-hydrolyzing activity reached
65–75% of wild-type extracts. In the GPIPLC-ex-
pressing procyclic cells, GPI- and PI-hydrolyzing
activities reached 90–105 and 60–65%, respec-

tively, of the activities in wild-type bloodstream
form cells.

GPI-hydrolyzing activity was undetectable in
the Tc-inducible bloodstream form or procyclic
cultures at Tc doses below 1 ng ml−1. Maximum
AChE, mfVSG and PI hydrolysis was induced
with 10–100 ng ml−1 Tc in bloodstream forms
(Fig. 4B) and with 100 ng ml−1 Tc in procyclics
(Fig. 4C), with the exception that maximum
AChE hydrolysis required higher Tc levels in pro-
cyclics. Previous experiments showed that maxi-
mum expression of Luciferase occurred at 10 ng
ml−1 Tc in both life life-cycle stages [27]. This
suggests that the relationship between mRNA and
protein levels, or enzyme activity towards differ-
ent substrates, may be influenced by the nature of
the specific transcript, the necessity for post-trans-
lational modification [37], and the parasite life-cy-
cle stage.

Tc-induced GPIPLC was responsible for 75%
of PI hydrolysis in extracts from both blood-
stream (Fig. 4B) and procyclic forms (Fig. 4C).
The source of the other 25% of PI hydrolysis,
under our assay conditions, has not been investi-
gated. The ratio of PI to GPI hydrolysis in vitro
differed about twofold between bloodstream and
procyclic forms (Fig. 4A), which might be due to
differences in post-translational modifications be-
tween the two life-cycle stages, such as the acyla-
tion that has been detected in bloodstream-form
GPIPLC [37].

Fig. 4. (Continued)

Fig. 4. Inducible GPIPLC hydrolyzes GPI-anchored proteins
and PI in vitro. (A) Time course of AChE and PI hydrolysis
when cultures were supplemented with 1 mg ml−1 Tc (n=3)
(B) Tc dose-dependency curve for bloodstream cell extracts
(n=3). (C) Tc dose-dependency curve for procyclic cell ex-
tracts (n=2). Cultures were stimulated for 24 h with increas-
ing amounts of the drug. Activity values were related to a
reference value of 100% of either GPI- or PI-hydrolyzing
activities from GPIPLC wild-type bloodstream cell extracts.
�, AChE-hydrolyzing activity by GPIPLC-expressing pro-
cyclic cell extracts; 	, PI-hydrolyzing activity by GPIPLC-ex-
pressing procyclic cell extracts; , AChE-hydrolyzing activity
by GPIPLC conditional knock-out bloodstream cell extracts;

, PI-hydrolyzing activity by GPIPLC conditional knock-out
bloodstream cell extracts; �, mfVSG-hydrolyzing activity by
GPIPLC conditional knock-out bloodstream cell extracts; �,
mfVSG-hydrolyzing activity by GPIPLC-expressing procyclic
cell extracts.
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Fig. 5. Incorporation of myo-[3H]inositol into inositol phos-
phates in GPIPLC-expressing procyclic cells. Elution profiles
of water-soluble extracts from Dowex AG® 1-X8 anion-ex-
change columns. �, non-induced; 	, induced with 2.5 mg
ml−1 Tc for 24 h, including myo-[3H]Ins incorporation time.
Radioactivity measured from each fraction was corrected for
background determinations of extracts incubated with myo-
[3H]Ins at time 0 h.

ration as the parental procyclic cell line, and
adding Tc to the parental cells did not change the
rate of myo-[3H]Ins incorporation into the differ-
ent inositol phosphates (data not shown).

