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Abstract

Parvulins are a conserved group of peptidyl-prolyl cis/trans isomerases (PPlases) that catalyze the cis/trans isomerization of proline-preceding
peptide bonds. Parvulin-class PPlases are structurally unrelated to cyclophilins and FK506-binding proteins that are defined as receptors for
immunosuppressive drugs. In Trypanosoma cruzi we identified parvulin TcPIN1 as a homolog of the human hPin1 PPlase. The 117 amino acids of
the TcPIN1 display 40% identity with the catalytic core of hPin1 and exhibit prolyl cis/trans isomerase activity. 7cPIN1 lacks the WW domain at the
N-terminus, and is able to rescue the temperature-sensitive phenotype on a mutation in the Saccharomyces cerevisiae hPinl homolog, ESS1/PTF1.
Western blot analysis revealed that the enzyme was present both in dividing and non-dividing forms of 7. cruzi. In epimastigote cells neither cell
growth kinetics nor cell morphology was affected by the overexpression of the small parvulin 7cPIN1. These results suggest the occurrence of a
supplementary conserved level of post-translational control in trypanosomatids.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Phosphorylation-directed prolyl isomerization plays a central
role in the control of diverse cellular processes. The peptidyl-
prolyl cis/trans isomerases (PPlases) constitute a conserved
family that catalyzes the cis/trans isomerization of proline
residue-preceding peptide bonds [1,2]. This family consists of
different members with diverse substrate specificity and subcel-
lular distribution. Pin1 is a PPlase belonging to the subfamily of
parvulins that is distinct from two other well-characterized PPI-
ases families, the cyclophilins and the FK506-binding proteins
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(FKBPs), which are receptors for immunosuppressive drugs
[3-5].

The nuclear parvulin Pinl has been reported to be essen-
tial for the regulation of mitosis because of its interaction
with the NIMA kinase pathway, through its ability to bind to
and promote phosphorylation-dependent isomerization of phos-
phoserine (pSer) or phosphothreonine (pThr) proline motifs
(pSer/pThr-Pro motifs) [6]. This post-phosphorylation isomer-
ization can lead to conformational changes in the substrate
proteins and modulate their functions. Studies in multiple sys-
tems including yeast and mammalian cells have suggested that
Pinl is a protein that plays a critical role for mitosis progression
[4,6,7]. Depletion of hPinl in HeLa cells or of its respective
homolog ESS1/PTF1 in yeast results in mitotic arrest, whereas
overexpression of hPinl in HeLa cells causes G2 arrest [6,7].
Pinl participates in the phosphorylation-dependent prolyl iso-
merization by changing the conformation of its substrates, thus
controlling cell cycle progression [8]. It contains two domains,
a small N-terminal WW domain implicated in the interaction
between proteins, and a C-terminal PPIase catalytic domain [9].
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There are four types of WW domain, three of which recognize
short proline-rich motifs, and one which recognizes pSer/pThr-
Pro motifs [10]. The WW domain of Pin1 recognizes exclusively
pSer or pThr proline motifs and most of the known substrates to
which Pinl binds through its WW domain are mitotic phospho-
proteins [4,8]. In addition, many proteins that are phosphorylated
by CDKs (cyclin-dependent protein kinases) are Pin1 substrates
[11-13].

Moreover, Pinl acts as a transducer of diverse signals and
modulates the function of several phosphoproteins involved in
regulating different cellular processes including transcription
and RNA processing, splicing, proliferation, signaling and DNA
damage responses (reviewed in [11]).

Protein phosphorylation modifies the function of proteins
to activate a defined set of structural modifications that occur
during cell cycle [14]. Ithas been shown that many of these modi-
fications occur during developmental cycles of parasites [15,16].
Since transcriptional control appears to be relatively irrelevant
in trypanosomatids because most genes are transcribed in poly-
cistronic units [17], prolyl isomerization could provide a potent
post-translational control. Completion of the Trypanosoma cruzi
genome database has enabled a broad visualization of genes
involved in cell cycle control and life cycle differentiation
[18,19]. Trypanosomatids have a broad and complex set of
protein kinases including CDKs and mitogen-activated pro-
tein kinases, which play important roles in proliferation and
cell cycle control [18,20,21]. Interestingly, these kinases phos-
phorylate proteins exclusively on Ser/Thr residues immediately
preceding a proline residue [22,23].

