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a  b  s  t  r  a  c  t

The  Trypanosoma  cruzi  adenylyl  cyclase  (AC)  multigene  family  encodes  different  isoforms  (around  15)
sharing  a variable  large N-terminal  domain,  which  is  extracellular  and  receptor-like,  followed  by  a  trans-
membrane  helix  and  a  conserved  C-terminal  catalytic  domain.  It  was  proposed  that  these  key  enzymes
in  the  cAMP  signalling  pathway  allow  the  parasite  to sense  its  changing  extracellular  milieu in  order to
rapidly  adapt  to its new  environment,  which  is generally  achieved  through  a differentiation  process.  One
of the  critical  differentiation  events  the  parasitic  protozoan  T.  cruzi  undergoes  during  its life cycle,  known
as  metacyclogenesis,  occurs  in the  digestive  tract  of  the  insect  and  corresponds  to the  differentiation
from  noninfective  epimastigotes  to infective  metacyclic  trypomastigote  forms.  By  in  vitro  monitoring  the
activity  of  AC  during  metacyclogenesis,  we  showed  that  both  the activity  of AC  and  the  intracellular  cAMP
content  follow  a  similar  pattern  of  transient  stimulation  in  a  two-step  process,  with  a first  activation  peak
occurring  during  the  first hours  of  nutritional  stress  and  a second  peak  between  6 and  48  h,  correspond-
ing  to  the  cellular  adhesion.  During  this  differentiation  process,  a general  mechanism  of  upregulation

of  AC expression  of  both  mRNA  and  protein  is triggered  and in  particular  for  a  major  subclass  of  these
enzymes  that  are  present  in various  gene  copies  commonly  associated  to the  THT  gene  clusters.  Although
the  scattered  genome  distribution  of  these  gene  copies  is  rather  unusual  in trypanosomatids  and  seems
to be  a recent  acquisition  in  the  evolution  of  the T. cruzi  clade,  their  encoded  product  redistributed  on  the
flagellum  of the  parasite  upon  differentiation  could  be  important  to sense  the  extracellular  milieu.
. Introduction

The molecular mechanisms used by parasites to undergo devel-
pmental transformations and adapt to their hosts are poorly
haracterized. This is true for the unicellular protozoan parasite

rypanosoma cruzi, the etiological agent of Chagas’ disease, which
epresents a major cause of cardiomyopathy in Latin America
here it affects around 8 million of people [1]. During its complex

Abbreviations: cAMP, cyclic AMP; AC, adenylyl cyclase; THT, trypanosome hex-
se transporter; TAU, triatomine artificial urine; VSG, variable surface glycoprotein.
∗ Corresponding author. Tel.: +55 21 39386756; fax: +55 21 22708647.

E-mail address: salmon@bioqmed.ufrj.br (D. Salmon).
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166-6851/© 2015 Elsevier B.V. All rights reserved.
© 2015  Elsevier  B.V.  All  rights  reserved.

life cycle, the parasite encounters drastic environmental changes
(e.g. in temperature and pH) and passes through several differenti-
ation forms and two hosts, a reduviid insect vector (Triatomine)
and a mammalian host. Trypomastigotes ingested by the insect
vector with infected blood of the host differentiate into epimastig-
otes in the insect digestive tract [2]. These latter forms replicate
in the insect midgut and later in the hindgut epimastigotes con-
vert to metacyclic trypomastigotes, which are non-proliferative
and infectious to human cells [3]. The latter differentiation process
is known as metacyclogenesis and can easily be induced by submit-

ting epimastigote cells to nutritional stress in triatomine artificial
urine (TAU) medium and further by incubating in TAU medium
supplemented with three amino acids and glucose (TAU3AAG)
[4]. By the use of a metabolic stress, in vitro metacyclogenesis

dx.doi.org/10.1016/j.molbiopara.2015.04.002
http://www.sciencedirect.com/science/journal/01666851
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molbiopara.2015.04.002&domain=pdf
mailto:salmon@bioqmed.ufrj.br
dx.doi.org/10.1016/j.molbiopara.2015.04.002
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romotes a metabolic synchronization of the cells and thus allows
nalyzing both biological properties and gene expression of the
ells at various stages of the differentiation. In T. cruzi, it was
lso reported that metacyclogenesis can be stimulated by adeny-
yl cyclase (AC) activators and cAMP analogues [5,6]. However,
t is not clear yet whether the differentiation event induced by
hese soluble cAMP analogues is not merely due to their hydrol-
sis into AMP  in the parasite, such as reported in the quorum
ensing signalling pathway of Trypanosoma brucei [7,8]. Moreover,
-d-globin derived peptides from insect hindguts were postulated