Uninduced GPIPLC conditional knock-out
bloodstream forms showed 17-fold lower myo-
[3H]Ins incorporation into IP than the parental
wild-type cell line (Table 1). Although indepen-
dent experiments gave different levels of total
incorporation, varying from 4 to 10% of the
added myo-[3H]Ins, shorter incorporation times,
where the cells would be in better condition,
showed similar results, although with lower
amounts of total incorporation (data not shown).
Irrespective of the total incorporation, the levels
of [3H]IP recovered from GPIPLC conditional
knock-out bloodstream cells were an order of
magnitude lower than those of wild-type cells. Tc
induction consistently increased [3H]IP about
threefold, presumably by eliciting hydrolysis of
PI. However, the amount of [3H]IP was still five-
fold lower than in the wild-type bloodstream-form
cells. Adding Tc to the parental cell line did not
modify the rate of myo-[3H]Ins incorporation into
inositol phosphates (data not shown). In both
bloodstream and procyclic forms, the levels of
[3H]IP4 were essentially unchanged by GPIPLC
induction, further suggesting that GPIPLC is not
involved in [3H]IP4 production.

These results suggest that GPIPLC can hy-
drolyze PI in bloodstream and procyclic forms,
and that it can also hydrolyze PIP2 to IP3 in
procyclic forms. Further experiments will be nec-
essary to elucidate the details and the significance
of these effects.

3.5. Incorporation of myo-[3H]Ins into inositol
phosphates

Procyclic forms expressing GPIPLC incorpo-
rated 28-fold more myo-[3H]Ins into [3H]IP, when
stimulated with 2.5 mg ml−1 Tc for 24 h (Fig. 5
and Table 1). The difference in [3H]IP3 was just
1.5-fold, between parental and over-expressing
cells. Non-induced GPIPLC-transformant pro-
cyclic cells showed a similar myo-[3H]Ins incorpo-

Table 1
Dependence of inositol phosphates levels on GPIPLC activitya

Life-cycle stage and GPIPLC status IP IP3Clone

0.0690.02Bloodstream knock-out uninduced17-19-18 0.990.08
0.1890.03 0.990.217-19-18 Bloodstream knock-out Tc-induced

3493.6691.229-13 Procyclic parental (wild-type)
Procyclic inducible GPIPLC Tc-induced 167911.5 5097.129-13-19

a [3H]Ins labeling of inositol phosphates is expressed as a ratio to parental bloodstream-form control values. Comparison of
myo-[3H]inositol incorporation ratios between procyclic and bloodstream forms cannot be used to infer differences in absolute levels
of IP and IP3. Bloodstream forms were induced with 1 mg ml−1 Tc for 24 h and procyclic forms with 2.5 mg ml−1 Tc for 24 h.
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4. Discussion

PI is required for the synthesis of glycolipid
anchors in T. brucei (for a review, see [38], and for
producing inositol phosphates and DAG [13]. In
mammalian cells, DAG has been linked to PKC
activation, which up-regulates cell growth and
differentiation [17], and to DAG-kinase, which
down-regulates the mitogenic signals that depend
on nuclear DAG [39].

[3H]inositol incorporation into IP and IP3, in
our experiments with wild-type bloodstream and
procyclic cells, agreed well with the levels reported
by other investigators [20]. Our observations sug-
gest that T. brucei GPIPLC is able to cleave PI
into IP and, presumably, DAG in vivo. The ab-
sence of GPIPLC depleted the production of
[3H]IP about 17-fold, compared with wild-type
values. GPIPLC accounted for about 75% of
wild-type bloodstream-form PI-hydrolyzing activ-
ity in vitro, which implies that T. brucei has
alternative ways of making IP. The characteriza-
tion of alternative PI-hydrolyzing enzymes may be
important to understand the inositol phosphate
pathways of T. brucei. Further investigation of
these pathways was beyond our resources.

Ectopic expression of GPIPLC in procyclic cells
also stimulated IP3 production. In this respect,
GPIPLC functioned like a PIP2-specific higher
eukaryotic PLCg. The activity of PLCg has been
related to triggering growth and differentiation in
several mammalian systems in response to many
stimuli [21,40–46]. Activation of a wide variety of
cell surface receptors, which in turn promote PIP2

cleavage by PLCg, ultimately releases Ca2+ in
response to transient surges in IP3, whose steady-
state concentration is low, compared with the
other inositol phosphates. PKC-like activities,
sensitive to Ca2+ and DAG, have been described
in T. brucei bloodstream and procyclic cells [47].
Despite the presence of IP3 in wild-type procyclic
cells, no IP3-sensitive Ca2+ release could be de-
tected in this life stage [20]. Thus, further studies
on the ability of the GPIPLC-mediated IP3 surge
to elicit Ca2+ release will be necessary to compre-
hend the role of GPIPLC. The significance of
such PIP2-hydrolytic activity may illuminate the

role of GPIPLC during different commitment
points in the T. brucei life cycle.