Although most of the identified parvulins of the Pinl-type
contain a WW protein—protein interaction domain, all plant
enzymes characterized so far lack this module [24-26]. How-
ever, it has been demonstrated that even if plant Pinl-type
enzymes do not have this domain, they may perform the same
function as that of human Pinl [25-27].

Here, we characterized a small parvulin from the parasite T.
cruzi for the first time. Like plant homologs, TcPIN1 presents a
catalytic core but lacks the WW domain. The protein was equally
expressed in the dividing and the non-dividing forms of 7. cruzi.
In epimastigote cells the overexpression of the small parvulin
TcPIN1 did not affect the cell growth kinetics of the parasite.
Based on functional assays and enzymatic PPlase activity, we
showed that TcPIN1 is a member of the Pin1-type PPlases, which
suggests that an additional conserved level of post-translational
control exists in trypanosomatids.

2. Materials and methods
2.1. Cell cultures and protein preparations

T. cruzi epimastigotes from Tul 2 and CL-Brener strains
were cultured as previously described [28]. Metacyclic trypo-
mastigotes were obtained by axenic culture under differentiating
conditions. Amastigotes were obtained from Vero cell cultures
[29]. Parasite protein extracts were prepared by resuspending the
parasite pellets in lysis buffer (50 mM Tris/HCl, pH 7.5, 150 mM
NaCl, 1% Nonidet P-40) with protease inhibitors (10 uM

E64: 1-trans-epoxysuccinyl-leucyl amido (4-guanidio) butane,
1 mM phenylmethyl-sulphonyl fluoride, 25 Uml~! aprotinin,
10 wg mi~! leupeptin (Sigma)) followed by three to five freez-
ing and thawing cycles. The complete rupture was confirmed
by microscopic visualization. Protein concentration was deter-
mined by Bradford method (Bio-Rad Protein Assay).

2.2. Cloning of the hPinl homolog and its expression in
Escherichia coli

The human Pinl amino acid sequence was used to search
for homologous proteins in the 7. cruzi sequence database at
the Institute for Genomic Research (TIGR). The TcPINI cod-
ing region was amplified from genomic DNA by PCR using
Pfu polymerase (Stratagene, La Jolla, CA). PCR reaction con-
ditions were as follows: initial denaturation cycle at 94 °C for
1 min, followed by 25 cycles of 94 °C for 1 min, 60 °C for 1 min,
72 °C for 1 min, and a final extension of 10 min at 72 °C. The
primers utilized for PCR cloning of TcPINI gene were TcPinla
5'-ACGGATCCATGGTGAAGGGTGACTGC-3" and TcPinlb
5'-ATCGTCGACCTACGCGAGCCGCTTG-3' as sense and
antisense primers respectively, while restriction sites are under-
lined. The PCR product was inserted into the pQE30 (Qiagen)
vector by constructing unique BamHI and Sall sites on the 5’
and 3’ ends of the coding regions. The cloned PCR fragments
were sequenced using single primer extension to confirm that
no PCR-induced mutations were introduced (Macrogen Inc.).

E. coli JM109 cells (Promega) containing the full
PQE30/TcPINI construct were grown at 37 °C in LB medium,
supplemented with 100 pg/ml of ampicillin, to a cell density of
Agoo =0.7. Subsequently, expression of the TcPINI gene was
induced by addition of 0.4 mM isopropyl (3-D-thiogalactoside,
and the culture was further grown for 6 h at 37 °C.

2.3. Purification of recombinant TcPIN1

Cells containing the pQE30/TcPINI construct were har-
vested, resuspended in lysis buffer containing 25 mM Tris/HCl
buffer, pH 8.0, 300 mM NaCl, 5% glycerol, 5 mM MgCl, and
10 mM imidazole, and subjected to seven cycles of sonication
(10 pulses of 1) followed by 1 min rest between cycles at 4 °C
(Heat Systems Ultrasonics, Inc.). The extract was then clarified
by centrifugation for 20 min at 15,000 x g and the supernatant
was loaded on a nickel-nitrilotriacetic acid—agarose affinity
resin (Qiagen) previously equilibrated with the same buffer at
4 °C. Protein fractionation was performed according to the man-
ufacturer’s instructions. The fractions containing the 7cPIN1
fusion protein were pooled, dialyzed overnight against the same
buffer without imidazole and re-applied to the Ni-NTA—agarose
column. TcPIN1-containing fractions were pooled, dialyzed
extensively, and the resulting fractions were used for PPlase
activity determinations.

