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Summary

Intracellular levels of cyclic nucleotide second mes-
sengers are regulated predominantly by a large
superfamily of phosphodiesterases (PDEs). Trypano-
soma cruzi, the causative agent of Chagas disease,

encodes four different PDE families. One of these
PDEs, T. cruzi PDE C2 (TcrPDEC2) has been charac-
terized as a FYVE domain containing protein. Here,
we report a novel role for TcrPDEC2 in osmoregula-
tion in T. cruzi and reveal the relevance of its FYVE
domain. Our data show that treatment of epimastig-
otes with TcrPDEC2 inhibitors improves their regula-
tory volume decrease, whereas cells overexpressing
this enzyme are unaffected by the same inhibitors.
Consistent with these results, TcrPDEC2 localizes to
the contractile vacuole complex, showing strong
labelling in the region corresponding to the
spongiome. Furthermore, transgenic parasites over-
expressing a truncated version of TcrPDEC2 without
the FYVE domain show a failure in its targeting to the
contractile vacuole complex and a marked decrease
in PDE activity, supporting the importance of this
domain to the localization and activity of TcrPDEC2.
Taking together, the results here presented are con-
sistent with the importance of the cyclic AMP signal-
ling pathway in regulatory volume decrease and
implicate TcrPDEC2 as a specifically localized PDE
involved in osmoregulation in T. cruzi.

Introduction

Degradation of the second messengers cAMP and cGMP
is achieved through their hydrolysis by cyclic nucleotide
phosphodiesterases (PDEs). Human Class I PDEs have
been classified into 11 families based on sequence
homology, enzymatic properties and sensitivity to inhibi-
tors (Conti, 2000; Lugnier, 2001; Omori and Kotera,
2007). Given the complexity of the PDE families, it is now
accepted that, although there may be some redundancy
among isoenzymes, most of the different PDE variants
play specific physiological functions (Bender and Beavo,
2006). In fact, PDEs can associate with other proteins,
allowing them to be strategically anchored throughout the
cell (Houslay and Adams, 2003; Cooper, 2005; Scott,
2006). In this regard, precise cellular expression and com-
partmentalization of these enzymes allows the specific
control of cAMP gradients in cells and permits the inte-
gration with other signalling pathways (Baillie, 2009).
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The data on the completed trypanosome genome (Ber-
riman et al., 2005; El-Sayed et al., 2005; Ivens et al.,
2005) have allowed the identification of four PDE families
in Trypanosoma cruzi, Trypanosoma brucei and Leishma-
nia major, which belong to the Class I PDEs. In trypano-
somatids, cAMP is involved in the control of several
processes including proliferation, cell differentiation,
response to oxidative damage and osmoregulation
(Flawia et al., 1997; Laxman and Beavo, 2007; Rohloff
and Docampo, 2008; Bhattacharya et al., 2009). In T.
cruzi, the aetiological agent of Chagas disease, previous
studies on the response to hyposmotic stress have shown
that both insect and vertebrate stages possess a strong
regulatory volume decrease (RVD) mechanism that com-
pletely reverses cell swelling (Rohloff and Docampo,
2008). Moreover, it has been reported that cAMP levels
increase when epimastigotes are subjected to hyposmotic
stress, stimulating the traffic of an aquaporin from the
acidocalcisomes to the contractile vacuole complex
(CVC). Concomitantly, an increase in osmotically active
metabolites occurs in the acidocalcisomes, which are
transferred to the CVC creating an osmotic gradient that
stimulates water entry into this organelle. Finally, the
excess of water is released out of the cell through the
flagellar pocket (Rohloff et al., 2004; Rohloff and
Docampo, 2008). In this regard, the CVC, which is com-
posed of a bladder and a series of numerous vesicles and
tubules known as the spongiome, is a crucial organelle for
the adaptation of this parasite to the osmotic fluctuations
that occur throughout its life cycle.

Our laboratory has previously described three cAMP-
specific PDEs in T. cruzi: TcrPDEB2, which was the first
PDE cloned and biochemically characterized in this para-
site and proved to be strongly associated to the flagellum
(D’Angelo et al., 2004); TcrPDEA1, which was singularly
resistant to the typical PDE inhibitors (Alonso et al., 2007);
and TcrPDEC2, whose activity was associated to the mem-
brane fraction in mutant yeast (Alonso et al., 2006). TcrP-
DEC2 has also been distinguished by the presence of a
FYVE domain close to its N-terminus (amino acid positions
8–74). The FYVE domain is an approximately 60- to
70-amino-acid zinc binding finger involved in membrane
trafficking, which specifically recognizes phosphatidyli-
nositol 3-phosphate (PI 3-P) and recruits many proteins to
PI 3-P enriched membranes (Kutateladze, 2007). The
mechanism of membrane anchoring of the FYVE domain
involves several features including non-specific electro-
static contacts with acidic lipids besides PI 3-P (Stahelin
et al., 2002; Diraviyam et al., 2003; Kutateladze et al.,
2004), hydrophobic insertion into the bilayers (Kutateladze
and Overduin, 2001; Blatner et al., 2004) and in some
cases oligomerization (Callaghan et al., 1999; Dumas
et al., 2001). In addition, it has recently been reported that
targeting of early endosome antigen 1 (EEA1) to PI 3-P

membranes is also dependent on pH and regulated by a
histidine switch (Lee et al., 2005).