o promote metacyclogenesis through an AC stimulation event [9]
ut this stimulating effect on differentiation has not been repro-
uced so far using similar synthetic peptides [10]. It has been shown
hat before differentiation from epimastigotes to metacyclic try-
omastigotes, cAMP levels increase three-to-four fold [11]. The
resence of classical cycling nucleotide signalling in these orga-
isms is still debated because the T. brucei PKA-like kinase is not
ctivated by cAMP [12] but by cold-shock [13], contrary to the T.
ruzi orthologue that was reported to be activated by cAMP [14].
lternatively, several cAMP effectors (the cAMP response proteins
ARP1 to CARP4) were identified in T. brucei by a genome-scale
NAi library screening [15], arguing for the presence of a putative
ovel cAMP signalling pathway in these parasites. Although it is
lear that cAMP could play a major role in the development of try-
anosomes, how cAMP synthesis is triggered and how it controls
he cell cycle and/or differentiation is presently unclear. This prob-
bly results from the unusual mode of activation of these enzymes
n trypanosomatids, for which the topological structure is highly
ifferent from this of their mammalians homologues. Indeed, the
rypanosomal AC multigene family encodes many isoforms, which
hare a variable large extracellular N-terminal domain followed
y a transmembrane helix and a conserved C-terminal catalytic
omain [16,17]. Therefore, it was postulated that the activity of
ach of these isoforms is controlled by binding of a specific extra-
ellular ligand to its receptor-like domain. Conversely, in T. brucei,
t was shown that any stress that generates a membrane perturba-
ion (i.e. acidic, thermal, proteolytic or osmotic stress) is sufficient
o stimulate the AC activity of the parasite by dimerization of its
atalytic subunits [18–20]. Interestingly, it was reported that AC
ould play a physiological role in regulating the osmoregulation
hrough both the acidocalcisomes and contractile vacuole complex
hen the T. cruzi parasite is submitted to drastic changes in osmo-

arity [21] such as encountered during its development through
he insect midgut [22]. It has been suggested that the significant
AMP increase observed during hyposmotic stress might occur by
nflux of ions, such as calcium [23], via a mechanosensitive channel
nd mediate the translocation of aquaporin from the acidocalciso-
al  membrane to the contractile vacuole complex, resulting in the
ater movement responsible for the volume reversal. Moreover,

t was recently shown that AC activation during phagocytosis of
ysing T. brucei by liver myeloid cells is responsible for inhibition of
NF-� synthesis through the activation of the protein kinase A of
he host cells [24]. It was postulated that in these Salivaria extracel-
ular parasites the function of AC at the host–parasite interface is
robably linked to the specific expansion and diversification of their
C gene families encoding ∼80 isoforms. This observation contrasts
ith intracellular trypanosomatids, such as T. cruzi and Leishmania,
hich only display a reduced number of these enzymes. Similarly to

hat shown in Salivaria trypanosomes [17,25,26], a T. cruzi AC gene
ragment encoding the catalytic domain complements a cya defi-
ient Escherichia coli mutant suggesting that its C-terminal domain
s catalytically active [27]. Herein, we show that during the early

tage of the in vitro metacyclogenesis, AC is transiently activated
n a two-step process, as previously observed in T. brucei during
he cellular differentiation from bloodstream into procyclic forms
28]. This observation suggests that AC activation can be achieved
cal Parasitology 200 (2015) 9–18

by metabolic stress. In parallel, by analyzing the expression pattern
of AC isoforms, we show that expression of various AC is upregu-
lated at the end of the metacyclogenesis. These data suggest that in
response to a nutritional switching, the intracellular cAMP levels
vary and lead to differential gene expression to allow the parasite
to proceed though its life cycle.

2. Materials and methods

2.1. Growth and differentiation of parasites and isolation of
nucleic acids

T. cruzi clone Dm28c [54] epimastigotes were cultured in liver
infusion tryptose (LIT) medium [55]. In vitro metacyclogenesis of T.
cruzi (Dm28c) was performed under chemically defined conditions
as previously described [4]. Epimastigote parasites were harvested
at saturation (5–7 days) and centrifuged at 1500 × g for 10 min  at
4 ◦C, resuspended at 1 × 108 cells/ml in Triatomine Artificial Urine
(TAU) medium (190 mM NaCl, 8 mM phosphate buffer, 17 mM KCl,
2 mM MgCl2, pH 6.0), and incubated for 2 h at 37 ◦C. The parasites
were then diluted to 5 × 106 cells/ml in TAU3AAG medium (TAU
supplemented with 0.035% sodium bicarbonate, 10 mM l-proline,
50 mM sodium glutamate, 2 mM sodium l-aspartate and 10 mM
glucose) and incubated for 72 or 96 h at 28 ◦C. The relative percent-
ages of metacyclics/intermediate epimastigotes were determined
by microscopic examination of parasites. Recovering of parasites at
different stages of in vitro differentiation was  carried out as previ-
ously described [56]. Total parasite DNA was  extracted as described
in [35]. Total parasite RNA was prepared following the LiCl-Urea
method as previously described [57].

2.2. DNA and RNA analysis

The procedures employed for Southern and Northern blot
hybridizations are described in [35]. Nucleic acids were blot-
ted onto Hybond-N or Hybond-C Extra membranes (Amersham)
and fixed following the manufacturer’s instructions. Probes
were labelled by random priming (Boerhinger) using [�32P]dCTP
(3000 Ci/mmol) (Amersham Pharmacia Biotech) and purified
through a Sephadex G-50 column. Full-length DnaJ ORF corre-
sponding to TcJ6 probe (1.05 kb PCR fragment), 5′-specific AC
genomic probe (SalI-SalI, 0.75 kb) and �-tubulin cDNA probe
(1.3 kb) were obtained as previously described [35]. TcrHT1 derived
probe (0.3 kb) was  obtained using the forward oligonucleotide:
5′-CAACTGACTGGCATCAATG-3′ and reverse oligonucleotide: 5′-
GGACGGAAAGAGCGTGGGAA-3′ as primers for PCR amplification
on Dm28c genomic DNA. The purified PCR fragment of 367 bp
was cloned and sequenced. 5′ and 3′ specific AC derived probes
were obtained by PCR amplification on genomic template (a 4.3-
kb SalI  cl263g genomic subclone [35]) using, respectively, the
oligonucleotides 5′-GGGCAGGCCGCATGCCCC-3′ and the reverse
oligonucleotides 5′-GTTCATGATTGCGTGCACTAGTGC-3′ (DNA frag-
ment of 2.683 bp corresponding to the entire N-terminal
domain less the putative signal peptide) and the oligonu-
cleotides 5′-CGTGACAACGAGAATGC-3′ and reverse nucleotide: 5′-
CTCCCTGAAGCGCCTA-3′ (conserved catalytic fragment of 1.101 bp
as described in Section 2.4). ssrRNA probe used as loading control in
Southern analysis was  obtained as previously described using the
forward oligonucleotide: 5′-CGAACAACTGCCCTATCAGCC-3′ and
the reverse oligonucleotide: 5′-CCTCATCTTTTTTTTTTGACATTGG-