2.4. TcPINI antiserum and western blot analysis

In order to raise a TcPIN1 antiserum (anti-7cPIN1), the
TcPINI gene was inserted into the pGEX-4T-3 expression
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vector to generate the N-terminal translational fusion TcPIN1
protein with Schistosoma japonicum glutathione-S-transferase
(Amersham Biosciences). The purified recombinant protein
was used to immunize rabbits as previously described [30].
Protein samples were fractioned on SDS-PAGE gels and trans-
ferred electrophoretically to PVDF membranes. The membranes
were blocked with 5% powdered milk in Tris/HCI-buffered
saline containing 0.05% Tween 20 (TBST-M), and incubated
for 1-2h with anti-TcPIN1, diluted 1:1000 in TBST-M. Blots
were washed with TBST and incubated with a 1:5000 dilution
of horseradish peroxidase coupled to anti-rabbit secondary anti-
bodies (Amersham Biosciences). Bands were visualized using
the ECL Western blotting detection reagents (Amersham Bio-
sciences).

2.5. Northern blot and RT-PCR analysis

Total RNA from the different life cycle stages of 7. cruzi (epi-
mastigote, trypomastigote, and amastigote) was obtained using
TRIzol reagent (Invitrogen) according to the manufacturer’s
instructions and Northern blotted as previously described [28].
The BamH1/Sall fragment from the pPGEX4T-3/TcPIN1 plasmid,
corresponding to the full-length gene was used as a probe. The
probe was radiolabeled with [a->2P] dCTP (10° cpm pmol !,
NEN) using Prime-a-Gene Labeling System (Promega). Signals
were scanned with a phosphorimager Storm 820 (Amersham
Pharmacia Biotech) and quantitated using ImageQuant soft-
ware. First-strand cDNA was synthesized by incubating 4 j.g
total RNA with M-MLV Reverse Transcriptase (Invitrogen) and
oligo(dT);6 at 37 °C for 1 h in a 20-pl reaction volume. Subse-
quently, TcPIN1 gene was amplified from epimastigote cDNA
using the universal splice leader as forward primer and TcPinlb
(see Section 2.2) as a gene-specific reverse primer.

2.6. PPlase: peptidyl-prolyl cis/trans isomerase activity
assay

PPlase activity assays were performed using a Hewlett-
Packard 8453 A UV-vis spectrophotometer. The enzyme activity
towards the substrates was determined using the protease-free
PPlase assay according to Kofron et al. [31] and Janowski et al.
[32]. Briefly, 10 nM of TcPIN1 was incubated in 35 mM sodium
HEPES buffer, pH 7.8. A 30 mM stock solution of the substrate
in 0.5M LiClI/TFE (anhydrous) was freshly prepared before
the measurements. Prior to every measurement, all components
except substrate were preincubated for 300 s at 10 °C under vig-
orous stirring. Each measurement was started after substrate
addition (60 wM final substrate concentration) and the cis/trans
isomerization kinetics of the substrate was followed at 330 nm.

2.7. Yeast complementation analysis

The TcPINI sequence was subcloned into the yeast expres-
sion vector pJK305-TPI, which allows constitutive expression
of the protein under the control of the yeast TPI1 promoter. The
temperature-sensitive yeast YGD-ts22W cells (MATa ess 1 H164R
integrated into W303 1A yeast strain) [33] were grown overnight

in YPAD medium at 30°C and were then transformed with
TcPINI1/pJK305-TPI via electroporation. Transformants were
selected growing cells in minimal medium containing 2% glu-
cose but lacking the amino acid leucine, at 30°C for 24
days. Colonies were then restreaked three times and incu-
bated under the same conditions. For the spotting analysis, cells
selected on the appropriate medium were resuspended in 10 mM
Tris/HCl buffer, pH 7.5, 1 mM EDTA and the density adjusted to
Ago0=0.5. A 10-fold series dilution was performed and 5 l of
each dilution was spotted onto the plates. In order to test for func-
tional complementation, the cells were incubated at permissive
(30°C) and non-permissive (37 °C) temperatures. Cells carry-
ing both the pJK305-TPI vector without the insert and human
Pinl were used as controls. To check for protein expression,
cells were grown at 30 °C in minimal medium containing 2%
glucose without leucine. The cells were harvested, lysed with
glass beads, and total protein extract (50 g) was separated on
a SDS-15% polyacrylamide gel electrophoresis. The expressed
proteins were detected by Western blotting using the TcPinl
specific polyclonal antibody (data not shown).