Because of the correlation mentioned above between
cAMP and osmoregulation, we studied the functional role
of TcrPDEC2 in T. cruzi. We found that inhibition of TcrP-
DEC2 resulted in stimulation of the regulatory volume
decrease after hyposmotic stress. Moreover, we demon-
strated that TcrPDEC2 is localized to the CVC in epimas-
tigotes of T. cruzi and revealed the importance of its FYVE
domain for the subcellular targeting and catalytic activity
of this enzyme.

Results

Characterization of pTREX-TcrPDEC2 transfected
parasites

In order to investigate the role of TcrPDEC2 in T. cruzi, we
overexpressed the TcrPDEC2 gene in epimastigotes. The
pTREX-TcrPDEC2 construct was transfected into CL
Brener epimastigotes generating stable cell lines after 60
days of selection with G418. The presence of an additional
gene copy was confirmed by Southern blot analysis, where
the extra hybridization bands observed in the pTREX-
TcrPDEC2-expressing parasites indicate a successful
integration of this construct (Fig. 1A). Northern blot analy-
sis indicated significantly increased levels of the specific
mRNA in the transfected parasites as compared with the
wild-type cells (Fig. 1B).Additionally, the overexpression of
TcrPDEC2 at the protein level was analysed by Western
blot (Fig. 1C). As we reported previously (Alonso et al.,
2006), a band with the expected apparent molecular
weight (103 kDa) was detected in the membrane fraction
(P100) in both wild-type and pTREX-TcrPDEC2-
expressing parasite extracts using a polyclonal antiserum
raised against the recombinant TcrPDEC2 expressed in E.
coli. Moreover, a fourfold increase in the intensity of the
band was observed in P100 extracts of transgenic versus
wild-type parasites. Finally, PDE-specific activity was mea-
sured in P100 and S100 fractions of wild-type and pTREX-
TcrPDEC2-expressing parasites (Fig. 1D). In agreement
with the results obtained by Western blot analysis, TcrP-
DEC2 activity was mainly detected in the particulate frac-
tion (Fig. 1D, black bars) and was 4.6-fold higher in
extracts from pTREX-TcrPDEC2-expressing cells than in
those from wild-type cells.

TcrPDEC2 is involved in volume recovery in
epimastigotes

A previous report has shown that cAMP is involved in
osmoregulation in T. cruzi and that intracellular levels of
this second messenger increase when epimastigotes are
subjected to hyposmotic stress (Rohloff et al., 2004). In
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addition, cAMP analogues stimulated volume recovery in
epimastigotes (Rohloff et al., 2004). To study whether Tcr-
PDEC2 is involved in osmoregulation in T. cruzi, wild-type
CL Brener and pTREX-TcrPDEC2-expressing epimastig-
otes were pre-incubated for 30 min with either 50 mM eta-
zolate (triangles) or 50 mM rolipram (squares) and then
subjected to hyposmotic stress (150 mOsm). Volume
recovery was followed for 10 min by light scattering and
compared with untreated controls (circles). As shown in
Fig. 2A, etazolate and rolipram increased approximately
20% and 30%, respectively, the rate of recovery (defined
under Experimental procedures) in wild-type cells. On the
other hand, these inhibitors had no effect on pTREX-
TcrPDEC2-expressing parasites (Fig. 2B). Additionally,
wild-type cells treated with PDE inhibitors reached a final
volume slightly lower than untreated cells. At the same

time, approximately a 30% decrease in the rate of recov-
ery of TcrPDEC2-overexpressing cells was observed as
compared with wild-type cells [0.0116 � 0.0015 (SEM)
and 0.0171 � 0.0028 (SEM) respectively, n = 5]. The
treatment did not interfere with amino acid efflux, which
still occurred, indicating that only the CVC contribution of
the RVD was affected by the inhibitors. In addition, the
integrity of the plasma membrane, evaluated by ethidium
bromide uptake, was not affected during hyposmotic
stress, excluding the possibility of toxic side-effects due to
the treatment with these inhibitors (data not shown).
Taken together, these results suggest an active role for
TcrPDEC2 in the parasite response to hyposmotic stress.
It is important to notice that no differences were observed
when comparing wild-type cells with those transfected
with pTREX-GFP vector (results not shown).