3′, as primers for RT-PCR on 5 �g of T. cruzi total RNA [38]. The
�-tubulin probe was  obtained from an incomplete cDNA of 1.3 kb
sub-cloned in M13  [35]. Sequence analysis was performed using
EMBOSS [58].
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.3. Pulsed-field gel electrophoresis

Chromosome separation (2 × 107 parasites/slot) was  performed
sing the CHEF DRII (Biorad). Electrophoresis parameters were: 1%
garose, 450–850 s linear ramped pulse times, 144 h, 1.5 V/cm−1,
.5× TBE, 12 ◦C.

.4. Expression of fragments of N-terminal domain and catalytic
omain in E. coli and production of rabbit and mouse polyclonal
ntisera

An amino acid sequence alignment was first performed to find
he fragment corresponding to the most variable region between
he amino-terminal domains of ACs specific to the AC N-terminal
omain from the Dm28c clone (ADC Dm28c) (Fig. 1). To obtain this
ragment as E. coli recombinant protein, two BamHI  sites were cre-
ted upstream and downstream of the amino-terminal fragment to
nsert the partial ORF (CYCNH2) into the E. coli expression vector
QE8 (Qiagen, Inc., USA). The N-terminal fragment was  amplified
y PCR using a Vent DNA polymerase (New England Biolabs) on

 genomic template (Dm28c) using the forward oligonucleotide:
′-GCGGATCCGGGCAGGCCGCATGCCCC-3′ and the reverse oligonu-
leotide 5′-AGGGATCCCACCCACGTACCACCGTC-3′ (BamHI sites are
nderlined). After PCR amplification and treatment by a Taq poly-
erase to add 3′ A-overhangs, the PCR fragment of 363 bp was

ubcloned into PCR2.1 (Invitrogen). The same strategy was used
o clone the conserved catalytic AC C-terminal domain (CYCAT),
hich was amplified by PCR using as forward oligonucleotide: 5′-
GCGGATCCCGTGACAACGAGAATGC-3′ (BamHI site is underlined)
nd reverse nucleotide: 5′-CGAAGCTTCTCCCTGAAGCGCCTA-3′

HindIII site is underlined) to produce a PCR fragment of 1.118 bp.
he BamHI/BamHI  and BamHI/HindIII fragments were subcloned,
espectively, into BamHI/BamHI  and BamHI/HindIII digested pQE8
Qiagen, Inc., USA). The fusion construct was sequenced using flank-
ng vector sequence as primers to ensure that the sequence derived
rom the AC gene was in the correct orientation and in frame with
he 6× His tag. Expression of the recombinant protein was  induced
n E. coli strain M15  and cell lysates were prepared and analyzed by
DS-PAGE. The fusion product was purified on a Ni-nitrilotriacetic
cid affinity column according to the manufacturer’s instructions
Qiagen, Inc., USA). Polyclonal anti-CYCNH2 and anti-CYCAT anti-
odies were raised in rabbits immunized three times at 4 week

ntervals with 150 �g of pure recombinant protein. Polyclonal anti-
YCAT antibodies were raised in mouse immunized 4 times at 2
eeks intervals with 50 �g of pure recombinant protein. Rabbit

ntibody depletion on yeast lysate was performed by serial incuba-
ions with yeast acetone powder. Antibody specificity was checked
y immunoblotting on whole bacterial protein lysate expressing
ecombinant proteins (data not shown) and T. cruzi protein extracts
sing as anti-rabbit IgG secondary antibodies conjugated to either
P or HRP (Supp. Fig. S2) or anti-mouse IgG secondary antibodies
onjugated to HRP (Supp. Fig. S3).

.5. Preparation of cellular extracts and immunoblotting

Total protein extracts of different stages of T. cruzi were prepared
y washing the cells twice with ice-cold PBS and resuspend-

ng them in 1× Laemmli buffer [59] to a final concentration of
 × 107 cells/�l. Proteins were separated by SDS-PAGE [59] and
lotted onto Hybond-C Extra membranes (Amersham) following
tandard procedure. Blots were probed with anti-CYCAT and anti-
YCNH2 polyclonal antibodies (1/10,000 dilution) and a secondary

RP-conjugated goat anti-rabbit IgG (1/5000 dilution; Pierce) using
nhanced chemiluminescence (ECL) for immunological detection
ollowing the manufacturer’s instructions (Pierce). Monoclonal
nti-GAPDH antibody [60] (1:5000) was used as internal loading
cal Parasitology 200 (2015) 9–18 11

control using a secondary HRP-conjugated goat anti-mouse IgG
(1:5000 dilution; Pierce) for detection.