2.8. Overexpression of TcPIN1 in the epimastigote form of
T cruzi

The full-length TcPINIgene was amplified by PCR using
primers that had an EcoRI site at the 5’ end and a Sall site at
the 3’ end of the gene. PCR-amplified TcPINI was cloned into
the EcoRl1/Sall digested pTREX vector. T. cruzi epimastigote
cells of the CL Brener strain were transfected with the plasmid
as previously described [34]. Complete selection confirmed by
the total GFP positive control population, was obtained after 2
months in the presence of the antibiotic G418 (Invitrogen).

3. Results
3.1. Presence of Pinl-type PPlase gene in trypanosomatids

A systematic homolog search for a Pinl candidate in the
T. cruzi database was performed using the described human
Pinl sequence without success. However, when the catalytic
PPlase domain was used, potential candidates resembling the
plant Pinl-type PPlases [24-26] were obtained. The complete
TcPINI coding sequence (354-bp long) encodes a 117-amino-
acid protein, with a predicted molecular weight of approximately
13kDa. A search in the Trypanosoma brucei and Leishmania
major genome databases revealed that putative parvulins Pinl-
type PPIases homologs are present in all trypanosomatids with a
high degree of identity. An alignment of 7cPIN1 with orthologs
from several organisms is shown in Fig. 1.

TcPIN1 has 40% amino acid sequence identity with the
PPlase domain of human Pinl and 45% with the Arabidopsis
thaliana homolog. Moreover, the amino acid insertion observed
in TcPIN1 (residues Thr3! and Ala3?) is also observed in both
ArPinl (four residues Lys3! to Leu’*) and other plant Pinl-
type PPlases [25-27], as well as in E. coli protein (Fig. 1A).
As all plant Pinl-type PPlases characterized so far, TcPIN1
displays a PPlase catalytic domain but not an N-terminal
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(A) TcPIN1 (1) mmmmm e mm e
ThPIN1 (1) = mmmm e m e
LmPIN1 (1) = mmm oo e e
AtPinl (1) mmmmm i mm e oo

hPinl (1} ----MADEEKLPPGWEKRMSRSSGRVYYFNHITNASQWERHSGNSSSGGK
ScPtfl (1) MPSDVASRTGLPTPWTVRYSKSKKREYFFNPETKHSQWEEBEGTNKDQLH
EcParl0 [ B e
v v vv
TcPIN1 (1} ---MVKGDCIRAAHLLIKFDGSRNCVSHRTGKST- -ADVIYDAALAELKQ
ThPIN1 (1) ----- MSEKLRAAHLLVKFSGSRNPVSRRTGDST - - ADVIYEDAIKELOK
LmPIN1 (1) ----MPTSSWRAEHLLIKHSGSRNPVSRRTGQPT- - -TISYEEAVTELQK
AtPinl (1} ---MASRDQVKASHILIKHQGSRRKASWKDPEGKIILITTREAAVEQLKS
hpinl  (47) NGQGEP-ARVRCSHLLVKHSQSRRESSWRQEKI----TRTKEEALELING
ScPtfl  (51) KHLRDHPVRVRCLHILIKHKDSRRPASHRSENI - - - -TISKQDATDELKT
EcParl0 (1) —-mmmmmmm MAKTAAALHILVKEEKLALD
v A v v
TcPIN1  (46) WAKRIADGEI - - TREDARROREDEGEYNSCERRE g rEVEMKPFEDAAR
THPIN1  (44) WSQRIASGEV- - SREEARSOREDECEYASCENREFYSSEEYMKPFEDAVR
LmPIN1 (44) WCQSINDGKV- - TREEAMROREDESEvARCERIE VRG PEEYMKPEDATK
AtPinl  (48) IREDIVSGKAN--FEEVRATRVEDESEAKRCEDFESHCREOYOKEFEEATY
hPinl  (92) YIQKIKSGEE--DRESLEASOFEDESEAKARENKeAYSREONOKPPEDASF
ScPtfl  (97) LITRLDDDSKTNSEEALRKEREDESEVKRGENIREVHCRERTOPSHEDAAF
EcParl0  (21) LLEQIKNGAD- - -FGKLAKKHEIEPECKRGERFEERROEONVPARDKVVE
v v Identity
TcPIN1  (94) SLNVEE-VSGVVRTESELEIMKRLA- -
ThPIN1  (92) ALKIGD-ISPIVQTDSELEIMKRLA-- 66%
LmPIN1  (92) SLEVGQ-VSGIVVTDSEVEIHKRIA-- 61%
AtPinl  (96) ALKVGD-ISDIVDTDSEVEIMKRTA-- 45%
hPinl (140) ALRTGE-MSGPVFTDSEIFINLRTE-- 29%
ScPtfl (147) QLKVGE-VSDIVESGS KRVG- - 24%
EcParl0  (68) SCPVLEP-TGPLHTQ IHKVLYRN 24%
(B) PIN1 T. cruzi | | PPlase |
PIN1 T. brucei | | PPlase ]
PIN1 L. major | I PPlase |
Pin1 A. thaliana | | PPlase |
Pin1 Human | PPlase |
Ess1/Pti1 S. cerevisiae | PPlase |
Par10 Ecoi | | PPlase |