Fig. 1. Analysis of pTREX-TcrPDEC2-transfected parasites.
A. Southern blot analysis of wild-type and pTREX-TcrPDEC2 epimastigotes. Genomic DNA (5 mg) was digested with the following restriction
endonucleases: EcoRV (that cuts in the position 833 of TcrPDEC2 gene) and XbaI, XhoI or NdeI (which do not cut inside the TcrPDEC2
gene). A radiolabelled 1070 bp fragment corresponding to the 5′ coding region of TcrPDEC2 was used as a probe.
B. Northern blot analysis of wild-type and pTREX-TcrPDEC2 epimastigote cells. Total RNA (30 mg) from wild-type or pTREX-TcrPDEC2
transfected parasites were electrophoresed in agarose-formaldehyde gels, blotted and hybridized with the same probe described above. The
migration position and loading control corresponding to the three ribosomal RNA bands are indicated.
C. Western blot analysis of wild-type and pTREX-TcrPDEC2-expressing epimastigotes. Proteins of S100 (S) or P100 (P) fractions (70 mg)
were resolved by SDS-PAGE (8% gels), electrotransferred onto Hybond C membranes and revealed with anti-TcrPDEC2 antiserum. As control
for loading amounts, the same membrane was blotted with anti-T. cruzi hexokinase antibody (bottom panel).
D. Enhanced cAMP phosphodiesterase activity in pTREX-TcrPDEC2-transfected parasites. PDE activity assays were performed as described
under Experimental procedures using 30 mg of P100 (black bars) or S100 (gray bars) fractions of wild-type and pTREX-TcrPDEC2 parasites.
Error bars represent the standard error of three experiments (n = 3).
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To evaluate if the PDE inhibitors used could be affecting
other PDEs, we investigated the in vitro PDE activity
in wild-type and pTREX-TcrPDEC2-expressing parasite
extracts in the presence of 50 mM etazolate or rolipram.
According to the results of volume recovery, we observed
that both compounds inhibited the PDE activity in wild-
type cells [39.2% � 0.91 (SEM) and 33.8% � 1.1 (SEM)
for etazolate and rolipram respectively], whereas they had
a minor effect in pTREX-TcrPDEC2-expressing parasites
[18.5% � 2.0 (SEM) and 14.2% � 1.8 (SEM) for eta-
zolate and rolipram respectively].

TcrPDEC2 associates with the CVC in epimastigotes

In order to investigate the subcellular localization of Tcr-
PDEC2, a fusion construct containing the enhanced GFP
at the C-terminus of TcrPDEC2 was generated in pTEX
vector (TcrPDEC2-GFP). Immunofluorescence micros-
copy of mid-log T. cruzi epimastigotes expressing this
fusion protein showed a localization of TcrPDEC2-GFP in
a region close to the flagellar pocket (Fig. 3B), which was
similar to the localization observed when wild-type para-
sites were incubated with a specific antiserum against
TcrPDEC2 (Anti-TcrPDEC2) generated in rabbit (Fig. 3D),
suggesting that the TcrPDEC2-GFP pattern is not an arte-
fact of protein overexpression and/or mistargeting. Since
in trypanosomatids the flagellar pocket is located close to
the CVC (Montalvetti et al., 2004), we explored the pos-
sibility that TcrPDEC2 could be located in this latter struc-
ture in T. cruzi. Epimastigotes that were incubated with
either an anti-TcrPDEC2 or an antiserum against calm-
odulin (Anti-CAM), a previously reported marker for the

contractile vacuole (Zhu and Clarke, 1992; Rohloff et al.,
2004), showed colocalization of these proteins suggesting
an association of TcrPDEC2 with the CVC (Fig. 3F–H). To
further corroborate this result, we used epimastigotes
expressing a version of TcAQP cloned in pTEX vector
fused to the enhanced GFP at its C-terminal region, which
serves as a suitable fluorescent marker for the contractile
vacuole (TcAQP-GFP) (Montalvetti et al., 2004). A strong
colocalization of TcrPDEC2 with TcAQP-GFP in the con-
tractile vacuole was detected (Fig. 3L), while no signal
was observed when using the pre-immune serum or the
secondary antibody alone (data not shown).

In all organisms examined to date, the CVC consists of
a large central bladder surrounded by a diffuse radial
network of tubules and vesicles known as the spongiome
(Montalvetti et al., 2004). To define the precise localization
of TcrPDEC2 in the CVC, cryo-immunogold ultrastructural
localization of this protein was performed in epimastigotes
of T. cruzi. As Fig. 4 shows, most of the labelling was
localized to the CVC with an accumulation at the spongi-
ome vesicles and tubules that surround the bladder.
Quantitative analysis of the particle density at the spon-
giome, bladder and cytosol, confirmed a higher density of
TcrPDEC2 in the two first compartments, with prevalence
in the spongiome (Fig. 4, right upper panel).

A functional FYVE domain is necessary for TcrPDEC2
catalytic activity

In addition to the PDE domain, TcrPDEC2 possesses a
FYVE domain followed by two coiled-coil regions. A pre-
vious work has determined that the FYVE domain present

Fig. 2. Effect of TcrPDEC2 inhibitors on regulatory volume decrease. Wild-type (A) and transfected pTREX-TcrPDEC2-overexpressing cells
(B) were pre-incubated with either 50 mM etazolate (triangles) or 50 mM rolipram (squares), and then subjected to hyposmotic stress. Relative
changes in cell volume compared with untreated controls (circles) were followed by light scattering. Results are representative of those
obtained from at least three independent experiments. (Inset in panel A) Table indicating the rate of recovery and the increase in the rate of
recovery (%) in wild-type cells treated with etazolate, rolipram or without inhibitor (values are mean � standard error corresponding to three
independent experiments performed in triplicate).
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in TcrPDEC2 is a FYVE-variant domain that lacks some
conserved residues. Although it has not been demon-
strated, it could still bind PI 3-P, albeit with lower affinity
than the classical FYVE domain (Kunz et al., 2005). This
hypothesis is supported by the observation that the FYVE
domain of TcrPDEC2 contains, among several conserved
amino acids, the eight conserved cysteine residues pre-
dicted to be involved in zinc finger formation (Kunz et al.,
2005). To further investigate if the FYVE domain of TcrP-
DEC2 is necessary for its catalytic activity, we overex-
pressed a truncated version of TcrPDEC2, with a deletion
of 231 bp fragment corresponding to this domain, fol-
lowed by a six-histidine tag. The correct integration of the
pTREX-DFYVE-His construct was confirmed by Southern
blot analysis (results not shown). Next, the expression at
the RNA level was studied by Northern blot analysis and
compared with that of wild-type cells and cells overex-
pressing the entire gene (pTREX-TcrPDEC2). As Fig. 5A
shows, both specific mRNA levels in pTREX-DFYVE-His
(DFYVE) and pTREX-TcrPDEC2 (TcrPDEC2) expressing