2.6. Immunofluorescence microscopy

Parasites were harvested by centrifugation and washed twice
with PBS. Cells (5 × 107 ml−1) were fixed directly on a polylysine
treated slide by addition of an equal volume of formaldehyde in
PBS (w/v, 3.5%) and incubated at room temperature for 2–3 min.
The fixed cells were washed four times with TBS and permeabil-
ized with TBS-Triton ×100 (0.1%) for 45 min. After blocking the
cells with 5% BSA in TBS for 45 min  at 37 ◦C, the parasites were
washed twice with TBS and incubated with various concentrations
of purified polyclonal anti-CYCAT antibodies in TBS containing 1%
BSA overnight. The cells were washed twice with PBS and incubated
with fluorescein isothiocyanate (FITC)-labelled anti-rabbit IgG sec-
ondary antibody (1/1000 dilution, Bioprobe) in the same buffer
as used for primary antibody, for 45 min  at 37 ◦C. The cells were
washed three times with TBS and dehydrated serially in ethanol
70%, 85% and 96%. Finally, the slides were mounted with an anti-
quench solution containing: diazabicyclo-octane (20 mg/ml), 80%
glycerol and DAPI (0.1 �g/ml) to be viewed and photographed using
a fluorescence microscope (Zeiss axioskop 2 coupled to a CCD cam-
era) equipped with a digital in situ imaging system (ISIS 3).

2.7. Adenylyl cyclase assay and intracellular cAMP level
measurement

Trypanosomes (3 × 107) were harvested by centrifugation at
various times (0–96 h) of in vitro differentiation and resuspended
in 1 ml  of TAU buffer [4] and counted. Assays for AC were
carried out on cells permeabilized by “swell dialysis” as pre-
viously described for T. brucei AC assay [42,43]. 3 × 107 cells
were incubated 1 h at 4 ◦C in 100 �l of TES medium of low
osmotic strength (50 mM KCl/5 mM  MgCl2/1 mM glucose/1 mM
EGTA/20 �g/ml leupeptine/0.3 mM PMSF/13.3 mM TES, PH 7.5).
After swell dialysis, sample of 107 cells (20 �l) were added to
80 �l of the assay cocktail (0.5 mM cAMP/10 mM phosphocre-
atine/50 units creatine kinase/1 mM EGTA/10 mM MgCl2/20 mM
KCl/0.5 mM ATP/20 �g/ml leupeptin/25 mM TES pH 7.5 and 1 �Ci
of [�32P] ATP (10–40 Ci mmol−1). The reaction was incubated for
5, 10 and 20 min  at 27 ◦C and was  stopped by adding 100 �l of
stop solution (SDS 2%/ATP 40 mM/cAMP  0.01 M).  cAMP was  isolated
according to Salomon et al. [61] by a two  step chromatography and
counted by liquid scintillation counting. AC activity was calculated
by linear regression analysis of the rate of cAMP production. Each
assay was performed in triplicate and various experiments were
repeated with similar results.

Intracellular cAMP content was  determined by colorimetric
immunoassay kit following the instructions of the manufacturer
(R&D Systems).

3. Results and discussion

3.1. Genomic characterization of T. cruzi AC subfamily associated
to the THT locus

Because of the highly repetitive nature and hybrid content of the
T. cruzi genome the exact size of the AC family is still not exactly
defined but, based on published studies performed with cloned
sequences [27,29,30], the genome assembly of the CL Brener strain
(TriTrypDB release 4.1, http://www.tritypdb.org, 26 protein “hits”

in both Esmeraldo-like and non Esmeraldo-like haplotypes), the
shotgun sequencing performed on the Sylvio X10/1 strain [31] (28
“hits”) and on the subspecies T. cruzi marenkellei [32], as well as
studies performed by ourselves (Supp. Fig. S1) it can be estimated

http://www.tritypdb.org/
http://www.tritypdb.org/
http://www.tritypdb.org/
http://www.tritypdb.org/
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Fig. 1. Multiple amino acid sequence alignment of T. cruzi AC N-terminal domains. The following protein sequences were aligned using Clustal [62]: TcCLB.511705.10 from
TriTrypDB; AAC32776: protein from GenBank entry AF031927 [29]; ADC Dm28c: protein from GenBank entry JX861870 [35]; ADC4: protein from GenBank entry AJ011684
[27]; TczAC: protein from GenBank entry AF040382 [30]; ADC1: protein from GenBank entry AJ012096 [27]. Cysteines are coloured in red, SignalP (signal peptide) and TMHHH
(transmembrane �-helix) motifs as detected by the InterProScan server [63] are coloured in orange, Nucleotidyl cyc III superfamily and Periplasmic Binding Protein Type 1
superfamily motifs as detected by the NCBI CDD server [64] are coloured in magenta respectively green (note: for ADC1 the second PBP motif had an E-value of 0.08, for
TczAC  the second PBP motif could not be detected even with threshold of 100). The blue-scale (eventually overlayed on the other colours) expresses the % of identity (from
dark  to white: >80%, >60%, >40%, <40%). The red and blue lines mark, respectively, the N-terminal (CYCNH2) and C-terminal conserved catalytic (CYCOOH) domains used to
generate  specific antisera.