Fig. 1. (A) Sequence alignment of some members of the parvulin family of PPIases. Identical (black) or conservatively substituted (gray) residues in at least 50% of
the sequences are highlighted. Degrees of identity are shown to the right of each sequence. The four-residue insertion in the plant protein is underlined. The core of
the N-terminal WW module of the proteins is boxed and residues shown to be implicated in the substrate recognition are indicated by black triangles [40]. TcPIN1
is from 7. cruzi (DQ303420), ThPIN1 is from T. brucei (AAX69357), LmPIN1 is from L. major (CAJ07069), AtPinl is from A. thaliana (AAD20122), hPinl is
from humans (AAC50492), ScPtf1 is from S. cerevisiae (CAA59961) and EcPar10 is from E. coli (S48658). (B) Schematic representation of the Pin primary domain

structure of selected Pinl proteins from different species.

WW protein—protein binding domain or an analogous mod-
ule. Besides, prokaryotic parvulins with a rather unspecific
substrate recognition pattern like that of Par10 from E. coli dis-
play less sequence identity (24%). TcPIN1 is the first 7. cruzi
Pinl-type PPlase homolog identified and characterized in try-
panosomatids. A scheme of these PPIases is shown in Fig. 1B.

3.2. PPlase activity

The PPlase activity of the recombinant 7cPIN1 enzyme was
determined by using the protease-free assay. Under these condi-

tions, the substrate specificity of the native recombinant 7cPIN1
toward the substrate succinyl-Ala-Glu-Pro-Phe-p-nitroanilide
resulted in a Kco/Km value of 3.97 (£0.24) x 10° M~ s,
whereas isomerase activity for the substrate containing Ala-Pro
bonds exhibited lower activity (1.54 (£0.14) x 10°M~ s,
The values of the catalytic efficiencies showed a considerable
decrease when compared to other Pin1-related parvulins with the
same substrates. The catalytic efficiencies of hPinl determined
in the same experiment showed values of 3.53 x 105 M~!s~!
and 4.84 x 10*M~!s~!, respectively. Remarkably, despite the
high sequence identity of the PPlases active sites, 7cPIN1
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displayed a catalytic efficiency nine-fold lower toward the sub-
strates tested than that determined for hPinl and plant-related
PPlases [24,26].

These results indicate that TcPIN1 is active as a PPlase
enzyme and could suggest that this parvulin prefers peptides
with a negatively charged glutamyl instead of an alanyl residue
N-terminal to the prolyl bonds.