If one wild-type bloodstream trypanosome con-
tains about 30 000 molecules of GPIPLC [3], the
mfVSG hydrolysis data from the GPIPLC knock-
out cells indicated less than 10 molecules of GPI-
PLC per trypanosome in the absence of Tc, about
twice the assay blank value, and 16 000 molecules
when the ectopic copy of GPIPLC was switched
on. Wild-type and GPIPLC-expressing Tc-in-
duced procyclic cells showed levels of mfVSG
hydrolysis attributable to 45 and 29 000 molecules
of GPIPLC per trypanosome, respectively. Thus,
GPIPLC induction is tightly regulated, as origi-
nally shown for luciferase [27].

An unconditional GPIPLC null mutant was
previously obtained in a less virulent trypanosome
strain [7]. Why, therefore, were we unable to
obtain a null mutant in T. brucei strain 427,
despite several attempts? Infectivity, growth rate
and morphology of strain 427 GPIPLC condi-
tional knock-out bloodstream cultures were simi-
lar to wild-type cells, even under non-inducing
conditions (data not shown). However, no clones
could be recovered upon replacement of the GPI-
PLC second allele when Tc was absent from the
selection medium. This suggests that very low
levels of GPIPLC are critical for survival or rapid
growth, in culture, of the 427 strain used in the
present studies. This may be particularly true
under the stressful conditions of transfection and
cloning. The previously described null mutants
were less virulent than the corresponding parental
strain [7], which was already less virulent than
strain 427. It is possible that, if true T. brucei
strain 427 null mutants would have greatly re-
duced virulence, we might have been unable to
select bloodstream-form null mutants directly.
Bloodstream forms of the T. brucei strain used in
the previous study could not be grown or trans-
fected in vitro. Therefore, null mutants were made
in the procyclic form, where GPIPLC is not nor-
mally expressed and may not be essential, and the
bloodstream forms were derived by transmission
through the Tsetse vector. This approach was not
available to us.

T. brucei laboratory stocks often lose fly trans-
missibility after rapid passage through rodents,
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together with a loss of trypanosome polymor-
phism in the mammalian host, and a reduced
ability to differentiate in vitro [48]. The reasons
for such changes remain elusive. However, the
monomorphic 427 strain that was used in the
current study can differentiate into procyclic
forms in vitro, in the presence of citrate and/or
cis-aconitate at 27°C [49,50], or in the Tsetse
midgut. It can also complete its life cycle in the
Tsetse, albeit with very low efficiency (unpub-
lished data), and, under certain conditions, long-
term cultured procyclic forms [51] or metacyclic
forms produced by co-incubation of procyclic
cells with Tsetse explants [52], can infect mice.
Nevertheless, several differences between
monomorphic and pleomorphic strains have been
described upon differentiation, such as in protein
synthesis [53] and faster loss of VSG and appear-
ance of PARP in pleomorphic [54] than in
monomorphic strains [50,55]. Several other bio-
chemical pathways appear to differ between
monomorphic and pleomorphic strains of T. bru-
cei. Monomorphic strains show similar phospho-
glycerate kinase activity as pleomorphic strains
but higher levels of glycosomal phosphoglycerate
kinase mRNA [56]. Differences in cAMP levels
are also evident between monomorphic and
pleomorphic strains during infection [57].

Our inability to obtain a null mutant in the 427
strain may be another example of differences be-
tween monomorphic and pleomorphic strains. In
its potential role, regulating the pool of PIs in-
volved in cellular growth, differentiation, and syn-
thesis of glycolipid anchors, GPIPLC may be
necessary for the survival or virulence of this
strain. Further studies were beyond the scope of
our current resources. The availability of a condi-
tional GPIPLC knock-out in a virulent strain
provides new opportunities for biochemical stud-
ies of PI and GPI pathways, which may identify
the true function(s) of this enigmatic enzyme.
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