A. Hamedi et al. / Molecular & Biochemical Parasitology 200 (2015) 9–18 13

Fig. 2. Southern analysis and chromosomal location of the TcTHTAC gene subfamily in various trypanosomatid species. Panel A: genomic organization of the genes flanking the
AC  gene in a 14.3 kb SalI fragment cloned from a genomic T. cruzi library from Dm28c [35]. T. cruzi (Dm28c) genomic DNA was digested with BamHI,  EcoRI (Eco), PstI, SacI, SacII,
ScaI,  SmaI, SspI, SacI + SacII, ScaI + SacII and SmaI + SacII and analyzed by Southern blot hybridization with a 5′-specific AC fragment as PCR probe (probe A); Panel B: ethidium
bromide staining of chromosomes from various trypanosomatids species separated by pulsed-field gradient gel electrophoresis and analyzed by Southern blot hybridization
with  various genomic PCR fragments. (1) T. cruzi Y strain, (2) T. cruzi CL Brener strain, (3) T. cruzi F strain, (4) clone 221a of T. brucei stock 427, (5) T. rangeli H14 strain, (6) L.
major  (7) P. serpens, (8) H. m. muscarum, (9) C. fasciculata; Panel C: hybridization using probe A corresponding to the AC N-terminal domain (2.6 kb), isoform-specific; Panel D:
hybridization using probe B corresponding to the conserved AC catalytic domain; Panel E: hybridization using probe C corresponding to a conserved THT fragment (0.3 kb);
Panel  F: map  and genomic organization of the genes flanking the AC gene in a 14.3-kb SalI fragment cloned from a genomic Sau3A �EMBL3 T. cruzi library (cl263g) [35]; Sal,
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hat the number of AC genes in the haploid genome is not much
igher than 15. Among these putative ORFs, some are pseudogenes
2 and 4 pseudogenes for Esmeraldo-like and non Esmeraldo-like,
espectively) or correspond to either N- or C-terminal domains
hat could be genuinely truncated genes or result from an incom-
lete coverage of the genome. Furthermore, contrary to its African
omologue T. brucei,  whose AC family reaches around 80 differ-
nt members organized in several distinct sub-families (ESAG4
nd GRESAG 4.1, 4.2, 4.3 and 4.4) [16,19,29,33,34], the T. cruzi AC
amily is much less complex and can be divided into two major
ubclasses (Fig. 1 and Supp. Fig. S1) located on at least six chromo-
omes: the TcADC1-like and TcADC4-like subfamilies [27]. Whereas
he TcADC1-like subfamily contains genes organized as direct tan-
em repeats, the TcADC4-like, whose gene copies are spread out in
he genome, can be subdivided into distinct groups, the bona fide
cADC4 located either at 5′ from the fatty acid elongase gene or at 3′

rom the carboxypeptidase gene and the THT (trypanosome hexose
ransporter) locus associated AC isoforms (TcTHTAC) that inter-
alate inside a small syntenic block common to trypanosomatids
pecies located downstream the cluster of glucose/hexose trans-
orter genes [27,29]. In addition, the CLBrener genome contains

 flagellar AC, named TczAC, which is not present in the tritrypDB,
resumably because it falls into a gap in the genome assembly scaf-
old. Either it represents a unique member of a third family or it
s a somewhat atypical member of the TcADC1-like family [30].

e previously mapped a polycistronic unit from Dm28c contain-

ng a genomic DNA fragment of 14.3 kb homologous to the region
ownstream of the THT genes cluster, which contains a full-length
C isoform (GenBank accession number JX861870) (Fig. 1 and
chema in Fig. 2) [35]. The latter gene encodes a 1281 amino acids
osome pair labelled by both N- and C-terminal AC derived probes but not by THT
the well.

polypeptide (protein ID AFV95352) highly similar (92.4% iden-
tity) to the AC identified by Bringaud et al. (protein ID AAC32776)
[29]. The primary amino acid sequence contains a highly con-
served catalytic C-terminal domain (coloured in magenta in Fig. 1)
and two conserved periplasmic binding-proteins type-1 (PBP type-
1) located in the N-terminal domain (coloured in green). These
domains might be involved in ligand-binding and transport sim-
ilarly to the prokaryotic extracytoplasmic solute receptors (ESRs),
which play a role in solute transport systems and chemotaxis [36].
It is interesting to note that several residues, including four cys-
teines, are found conserved in the linker region between the two
PBP type-1 of the different T. cruzi AC isoforms, suggesting that
the trypanosomal AC possibly assumes a similar folding of the
extracellular domain [37]. By Southern blotting analysis, using a
restriction enzyme cutting outside the gene (SspI in Fig. 2A) and
a probe derived from the 5′ end of the gene and spanning the N-
terminal domain less the signal peptide (probe A), in conditions
of high-stringency hybridization, up to seven different gene copies
were detected (Fig. 2A). This corresponds roughly to the number
of ADC4-like genes found in the haploid genome of the CL Brener
strain (TritrypDB, release 4.1). By using restriction enzymes, one
cutting with a single site in the 5′ extremity of the ORF (SacI) and
one cutting with a single site in the 3′ extremity of the ORF (ScaI),
no common fragment to both digests could be detected, confirming
that the ADC4-like subfamily is not organized as a direct tandem
repeat, as does the TcADC1-like subfamily, but is scattered through-

out the parasite genome.