cells were increased when compared with wild-type cells,
revealing that the expression at the transcription level of
this truncated version is not affected by the absence of the
FYVE domain. Interestingly, when Western blot analysis
was performed, a band corresponding to TrcPDEC2 was
observed in the S100 fraction of pTREX-DFYVE-His-
expressing parasites (Fig. 5B). Quantification of the inten-
sity of the bands indicated that protein expression was
4.0-, 1.7- and 2.3-fold higher in pTREX-TcrPDEC2 P100,
pTREX-DFYVE-His S100 and pTREX-DFYVE-His P100
fractions, respectively, than in the P100 fraction of wild-
type parasites. Moreover, it is worth noticing that PDE
activity in extracts of pTREX-DFYVE-His-expressing cells
was significantly reduced when compared with extracts
from cells overexpressing the entire protein (TcrPDEC2),
showing values close to the observed in wild-type cells
(Fig. 5C). The activity of the recombinant TcrPDEC2 was
not affected by the presence of the His tag (results not
shown) ruling out the possibility that the decreased activ-
ity was due to the presence of the tag. Since parasites

Fig. 3. Localization of TcrPDEC2 by immunofluorescence microscopy in epimastigotes of T. cruzi. Localization of TcrPDEC2-GFP (B) or
endogenous TcrPDEC2 (D) revealed with antibodies against TcrPDEC2.
F–H. Colocalization of TcrPDEC2 (G) with a polyclonal antibody raised against a conserved N-terminal peptide from human calmodulin (F).
J–L. Colocalization of TcrPDEC2 (K) with TcAQP-GFP (J). (H) and (L) show the overlay of (F) and (G), and (J) and (K), respectively.
(A) and (C) are bright field images, and (E) and (I) are DIC images of the parasites. DAPI staining (blue) reveals the position of nuclear and
kinetoplast DNA.
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overexpressing TcrPDEC2 had a slower rate of recovery
after hyposmotic stress (Fig. 2B) and higher enzymatic
activity (Fig. 5C) than control cells we investigated the
intracellular levels of cAMP using a radioimmunoassay
(RIA). Parasites overexpressing TcrPDEC2 had a 37.5%
decrease in cAMP levels while the concentration of this
cyclic nucleotide was not altered in the population that
overexpresses the truncated version of this enzyme
(pTREX-DFYVE-His) (Fig. 5D).

The localization of TcrPDEC2 to the CVC requires an
intact FYVE domain

To investigate whether the FYVE domain is important for
the subcellular localization of TcrPDEC2, we transfected

parasites with the construct pTEX-DFYVE-GFP. We used
pTEX instead of pTREX because this vector produces
lower protein expression levels. Figure 6H shows a more
diffuse and cytosolic localization of the GFP fluorescence
than in controls expressing the full enzyme (Fig. 6C).
Taken together, these results suggest that the FYVE
domain is crucial both for the activity and the correct
targeting of TcrPDEC2.

Discussion

Several fundamental cellular processes, such as mem-
brane trafficking, cytoskeletal remodelling, endocytosis
and cell survival, are regulated by subcellular targeting of
key proteins which contain specific domains that bind to

Fig. 4. Cryo-immunogold ultrastructural localization of TcrPDEC2 in epimastigotes.
A. Epimastigote forms were probed with an antiserum anti-TcrPDEC2. The square indicates the contractile vacuole complex.
B. Magnification of the region selected in (A). (C) and (D) are other magnifications showing in detail the contractile vacuole complex.
Abbreviations are: flagellar pocket (FP), kinetoplast (K), nucleus (N), spongiome (SP) and bladder (BL). The graphic shows the relative density
distribution of TcrPDEC2 gold particles in the spongiome, bladder and cytosol.
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Fig. 5. Analysis of transgenic parasites
lacking the FYVE domain.
A. Northern blot analysis of wild-type (WT),
pTREX-TcrPDEC2 (TcrPDEC2) and
pTREX-DFYVE-His (DFYVE) transfected
parasites. Total RNA (30 mg) was
electrophoresed in agarose-formaldehyde
gels, blotted and hybridized with the same
probe used in Fig. 1. The migration position
and loading control corresponding to the three
ribosomal RNA bands are indicated.
B. Western blot analysis of wild-type,
pTREX-TcrPDEC2 and
pTREX-DFYVE-His-expressing epimastigotes.
Proteins of S100 (S) or P100 (P) fractions
(70 mg) were resolved by SDS-PAGE (8%
gels), electrotransferred onto Hybond C
membranes and revealed with anti-TcrPDEC2
antiserum. The blot was sequentially probed
with anti-T. cruzi hexokinase antibody as a
loading control (bottom panel).
C. cAMP phosphodiesterase activity in
transgenic parasites. PDE activity assays
were performed as described under
Experimental procedures using 30 mg of P100
(black bars) or S100 (grey bars) fractions of
wild-type (WT), pTREX-TcrPDEC2
(TcrPDEC2) and pTREX-DFYVE-His (DFYVE)
parasite extracts. Note that PDE activity in
parasites lacking the FYVE domain is similar
to the values obtained in wild-type parasites.
Error bars represent the standard error of five
experiments (n = 5).
D. Intracellular cyclic AMP levels in wild-type
(WT), pTREX-TcrPDEC2 (TcrPDEC2) and
pTREX-DFYVE-His (DFYVE) expressing cells.
There was a statistically significant (t-test,
P < 0.001, asterisks) decrease in cyclic AMP
levels in pTREX-TcrPDEC2 cells. Error bars
represent the standard error of four
experiments (n = 4).