3.3. TcPINI is expressed throughout the life cycle of the
parasite

The expression pattern of 7. cruzi PINI gene was studied in
all life cycle stages of the parasite using the full-length TcPINI
asaprobe. As seenin Fig. 2A, TcPINI mRNA was detected in all
forms examined although in dissimilar amounts. Whereas two
transcripts were visualized in epimastigote stage, just a single
band was observed in amastigote and trypomastigote forms. To
explore the specificity of this extra epimastigote fragment band,
we performed an RT-PCR assay under conditions described in
Section 2.5. Two DNA fragments of 461 bp and 556 bp, respec-
tively, corresponding to the region between TcPINI end coding
sequence and the splice leader acceptor site at the 5" untranslated
region (UTR) were amplified in epimastigote stage. No ampli-
fication signal was detected in the negative control (data not

(A) E A T

Long 5" UTR —»
Short 5" UTR —»

rRNA

(B) Hiso6-tagged
TcPINI E A T

16kDa — ¥
“ S s W PN

6kDa =

Fig. 2. (A) Association of TcPINI mRNA expression with cell differentiation
in T. cruzi parasite. TcPINI mRNA was identified in all forms examined (upper
panel). Total RNA from 7. cruzi epimastigote (E), amastigote (A) and trypo-
mastigote (T) forms (30 pg each) was separated on 2% formaldehyde-agarose
gels, transferred to nylon membranes and hybridized with TcPIN! as indicated.
Two transcripts were visualized in the epimastigote stage (long and short 5’
UTR) and a single band was observed in amastigote and trypomastigote forms
(long 5" UTR). Ethidium bromide staining of rRNA was used as loading con-
trol (lower panel). (B) TcPIN1 is expressed in all three stages of the parasite.
Protein extracts from epimastigote (E), amastigote (A) and trypomastigote (T)
forms (75 pg each) were separated by 15% SDS-PAGE gel and electroblotted on
PVDF membranes. His-tagged recombinant 7cPIN1 (100 ng) was used as a pos-
itive control (lane 1). Blots were probed with anti 7cPIN1 and with pre-immune
serum (data not shown). The position of 13 kDa TcPIN1 is indicated.

shown). Nucleotide sequence analysis of the RT-PCR products
revealed that both transcripts share the same ORF but different
5’ untranslated region, and that both long and short UTRs share
the same sequence from nucleotide-1 to the mini-exon addition
site of the short 5" UTR. This analysis showed that the differ-
ence in length is due to the use of ambivalent AG dinucleotides
as mini-exon addition sites.

To determine the levels of TcPINI protein expression we
performed a Western blot assay using the specific antiserum
tested on blots containing recombinant TcPIN1 and T. cruzi
extracts. As it can be seen in Fig. 2B, the anti-7cPIN1 anti-
serum recognizes a single 13-kDa protein in total cell extracts
in all three life cycle stages of the parasite. No prominent differ-
ences in 7cPINT1 protein expression can be observed between the
three forms and no other bands were detected in cells extract.
The pre-immune serum was used as a negative control (data
not shown). Nevertheless, there was not a clear correspondence
between the mRNA detected and the endogenous parasite PIN1
protein levels, possibly related to post-transcriptional regula-
tion processes not yet sufficiently explained in trypanosomatids
[35].

3.4. Yeast complementation analysis

It has been previously shown that hPinl and other PPlases-
related parvulins of plants clearly replace the Ess1/Ptf1 protein
by preventing terminal mitotic arrest of cells under restrictive
temperatures [6,24,26]. Since there is no genetic approach yet
available in T. cruzi, the rescuing of S. cerevisiae ESS1 condi-
tional mutant by recombinant 7. cruzi PPlase was tested. This
strain, which grows normally at 30 °C (permissive temperature),
arrests at G2/M transition after two to three generations at 37 °C
(restrictive temperature) [7,33,36]. The complete TcPINI gene
was subcloned in the S. cerevisiae expression vector pJK305-TPI
and transformed in the budding yeast ESS1 mutant. After selec-
tion on leucine-deficient minimal medium plates, only colonies
transformed by the pJK305-TPI containing the TcPINI gene
grew at the restrictive temperature, whereas the colonies trans-
fected with the empty vector grew poorly (Fig. 3). In the same
set of experiments, human Pinl was used as a positive con-
trol. In contrast, the temperature sensitivity of the yeast cells
was not abolished by an hParl4 T. cruzi homolog (not shown)
(GenBank™ accession number DQ420359). Human Parl4, a
second member of the parvulin family of PPlases, does not cat-
alyze the isomerization of phosphorylated Ser/Thr-Pro bonds
but shows strong preference for peptide substrates containing
arginine side chains preceding proline [37]. TcPIN1 was able
to rescue ESS1® conditional mutant and these results suggest
that this parvulin, despite lacking the WW domain, maintains a
phosphorylation-directed prolyl isomerization activity.