It was  reported that the T. cruzi AC genes in the CL Brener strain
were distributed over more than six different chromosomes [27]
and the genome sequencing confirmed that AC genes are present
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n chromosomes 2, 31, 35, 36, 37 and 39 in the two  CL Brener hap-
otypes. Using a conserved probe derived from the catalytic domain
probe B), we observed a high chromosomal polymorphism of the
C gene family varying between various T. cruzi strains due to the
igh size-polymorphism of chromosomes between strains as well
s some chromosome bands labelled in other related trypanoso-
atids species (Fig. 2C). Conversely, using a probe specific to the
C N-terminal domain (Fig. 2D, probe A), a similar pattern of chro-
osomal labelling was observed only for T. cruzi and Trypanosoma

angeli (note: in very low-stringency conditions of hybridization,
mall chromosomes of Leishmania major were also labelled, data
ot shown). By using a probe derived from a THT conserved region
pecific to the THT polycistronic unit TcrHT1, a comparable pattern
f chromosomal bands in the megabase range were labelled in the
hree T. cruzi strains, except for one chromosomes pair, labelled
y both N- and C-terminal AC derived probes that possibly corre-
pond to the other ADC4-like (asterisks in Fig. 2C and D, probe C
nd data not shown). These results suggest that the upper chro-
osomal band recognized by the three probes corresponds to the

HT associated ADC4-like AC cluster (chromosome 37 in CLBrener)
hile the two lower bands hybridizing with probe B (asterisks)

re specific to the extra copies of ADC4-like ACs (chromosomes 2
nd 35 in CLBrener). In addition, the TcTHTAC gene subfamily is
pecific to T. cruzi, although some homologous copies were found
onserved in small chromosomes of T. rangeli and to a lesser extent
. major (data not shown). Taken together, these results suggest
hat during the evolution of the T. cruzi clade some AC gene have
een secondarily inserted in the 3′ flanking region of the THT locus
hich forms a syntenic group of genes conserved in trypanoso-
atids [29]. These data supported the idea that AC gene expansion

ccurred independently in the different trypanosomatids species
24].

.2. Expression of TcTHTAC subfamily during the
etacyclogenesis

The expression pattern of TcTHTAC, as well as a 3′ flanking
ene encoding the DnaJ protein (TcJ6 [35]) were determined dur-
ng in vitro metacyclogenesis of T. cruzi by Northern blot analysis
Fig. 3A). Total RNA was extracted at various stages of the in vitro dif-
erentiation of T. cruzi epimastigotes and was analyzed with probes
orresponding to the 5′ region of the AC gene, the DnaJ gene and
he nuclear gene encoding the small subunit ribosomal RNA (ssr-
NA), as a loading control for constitutively expressed genes [38].
nalysis of the relative intensities of the bands corresponding to

he AC transcript and ssrRNA showed that the amount of the 3.9 kb
RNA increased during in vitro metacyclogenesis, reaching a max-

mum in metacyclic forms (arrow in Fig. 3A and data not shown).
NA probes corresponding to either AC (A) or TcJ6 (B) genes rec-
gnized, apart from their individual mRNAs (arrows), the same
igh-molecular-weight transcript (sensitive to RNaseA DNase-free)
asterisk), which reached its maximum expression 24 h after the
tart of the differentiation (adhered forms). This suggests that the
arger RNA species might be a common polycistronic precursor that
pon processing (trans-splicing and polyadenylation) generates
he respective mature mRNAs (metacyclic trypomastigotes). Using
n alpha-tubulin probe as control a similar pattern was  observed,
owever in this case different intermediate high-molecular mass
NA species were also detected (arrowhead), as already reported
y Soares et al. [39]. This unusual detection of polygenic transcripts
uring the differentiation process possibly results from the inhibi-
ion of primary transcripts processing due to the metabolic stress

pplied to T. cruzi cells to differentiate them. This has already been
escribed for the tubulin unit in heat shocked T. brucei cells, in
hich there was an accumulation of high-molecular-weight mRNA
recursors containing both alpha- and beta-tubulin regions [40].
cal Parasitology 200 (2015) 9–18

In order to investigate the AC protein expression in both epi-
mastigotes and metacyclic trypomastigotes, we generated two
different antisera to allow the discrimination between expres-
sion of the ADC4-like and the ADC1-like T. cruzi gene subfamily.
Thus, specific polyclonal antibodies were produced against the
isoform-specific N-terminal domain (anti-CYCNH2) or against the
conserved catalytic domain (anti-CYCAT, Fig. 1) of the cloned ver-
sion of Dm28c AC.  Using the specific anti-CYCNH2 antiserum,
we showed that in Western blot analysis of epimastigote cell
extracts this antiserum recognized a narrow band corresponding to
a polypeptide with an apparent molecular mass of around 146 kDa,
similar to the molecular mass predicted from analysis of the pri-
mary polypeptide sequence of the Dm28c isoform (Fig. 3B). At the
end of the differentiation, in the metacyclic infectious forms, the
amount of AC detected was increased. Anti-CYCAT antiserum pro-
duced similar results although the bands appeared more intense
and thicker, possibly due to the other AC isoforms recognized by
the antiserum (Fig. 3B).

Taken together, these results showed that the expression of var-
ious ACs, including that of the TcTHTAC subfamily, is upregulated
at the end of the metacyclogenesis and thus confirmed that the
AC expression pattern is stage-specific, as previously suggested by
De Castro et al. [41], who, by using an AC cytochemical substrate,
detected by electron microscopy a plasma membrane labelling of
higher intensity in trypomastigote cells than in amastigote or epi-
mastigote cells.

Could the higher AC expression level detected in metacyclic cells
be responsible for the 4-fold higher cAMP level observed in tissue
culture derived trypomastigote cells vs epimastigote cells [11]? We
attempted to address this question by measuring the basal AC activ-
ity in vitro during the differentiation process from epimastigotes to
metacyclic trypomastigotes.