Fig. 6. The FYVE domain of TcrPDEC2 is required for its subcellular targeting. Immunofluorescence analysis of parasites lacking the FYVE
domain (DFYVE-GFP) and parasites containing the entire protein (TcrPDEC2-GFP) used as control. The figure shows in green the localization
of TcrPDEC2-GFP (C) and DFYVE-GFP (H), and in red, the same parasites labelled with the antiserum anti-TcrPDEC2 (B and G). (D) and (I)
show the overlay of (B) and (C), and (G) and (H), respectively. Higher magnifications of representative cells are shown in (E) and (J). (A) and
(F) are bright field images of the parasites plus the DAPI staining (blue) corresponding to the position of nuclear and kinetoplast DNA. The
arrows in G and I show the contractile vacuole labelling.
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phosphoinositides (Martin, 1998; Cullen et al., 2001;
Payrastre et al., 2001), which are the phosphorylated
derivatives of PI. Among these phosphoinositides, PI 3-P
is localized mainly to endosomal membranes and internal
vesicles of multivesicular bodies, but has also been
detected in other compartments such as plasma mem-
brane and Golgi, mitochondria and nucleus (Drobak and
Heras, 2002; Kutateladze, 2007). This lipid is recognized
principally by either PX or FYVE domains (Lemmon,
2003; Psachoulia and Sansom, 2009). Recently, Banerjee
et al. (2010) reported that although both FYVE and PX
domains bind to PI 3-P, the ligand binding specificity of PX
is more versatile. Consequently, the authors found that in
individual genomes PX domain-containing proteins are
more abundant than FYVE-containing proteins. However,
even though in protists does not seem to be selectivity
for either FYVE or PX domains, it is worth noticing that
the trypanosomatids L. major, L. infantum, T. brucei and
T. cruzi have more FYVE domain-containing proteins
(Banerjee et al., 2010).

The FYVE domain is an approximately 60- to 70-amino-
acid motif that binds to the phosphoinositide PI 3-P with
high specificity and affinity. It is present in 38 predicted
gene products within the human genome, but only in
12–13 in Caenorhabditis elegans and Drosophila melano-
gaster (Hayakawa et al., 2007) and 19 in T. cruzi (Baner-
jee et al., 2010). Although Kunz et al. (2005) could not
demonstrate that a fragment of TcrPDEC2 corresponding
to its FYVE-variant domain alone was able to bind to
phosphoinositides by using dot-spot assays, further
studies are needed to understand the role of this domain
in an intact protein context.

In order to investigate the role of TcrPDEC2 in T. cruzi
epimastigotes, we generated TcrPDEC2-overexpressing
parasites (pTREX-TcrPDEC2), which showed about five-
fold more PDE activity in the particulate fraction than
wild-type cells (Fig. 1D). Because the intracellular local-
ization of PDEs is thought to be essential for compart-
mentalization of cyclic nucleotide-mediated processes
(Houslay and Milligan, 1997; Baillie et al., 2005), we
studied the subcellular localization of TcrPDEC2. For this
purpose, we generated a GFP-tagged version of this
protein that localized in a region near the flagellar pocket,
which was coincident with the localization of the endog-
enous protein in wild-type parasites, assessed by using a
specific antiserum (Fig. 3A–D). Moreover, TcrPDEC2
colocalized with calmodulin and TcAQP, two specific
markers for the contractile vacuole complex (CVC)
(Fig. 3H and L). Taking into account that the CVC is com-
posed by a bladder and a network of vesicles and tubules
known as the spongiome, to accurately determine the
localization of TcrPDEC2 we performed cryo-immunogold
electron microscopy experiments, establishing that this
PDE is located mainly in the spongiome region (Fig. 4).

However, it is worth mentioning that the signal was also
detected on the bladder, indicating a dynamic membrane
exchange between these compartments. It is known that
the CVC is a key organelle involved in osmoregulation
and that cAMP levels increase during hyposmotic stress
in T. cruzi (Rohloff et al., 2004). Furthermore, Bao et al.
have reported that the PKA catalytic subunit of T. cruzi
(TcPKAc) interacts with TcrPDEC2 and two proteins impli-
cated in osmoregulation: TcAQP and a class III phosphati-
dylinositol 3 kinase (TcVps34), among other proteins (Bao
et al., 2008). Finally, the transcriptome analysis of the T.
cruzi life cycle (Minning et al., 2009) has shown that Tcr-
PDEC2 is highly expressed in metacyclic trypomastig-
otes, which is the stage that has to overcome a dramatic
hyposmotic stress when transferred from the feces of
the vector (> 600 mOsm) to the vertebrate host tissues
(~330 mOsm). Based on these data, we hypothesized
that TcrPDEC2 could be implicated in osmotic stress
response, regulating the local levels of this second
messenger.