3.5. Overexpression of TcPINI in T. cruzi epimastigotes

In order to analyze the effect of TcPIN1 overexpression, we
cloned the full-length TcPINI gene into the high constitutive
expression vector pTREX [34]. The CL Brener strain was trans-
formed with either a vector containing GFP or a vector encoding
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Fig. 3. Rescue of S. cerevisiae ESS1/PTF1 gene conditional mutant strain. Petri dishes were spotted with 10-fold serial dilutions of YGD-ts22W cells transformed
with TcPINI expression construct (bottom). The plates were incubated at 30 °C (permissive temperature) or 37 °C (restrictive temperature) for 2—4 days. Cells
expressing hPinl (upper) or the empty vector (middle) were used as positive and negative controls, respectively.

TcPINI to generate control and overexpression strains, respec-
tively.

After 6 days of culture, Northern blot analysis of stable
pTREX/TcPINI transfected cells showed a notably enhanced
level of TcPINI (Fig. 4, upper inset). Also, there was a clear cor-
respondence between mRNA and parasite PIN1 enzyme levels.
These levels were more than 50-fold higher in the pTREX-
transfected populations when compared with the control cells
corresponding to the same culture day (Fig. 4, upper and lower
inset). Under the conditions tested, these observations suggest
that TcPIN1 overexpression did not modify the cell growth
kinetics. Moreover, no morphological differences were observed
between the stable transfected cells, the non-transfected par-
asites and the GFP-expressing populations (data not shown).
Also, overexpressing cells analyzed by the numbers of nuclei
and kinetoplasts did not display any changes.
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Fig. 4. Effect of overexpression of TcPIN1 on the epimastigote form growth in
vitro. Cell samples were collected after 6 days of culture (mid-log-phase; 5 x 10°
parasites). Total RNA (5 ng) and proteins were analyzed and quantitated by
Northern (top inset) and Western blots (bottom inset). Cell growth was plotted vs.
time. No significant differences were observed between the transfected parasites
() and the GFP-expressing populations (H).

4. Discussion

In this work, we report the identification of TcPIN1, a novel
small parvulin, and show evidence indicating that this peptidyl-
prolyl cis/trans isomerase could be the human Pinl homolog in
T cruzi.

Human Pinl is a phosphorylation-dependent prolyl iso-
merase that specifically isomerizes the phosphorylated Ser/Thr-
proline bonds and its substrate specificity results from the
organization of the Xaa-Pro binding pocket [39]. Its three-
dimensional crystal structure shows that hPinl exhibits at this
site a cluster of basic residues composed of Lys-63, Arg-68 and
Arg-69, which mediates the selectivity for the side chain N-
terminal to proline. In contrast, in cyclophilins and FKBPs, a
hydrophobic pocket containing aromatic and aliphatic residues
sequesters the aliphatic Pro side chain thus determining the dif-
ferent PPlases substrate specificity [40].

In TcPIN1, these specific sequence features exist as Lys-
15, Arg-20 and Asn-21, respectively. As it can be seen in
Fig. 1, TcPIN1 contains an Asn residue instead of Arg and
this sequence motif seems to be a characteristic of the try-
panosomatid parvulins. On the other hand, most of the residues
proposed to be implicated in forming the binding site for the
cyclic side chain of the proline and the residues whose side chain
surrounds the peptidyl-prolyl bond in hPinl are also present in
TcPIN1 (Fig. 1) [39].

Considering the high degree of sequence identity of the active
sites of the PPlases, an interesting question is why 7cPIN1
displays differences in its enzymatic activity.