3.3. Time course of cAMP production, cellular adhesion and
differentiation during in vitro metacyclogenesis

We  have measured in vitro the activity of AC during metacy-
clogenesis using an in situ swell dialysis assay [42]. Two  different
stimulation phases were observed: a first activation phase occur-
ring during the two first hours of nutritional stress and a second
phase of stimulation between 6 and 48 h (Fig. 4A). The first enzy-
matic activation peak can easily be interpreted as a cell response
to the metabolic stress that could trigger the activation of the par-
asite AC. To address if this increase of cyclase activity corresponds
to an increase of intracellular cAMP we measured the total cAMP
content of the cells submitted to nutritional stress (Fig. 4B). Dur-
ing the first hour of the differentiation event we  observed a clear
correlation between the increase of AC activity and the rise of intra-
cellular cAMP content. Similarly, in T. brucei,  it was shown that
a mild acid environmental stress (pH 5.5) combined with a cold-
shock (from 37 ◦C to 27 ◦C) can induce in vitro both the release
of VSG and the activation of AC and trigger the cellular trans-
formation of bloodstream to procyclic forms [28,43]. Regarding
that several other mild environmental stresses have been shown
to be involved in the simultaneous induction of VSG release and
activation of AC (osmotic shock, Ca2+, local anaesthetics, trypsin,
PKC inhibitors [20]), it is not surprising that the T. cruzi AC could
suffer a stimulation by metabolic stress. To explain how stress
triggers functional AC activation it was  hypothesized [44] that the
catalytic activity of the trypanosomal AC could be actively pre-
vented through inhibition of the dimerization of the C-terminal
catalytic domain by an energy-dependent process, maybe involving

a specific allosteric regulator site [18]. Either a general membrane
perturbation, or the binding of specific ligands to the N-terminal
PBP type-I domains, could relieve this inhibition and trigger activity
[44].
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Fig. 3. Analysis of the expression pattern of AC during in vitro metacyclogenesis of T. cruzi. T. cruzi epimastigotes exponentially growing in complete medium (Epimastigotes)
were  subjected to a nutritional stress for 2 h in TAU medium and were then allowed to differentiate into complete TAU3AAG medium. 24 h after the start of the in vitro
differentiation (adhered forms), most of the parasites were found adhered to the plastic culture flask, and the process was complete within 96 h to produce infectious
metacyclic cells (metacyclics) [46]. Panel A: upregulated expression of AC mRNA during in vitro metacyclogenesis. 10 �g of total RNA was  extracted at various stages of the
in  vitro differentiation of T. cruzi epimastigotes, treated or not with RNaseA DNase-free and was  analyzed with probes for the AC gene (corresponding to the N-terminal
domain) (A), TcJ6 (DnaJ-like) gene (B) and ˛-tubulin and ssrRNA genes as loading controls. Analysis of the relative intensities of the band corresponding to the AC isoform
transcript showed that the amount of the 3.9 kb mRNA increased during in vitro metacyclogenesis, reaching a maximum in metacyclic forms (arrow). A larger polycistronic
RNA  species (asterisk) recognized by both AC and TcJ6 probes was also detected reaching a maximum 24 h after the start of the differentiation. Arrowheads represent the
accumulated high-molecular-weight precursors of the tubulin locus. The restriction map  represents the genomic organization of the genes flanking the AC isoform gene
associated to the THT locus in a 14.3 kb SalI fragment cloned from a genomic T. cruzi library. Probes are represented by solid bars under the map. Panel B: Western blot analysis
of  the AC isoform expression in epimastigotes and metacyclic trypomastigotes. Total proteins from epimastigotes (E) and metacyclic trypomastigotes (M)  were extracted
from  T. cruzi, respectively, in log phase or after in vitro metacyclogenesis (107 cells/lane), separated by SDS-PAGE in a 7.5% acrylamide gel, electroblotted and probed with
e i-N-te
w

c
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ither  an anti-AC catalytic domain rabbit polyclonal antibody (anti-CYCAT) or an ant
as  used as a loading control.

The second phase of AC activity (6–48 h) corresponds to the
ellular adhesion of epimastigotes to the plastic flask of the cell
ulture as shown by the decrease of the cell number in the super-
atant (Fig. 4A), which is typically observed between 6 and 24 h
f differentiation time [4]. However, the observation of a peak of
dhered parasites occurring around 48 h after differentiation that
orresponds to the second increase of intracellular cAMP content
ighly suggests a genetic link between cellular adhesion process
nd AC activation (Fig. 4B). This process of adhesion is also observed

uring metacyclogenesis of the parasite in the insect host when
he epimastigotes adhere to the rectum cuticle to be differenti-
ted into metacyclic cells and seems to be a prerequisite for the
n vivo differentiation [45]. It is not clear how adhesion triggers
rminal domain isoform-specific (anti-CYCNH2). Anti-GAPDH monoclonal antibody

the metacyclogenesis process but it has been shown that both
adhesion and metacyclogenesis are triggered by nutritional stress
in vitro [46]. The main differences observed during the first 24 h
reside in the polypeptide profile, which is remodelled by the stage-
specific expression of a battery of genes involved in the increase
of resistance to the lysis mediated by the complement (starting
after 6 h of differentiation) and expression of specific-metacyclic
major surface antigens starting after 12 h of differentiation [47,48].
These observations led us to assess the expression profile of ACs