Interestingly, when the RVD mechanism was evaluated
either in the presence or in the absence of TcrPDEC2
inhibitors, it was observed that the inhibition of this
enzyme stimulated between 20 and 30% the volume
recovery of T. cruzi epimastigotes after hyposmotic stress,
suggesting the participation of TcrPDEC2 in osmoregula-
tion in this parasite. The final volume reached after hypos-
motic stress was slightly lower in wild-type cells treated
with PDE inhibitors than in untreated cells. This effect
could be due to a loss of the downregulation of cAMP
signal caused by the inhibition of the PDE activity. More-
over, the variation of intracellular cAMP levels in wild-type,
pTREX-TcrPDEC2 and pTREX-DFYVE-His-expressing
parasites was directly determined by RIA, showing a sig-
nificant decrease only in pTREX-TcrPDEC2-expressing
parasites. These results correlated with the RVD results,
and with the increased PDE activity. We have reported
before that an amino acid efflux mechanism accounts for
approximately 50% of the regulatory volume decrease in
epimastigote, trypomastigote and amastigote stages sub-
mitted to hyposmotic stress (Rohloff et al., 2003) while
K+ efflux in epimastigotes accounts for only about 7% of
the regulatory volume decrease (Rohloff and Docampo,
2008). Only the difference (about 40%) would be
accounted for by the cyclic AMP-mediated CVC mecha-
nism (Rohloff et al., 2004; Rohloff and Docampo, 2008).
However, this mechanism could also be important under
isosmotic conditions. In this regard, the contractile
vacuole of epimastigotes has periodic contractions under
isosmotic conditions with a pulsation period between
1 min and 1 min and 15 s (Clark, 1959). It is well estab-
lished that in many species, such as Paramecium, a CVC
is necessary to maintain their water balance under normal
environmental conditions as well as during dramatic
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changes in their environment (Allen et al., 2009). We
recently reported that chemically validated inhibitors of
TcrPDEC could be lethal to intracellular stages of the
parasite under isosmotic conditions (King-Keller et al.,
2010). On the basis of these results we propose that the
cAMP signalling pathway is necessary not only to over-
come dramatic changes in osmolarity but also under isos-
motic steady-state conditions. It is tempting to speculate
that TcrPDEC would be an important mechanism to
control cAMP oscillations responsible for the periodic
function of the CVC.

Class I PDEs have three functional domains, a catalytic
core, a C-terminal conserved domain and an N-terminal
domain that is involved in the regulation and subcellular
localization of each different PDE (Conti and Beavo,
2007; Halpin, 2008). To further study the relevance of the
localization of TcrPDEC2 at the CVC and the role of its
FYVE domain in determining this targeting, we generated
parasites overexpressing a truncated version of TcrP-
DEC2, which lacks its aforementioned domain (pTREX-
DFYVE). While parasites overexpressing the full version
of TcrPDEC2 (pTREX-TcrPDEC2) significantly enhanced
their PDE activity in the membrane fraction, pTREX-
DFYVE-expressing parasites showed no difference on
PDE activity levels as compared with wild-type cells, both
in soluble and particulate fractions (Fig. 5C). These
results could be explained by the necessity of an interac-
tion between TcrPDEC2 and a specific membrane for
enzymatic activity or because the deletion mutant is not
able to acquire the right folding in the absence of its
N-terminal region. Moreover, pTEX-DFYVE-expressing
parasites showed a diffuse cytosolic localization (Fig. 6).
This result might suggest that the FYVE domain plays a
role in determining the final localization of TcrPDEC2,
although the presence of other signals that may contribute
to the correct targeting of this protein cannot be ruled out.
In this regard, it has been reported that the EEA1 requires
both its FYVE domain and the interaction with the small
GTPase Rab5 for its targeting to endosomal membranes
(Simonsen et al., 1998; Lawe et al., 2000).

Previous reports have shown that cAMP plays a crucial
role in osmoregulation in T. cruzi. In the present work we
demonstrate that TcrPDEC2 is a key enzyme controlling
the local cAMP levels at the CVC and therefore regulating
the RVD process in epimastigotes of T. cruzi. Further-
more, we showed that the subcellular localization of Tcr-
PDEC2 requires its N-terminal FYVE domain, which may
also be necessary for its catalytic activity.

Experimental procedures

Chemicals and reagents

All radiochemicals used in this work were purchased from
Dupont NEN Life Science Products (Boston, MA, USA) and

restriction endonucleases were from New England Biolabs
(Beverly, MA, USA). Bacto-tryptose and liver infusion were
from Difco Laboratories (Detroit, MI, USA). Goat polyclonal
antibody raised against an N-terminal 19-amino-acid peptide
from human calmodulin was purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Goat anti-rabbit Alexa
488 nm conjugate and rabbit anti-goat Alexa 546 nm conju-
gate were from Molecular Probes. All other reagents were
purchased from SIGMA Chemical (St Louis, MO, USA).