In plants, three hPinl homologs have been characterized
[24-26]. These enzymes show the same specificity for pSer/pThr
motifs as hPinl, but like TcPIN1, they do not have the WW
domain at the N-terminus (Fig. 1). Although all plant Pinl-
type PPlases present a four-residue insertion, 7. cruzi parvulin
presents only two amino acids (Fig. 1, residues Thr3! and Ala®?).
This region, next to the phospho-specific recognition site, corre-
sponds to a loop between strand 31 and a1 helix in the structure
of the A. thaliana Pinl, and is predicted to be implicated in the
interaction between the enzyme and its substrates [27]. Further-
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more, by removing these four extra residues, the plant Pin1-type
PPIases are unable to rescue the ESS1® phenotype of S. cere-
visiae [26]. From our results, we can speculate that this region,
where the homology between human, plant and trypanosomatid
PPIases is the lowest, is responsible for T7cPIN1 low level of
prolyl isomerization activity (Fig. 1A). Conversely, since the T.
cruzi genome is fully sequenced, the possibility that the WW
domain-containing Pin1-type PPlase is identifiable can be ruled
out. However, the chance that the low activity observed could
be due to improper folding of T7cPIN1 cannot be excluded. Nev-
ertheless, this result might not hold true for its endogenous
substrates.

Here, we showed that parasite 7cPIN1, like human Pinl and
its plant homologs [24,26], can rescue the yeast strain YGD-
ts22W at the non-permissive temperature (Fig. 3). In contrast,
an hPar14 T cruzi homolog is not able to rescue this yeast strain
(unpublished results). Even though results from complementa-
tion experiments in yeast do not represent unequivocal evidence
that TcPIN1 in T. cruzi has the same function as Ess1/Ptfl in
yeast, they suggest that despite its low level of isomerization
activity, TcPIN1 functions like full-length hPinl (at least in S.
cerevisiae), suggesting a phosphorylation-directed prolyl iso-
merization activity in trypanosomes. Furthermore, our work is
in agreement with the reports by Gemmill et al. [36], who have
shown that low levels of ESS1 are sufficient to support bud-
ding yeast growth in vivo. Nevertheless, experimental results
by Yaffe et al. [4] have demonstrated that the incorporation of
negatively charged side chains of Glu (or Asp) immediately pre-
ceding a Pro residue, which could mimic the phosphorylated
residue (pSer/pThr-Pro motifs), results in significant increase of
PPlIase activity of Pinl. Taken together, these results suggest
that phosphorylation-specific PPlases are functionally con-
served in yeast, mammalian, plant and ancient trypanosomatid
cells.

Cell cycle functional analyses indicate that Pinl is specif-
ically required for mitosis control [6]. During the cell cycle,
Pinl concentration is constant, but Pin1-binding proteins such
as Cdc25, Weel, Plk1l, NiMA and Cdc27 are highly regulated
(reviewed in [41]). Antibodies raised against TcPIN1 showed
that the PPIase enzyme was present in all three stages of the
parasite (Fig. 2B).

Itis worth pointing out that Yao and coworkers [26] found that
expression of Pinl from Malus domestica (MdPinl) is closely
associated with cell division and suggested that MdPin1 proba-
bly plays arole in cell cycle progression in apples, as does Pin1 in
vertebrate and yeast cells. Interestingly, despite the high similar-
ity that these small parvulins display (42% amino acid sequence
identity), TcPIN1 is equally expressed in both the proliferative
and non-proliferative forms of the parasite. Moreover, as shown
in this work, in epimastigote cells neither the cell growth kinetics
(Fig. 4) nor cell morphology (data not shown) was affected by
the overexpression of the small parvulin 7cPIN1. These obser-
vations are unique features that distinguish 7cPIN1 from all the
Pinl-type PPlases described so far. Additionally, we did not
localize TcPIN1 in nuclei (unpublished results) in contrast to
that observed with hPinl and its homologs from diverse other
organisms [6,24,38].

Even though the specific function of this small PPIase is yet
to be determined, here we showed that TcPIN1 could belong
to the parvulin Pinl-type PPlase. Furthermore, small parvulin
Pinl1-type PPIlases lacking the WW domain appear to be a com-
mon evolutionary specialization of plants and trypanosomatids.
We demonstrated that the parasite enzyme can rescue the lethal
phenotype of a mutation in the hPin1 homolog ESS1/PTF1 gene
in S. cerevisiae and exhibits PPlase activity toward specific sub-
strates. However, the fact that under the conditions used in this
experiment the overexpression of 7cPIN1 does not alter the par-
asite cell cycle indicates that the genuine biological function of
the protein is yet to be elucidated. Future studies in this direc-
tion are necessary to identify the binding proteins/substrates for
TcPIN1 and we are currently engaged in this task.
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