during in vitro metacyclogenesis. Contrary to all expectations, the
protein level of AC isoforms detected by the antibody decreased
significantly upon metabolic stress and during the complete adhe-
sion process (between 6 and 24 h), while in the free-swimming
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Fig. 4. Time course of AC activity vs cellular adhesion and differentiation (Panel A) and cAMP intracellular content vs cellular adhesion and differentiation (Panel B) during
in  vitro metacyclogenesis. Solid bars represent the nutritional stress (2 h) (I) and cellular adhesion (24 h) (II) time periods. Open squares and black circles represent, respectively,
cell  number of total free-swimming parasites and metacyclic trypomastigotes. Each value of cAMP synthesis (pmol/107 cells/10 min) and cAMP concentration represent the
mean  ± SE of three independent determinations. Western blot analysis of the AC expression during in vitro metacyclogenesis (Panel C). Total proteins from epimastigotes (E), E
s , 18, 2
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tressed  for 2 h (St), adhered forms 6 h, 12 h, 18 h, and 24 h after differentiation (6, 12
og  phase or during in vitro metacyclogenesis (5 × 106 cells/lane), separated by SDS-
omain mouse polyclonal antibody (anti-CYCAT) or anti-GAPDH monoclonal antibo

ature metacyclic forms the amount of AC attained its maxi-
al  expression (Fig. 4C). Because the expression level of the AC

ranscripts appeared higher in 24-h adhered forms than in log
hase epimastigotes, we postulate that translational and/or post-
ranslational controls are operating [49]. We  also cannot discard the
ossibility that the decrease in immunoreactivity of the AC is due
o some post-translational modifications, such as phosphorylation.
n this respect, the presence of multiple putative phosphorylation
ites that are conserved in the C-terminus of the ACs (including
n the catalytic domain) may  mask several epitopes recognized by
he antibody raised against the catalytic domain when the residues
re phosphorylated. In addition, it was reported that expression of
ew genes is switched on between 6 and 24 h of differentiation by

 post-translational process of polysomal mobilization (reviewed
n [47]). In this view, the second spike of stimulation of AC dur-
ng the parasite differentiation might be involved in a cascade of
ctivation of downstream effectors that could modulate key fac-
ors implicated in the regulation of the expression of some genes
nvolved in biochemical processes triggering morphological trans-
ormations of T. cruzi. In addition, a PKA regulatory subunit was
haracterized in T. cruzi [14] whose expression is developmentally
egulated and higher in trypomastigotes, similarly to that of TcTH-
AC. Moreover, we did not see any correlation between the level
f expressed enzymes and the basal AC activity or cAMP intracel-
ular content at the end of the differentiation. This is not surprising
n view of the fact that cAMP signalling involved in both cellular
ifferentiation and proliferation processes is highly controlled in
rypanosomatids [24,28,34]. The recent evidence of the presence of

everal insect-stage specific isoforms of flagellar AC in T. brucei [26]
upport the paradigmatic microdomain model involving compart-
entalized cAMP production in space and time such as described

n superior eukaryotes. Finally, these observations suggest that in
4) and metacyclic trypomastigotes (M)  were extracted from T. cruzi, respectively, in
in a 7.5% acrylamide gel, electroblotted and probed with either an anti-AC catalytic
ed as a loading control.

response to a nutritional switching, the intracellular cAMP level
varies and is correlated to the differential gene expression that
allows the parasite to progress through its cycle.

3.4. Localization of T. cruzi AC by indirect immunofluorescence

The subcellular distribution of the T. cruzi AC family was
determined by fluorescent microscopy, at two stages of parasite
differentiation: dividing epimastigotes and quiescent metacyclic
trypomastigotes. The anti-CYCAT antiserum (Fig. 5A–C) stained
uniformly the plasma membrane of the epimastigote parasites, in
addition some punctuated cytosolic distribution was  also observed.
Conversely, a different distribution of the trypanosomal protein
was observed in metacyclic cells, where a high staining was seen at
the level of the entire flagellum and the flagellar pocket (Fig. 5D–F).
Although it was  not possible to locate the ADC4-like by indirect
immunofluorecence microscopy because of the very low anti-
body titre of the anti-CYCNH2 antiserum, based on the fact that
anti-CYCAT antiserum recognized preferentially isoforms over-
expressed in metacyclic forms such as ADC4-like members, we
assume that very likely these isoforms locate in the flagellum.
This redistribution of the localization of AC following differenti-
ation is similar to that of the PKA regulatory subunit which locates
on the plasma membrane and the flagellum in the trypomastig-
ote forms and is distributed in the cytosol of the epimastigote
forms [14]. Moreover, the preferential AC location on the parasite
flagellum of metacyclic forms is in agreement with the observa-
tion reported by d’Angelo et al. [30] of the possible interaction of

TczAC with the paraflagellar rod protein, component of the flagel-
lar cytoskeleton. Similarly to T. brucei ESAG4 [42,50,51], the first
trypanosomal AC having been reported to be located on the fla-
gellum, TczAC was  reported to be stimulated by calcium although
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ig. 5. Differential subcellular localization of AC in epimastigotes in the exponentia
m28c), determined by fluorescent microscopy. A, D: phase contrast images, B, E: m

mages. Arrows indicate the position of kinetoplast (K) and nucleus (N) stained in b

y a non-physiological calcium range [30]. However the activation
echanism of both ESAG4 and TczAC by calcium is still unclear.

hus, if the existence of a cross-talk between the cAMP and cal-
ium signalling pathways has been speculated [30], the general
istribution of the trypanosomal AC (calcium dependent or not)
ver the flagellum could represent a most general adaptative mech-
nism allowing the parasite to sense quickly the changes of its
nvironment and generate an appropriated response. The recent
dentification of several cAMP response proteins, including the two
onserved eukaryotic flagellar proteins CARP2 and CARP4 (which
ossess an EF-hand domain located at its C-terminus end), supports
his hypothesis [15]. The relevant characterization of a subset of
RESAG4 of the T. brucei insect stage that regulates the social motil-

ty in the insect vector [52,53] revealed for the first time that cAMP
ignalling might control parasite social behavior.
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