Cell cultures and extracts

Trypanosoma cruzi epimastigote forms (CL Brener strain)
were cultured at 28°C for 7 days in LIT medium [5 g l-1 liver
infusion, 5 g l-1 bacto-tryptose, 68 mM NaCl, 5.3 mM KCl,
22 mM Na2PO4, 0.2% (w/v) glucose, 0.002% (w/v) haemin]
supplemented with 10% (v/v) newborn calf serum, 100
units ml-1 penicillin and 100 mg l-1 streptomycin. Cell viability
was assessed by direct microscopic examination. For T. cruzi
extracts, 108 epimastigotes were harvested by centrifugation
at 1500 g for 10 min and washed twice with phosphate-
buffered saline (PBS). Cell pellets were then resuspended in
lysis buffer (50 mM HEPES buffer, pH 7.3, containing
0.01 mg ml-1 leupeptin, 25 U ml-1 aprotinin, 0.5 mM phenyl-
methylsulphonyl fluoride and 14 mM 2-mercaptoethanol),
and lysed by six cycles of freezing in liquid N2 and thawing at
4°C. The total extracts were further centrifuged for 1 h at
100 000 g to obtain particulate (P100) and soluble (S100)
fractions.

Southern, Northern and Western blot analyses

Genomic DNA was purified as described by Pereira et al.
(2000). Total cellular RNA was isolated from 108 epimastig-
otes in the exponential growth phase using TRIzol reagents,
as described by the manufacturer (Invitrogen). Southern and
Northern blot analyses were performed as described by
Alonso et al. (2007). The products were revealed with a spe-
cific 1070 bp TcrPDEC2 probe obtained by digestion of the
2772 bp fragment with BamHI and SacII. All probes were
labelled with [a-32P]-dCTP using the Prime-a-Gene kit
(Promega, Madison, WI, USA) following the manufacturer’s
instructions.

TcrPDEC2 antiserum was developed in rabbit by intraperi-
toneal immunization with 800 mg of recombinant protein,
expressed in E. coli, plus Freund’s adjuvant followed by two
more subsequent injections every 15 days without Freund’s
adjuvant.

For Western blot analysis, proteins were solved in 8% (w/v)
SDS-polyacrylamide gel electrophoresis as described by
Laemmli (1970) and electrotransferred to Hybond-C mem-
branes (Amersham Pharmacia Biotech, Piscataway, USA).
The membranes were blocked with 5% (w/v) non-fat milk
suspension in TBS-Tween for 2 h. After overnight incubation
with 1:1000 dilution of the rabbit anti-TcrPDEC2 antiserum,
detection was carried out by incubating with a 1:5000 dilution
of a goat anti-rabbit IgG labelled with peroxidase (KPL, Gaith-
ersburg, MA, USA). The latter was developed with the ECL
PlusTM Western Blotting Detection System (NEN Life
Science Products, Boston, MA, USA). The intensity of the

58 A. C. Schoijet et al. �

© 2010 Blackwell Publishing Ltd, Molecular Microbiology, 79, 50–62



bands obtained was quantified using the Gene Tools Soft-
ware of Syngene images capture systems. To control for
sample loading, the blot was also probed with a 1:2500
dilution of rabbit anti-T. cruzi hexokinase (Caceres et al.,
2003).

TcrPDEC2 constructs and parasite transfection

The constructs pTREX-TcrPDEC2, pTEX-TcrPDEC2-GFP
and pTEX-DFYVE-GFP were generated by PCR amplifica-
tion from T. cruzi genomic DNA using the primers PDEC2-
Fw-pTrex-XbaI 5′-TCTAGAATGTCGGAGGACGCTGGGC
TT-3′ and PDEC2-Rv-pTREX-XhoI 5′-CTCGAGTCAGCACT
GCGTCAACAGAGT-3′; the primers PDEC2-Fw-pTEXGFP-
BamHI 5′-GGATCCATGTCGGAGGACGCTGGGCTT-3′ and
PDEC2-Rv-pTEXGFP-BamHI 5′-GGATCCGTGCACTGCGT
CAACAGAGTGGT-3′; and the primers PDEC2-Fw-DFYVE-
pTEXGFP-BamHI 5′-GGATCCATGCGGCGACGCGTGGAG
CCGGA-3′ and PDEC2-Rv-pTEXGFP-BamHI 5′-GGATCC
GTGCACTGCGTCAACAGAGTGGT-3′, respectively. The
PCR products were then cloned into pGEM-T Easy plasmid
and subcloned into the pTREX integration (Vazquez and
Levin, 1999) or pTEX-GFP episomal (Wilkinson et al., 2002)
expression vector as applicable. The truncated form of TcrP-
DEC2 lacking the 231 bp fragment corresponding to the
N-terminal FYVE domain and 6xHis tagged at its C-terminus
(pTREX-DFYVE-His) was amplified from the construct
pET22-TcrPDEC2 by using the primers DFYVE-Fw-XbaI
5′-TCTAGAATGGTGGAGCCGGATGAGGGATCAT-3′ and
pET-Rv-XbaI 5′-TCTAGACTTCCTTTCGGGCTTTGTTAG
CA-3′. The full-length TcrPDEC2 tagged at its C-terminus with
6xHis (pTREX-TcrPDEC2-His) was amplified in the same
way that pTREX-DFYVE-His but using the primers PDEC2-
Fw-pTrex-XbaI and pET-Rv-XbaI. Both PCR products were
then cloned into pGEM-T Easy plasmid and subcloned into
the pTREX expression vector (for detail of the constructs see
Fig. S1). T. cruzi epimastigotes of CL Brener strain were
transfected as described previously (Vazquez and Levin,
1999). Parasites transfected with pTREX-GFP or pTEX-GFP
constructs were monitored by fluorescence microscopy as
selection controls. Stable cell lines were achieved after 60
days of treatment with 500 mg ml-1 of G418 (Gibco BRL,
Carlsbad, CA, USA) and the transgenic condition was con-
firmed by Southern blot, Northern blot and PDE activity
analyses. Selection of pTEX transfectants were carried out
beginning with 100 mg ml-1 of G418 and once those cultures
were stabilized and growing properly, G418 concentration
was increased up to 500 mg ml-1.

Regulatory volume decrease

Epimastigotes were collected and washed twice with isotonic
chloride buffer (Iso-Cl buffer, 137 mM NaCl, 4 mM KCl,
1.5 mM KH2PO4, 8.5 mM Na2PO4, 20 mM HEPES, 11 mM
glucose, 1 mM CaCl2, 0.8 mM MgSO4, pH 7.4). The osmolar-
ity of the buffer was adjusted to 300 � 5 mOsm as verified by
an Advanced Instruments 3D3 Osmometer (Norwood, MA,
USA). The washed cells were resuspended in Iso-Cl buffer to
a cell density of 1 ¥ 108 cells ml-1. The cells were distributed
in 96-well plates with 150 ml per well in triplicates and hypos-

motic stress was induced by 1:1 dilution of cell suspension
with sterile deionized water, resulting in a final osmolarity of
150 mOsm. The absorbance changes at 550 nm were
recorded every 20 s for 10 min using a SpectraMax M2e
plate reader (Molecular Devices) (Rohloff et al., 2003). To
further study the recovery capability after hyposmotic stress,
we defined the rate of recovery as the slope corresponding to
the linear region of the curve, comprised between the
maximum swelling (2.33 min) and the plateau where the
parasites stabilized their volume (5.66 min).

Membrane integrity and amino acid release

After treatment with the inhibitors etazolate and rolipram,
membrane integrity was determined by ethidium bromide
exclusion as described by Rohloff et al. (2003). Total amino
acid analysis of the cell extracts and the supernatant fraction
of epimastigote cells exposed to hypotonic or isotonic buffer
were determined as described before (Rohloff et al., 2003).

Immunofluorescence microscopy

For immunofluorescence, cells were fixed in 0.1 M sodium
cacodylate buffer (pH 7.2) containing 4% paraformaldehyde
and washed twice in Dulbecco’s PBS, pH 7.2, adhered to
poly-L-lysine-coated coverslips, and permeabilized for 2 min
with 0.3% Triton X-100. Cells were blocked for 20 min in
50 mM NH4Cl and 3% bovine serum albumin in PBS, pH 8.0,
and incubated for 1 h with rabbit polyclonal anti-TcrPDEC2 at
1:1000 and goat polyclonal anti-calmodulin antibody (Santa
Cruz Biotechnology) at 1:50. Cells were then washed in 3%
bovine serum albumin, incubated with secondary antibodies
anti-rabbit Alexa 546 at 1:500 and anti-goat Alexa 488 con-
jugate at 1:500 containing 5 mg ml-1 DAPI and mounted with
Vectashield (Vector Laboratories). Cells were observed alter-
native in an Olympus IX-71 fluorescence microscope with
a Photometrix CoolSnapHQ CCD (charge-coupled device)
camera driven by Delta Vision software (Applied Precision),
an Olympus BX41 fluorescence microscope or axioplan
Zeiss microscope.

Cryo-immunogold electron microscopy

For cryo-immuno electron microscopy, cells were fixed in
0.1 M sodium cacodylate buffer (pH 7.2) containing 4%
paraformaldehyde and 0.1% glutaraldehyde for 1 h at 4°C.
Cells were washed twice in sodium cacodylate buffer, pel-
leted by centrifugation, embedded in 25% polyvinylpyrroli-
done plus 2.3 M sucrose and frozen in liquid nitrogen. Thin
sections of frozen cells were obtained using a Leica EM FC6
cryoultramicrotome. Sections were blocked for 30 min in
50 mM NH4Cl and 3% bovine serum albumin in PBS, pH 8.0
and incubated with anti-TcrPDEC2 at 1:100 for 1 h followed
by goat anti-rabbit 15 nm gold at 1:100.

cAMP phosphodiesterase assays

PDE activity was determinate as described previously
(Alonso et al., 2007). The reactions were performed using
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30 mg of P100 or S100 fractions of parasite extracts in the
presence of 20 mM Tris-HCl, pH 7.5, 5 mM Mg2+ and 50 mM
[3H]cAMP. Incubations were carried out at 30°C for 20 min in
a total volume of 100 ml. For inhibition studies, rolipram and
etazolate were used at a final concentration of 50 mM.
Results represent means � standard error of three experi-
ments (n = 3).

Determination of intracellular cAMP

Cells were suspended at a concentration of 5 ¥ 107 cells ml-1

and incubated with 1 mM IBMX for 10 min in Dulbecco’s PBS
supplemented with 5 mM glucose. Then they were centri-
fuged, and resuspended in 100 ml of PBS and 400 ml of
50 mM sodium acetate, pH 5.5, preheated to 95°C. These
samples were heated at 95°C for 5 min, centrifuged, and the
supernatants collected and stored at -20°C. Samples and
standards were acetylated and assayed by RIA using the
method described previously (Del Punta et al., 1996; Mon-
dillo et al., 2009).
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