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Trypanosoma cruzi, the agent of the American trypanosomi-
asis or Chagas disease, bypasses its lack of de novo synthesis
of sialic acids by expressing a surface-anchored trans-siali-
dase. This enzyme transfers sialic acid residues from the
host's sialylglycoconjugates to the parasite's galactosylgly-
coconjugates. In addition to carrying out a pivotal role in
parasite persistence/replication within the infected mam-
mal, the trans-sialidase is shed into the bloodstream and
induces alterations in the host immune system by modifying
the sialylation of the immune cells. A major obstacle to un-
derstand these events is the difficulty to identify the
transferred sialic acid among all those naturally occurring
on the cell surface. Here, we report the use of azido-modified
unnatural sialic acid to identify those molecules that act as
cell surface acceptors of the sialyl residue in the trans-siali-
dase-catalyzed reaction, whichmight then be involved in the
immune alterations induced. In living parasites, we readily
observed the transfer of azido-sialic acid to surface mucins.
When evaluating mouse thymocytes and splenocytes as ac-
ceptors of the azido-sugar, a complex pattern of efficiently
tagged glycoproteins was revealed. In both leukocyte popu-
lations, themain proteins labeled were identified as different
CD45 isoforms. Disruption of the cell architecture increased
the number and the molecular weight distribution of azido-
sialic acid tagged proteins. Nevertheless, CD45 remained to
be the main acceptor. Mass spectrometry assays allowed us
to identify other acceptors, mainly integrins. The findings
reported here provide a molecular basis to understand the
abnormalities induced in the immune system by the trans-
sialidase during T. cruzi infection.
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Introduction

Trypanosoma cruzi is the protozoan parasite agent of the
American trypanosomiasis or Chagas disease, a chronic illness
that represents a major health and economic problem in Latin
America with an estimated total of 100 million people at risk
and about 20 million already infected. The infection is natural-
ly transmitted by triatomine vectors, the “kissing bugs”, that
can be found from the southern USA to the southern part of
South America. However, the infection through contaminated
blood together with migration processes extends the transmis-
sion risk to developed countries out of the endemic region.
Infected women can also transmit the parasite in utero leading
to the congenitally acquired disease. The parasite requires sur-
face-bound sialic acids to infect mammalian hosts, but is
unable to synthesize these residues de novo. Rather, this need
is fulfilled by expression of a trans-sialidase by the parasite.
This surface-located, GPI-anchored enzyme is able to transfer
α2-3-linked sialyl residues from glycoconjugates (Ferrero-
Garcia et al. 1993) and allows the acquisition of the sugar to
the mucins that cover the parasite (Acosta-Serrano et al. 2001;
Buscaglia et al. 2006). Ultimately, the sialylated mucins aid in
the invasion of mammalian host cells (Schenkman et al. 1991)
and the protection against lysis by serum factors (Acosta-
Serrano et al. 2001; Pereira-Chioccola et al. 2000; Tomlinson
et al. 1994).
The trans-sialidase expressed by the infective trypomasti-

gote is also shed to the milieu and can be detected in blood
during the acute stage of Chagas disease, both in patients
and in experimental infections (de Titto and Araujo 1988;
Leguizamón et al. 1994; Risso et al. 2004). The enzyme shed
by the parasite persists in the blood due to a repetitive motif
located at its C-terminus (Alvarez et al. 2004; Buscaglia
et al. 1999). The trans-sialidase exerts its effect in the blood-
stream during the acute phase of the disease, precisely when
some hallmarks of the T. cruzi infection, such as immune sup-
pression (Kierszenbaum and Sztein 1990) and polyclonal
activation (Minoprio et al. 1989), are observed. The intrave-
nous administration of trans-sialidase in mice reproduces
several crucial pathogenic findings observed during the infec-
tion, such as alterations in the thymus via thymocyte
apoptosis inside the “nurse cell complex” (Mucci et al. 2002),
apoptosis in the cellular components of the spleen and ganglia
(Leguizamón et al. 1999) and the thrombocytopenia observed
early in acute infections (Tribulatti et al. 2005). These abnor-
malities are prevented by the passive administration of trans-
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sialidase-neutralizing antibodies of either polyclonal (Mucci
et al. 2002) or monoclonal origin (Risso et al. 2007; Tribulatti
et al. 2005). In agreement, a recombinant trans-sialidase mol-
ecule lacking enzymatic activity but retaining substrate
specific lectin-like binding (Cremona et al. 1999) does not
induce in vivo alterations (Leguizamón et al. 1999; Mucci
et al. 2002). Depending both on the availability of suitable
acceptors and enzyme concentration, the enzyme is able to
either hydrolyze or transfer the sialyl residue to the acceptor
oligosaccharide (Schenkman et al. 1992). In vivo, this prop-
erty induces two virulence activities on different cellular
components. Desialylation of platelets and red cells leads to
erythropenia and thrombocytopenia (de Titto and Araujo
1988; Pereira 1983; Tribulatti et al. 2005) and becomes evi-
dent during the acute phase of the disease when high
enzymatic activity is present in blood (de Titto and Araujo
1988; Leguizamón et al. 1994; Risso et al. 2004). On the oth-
er hand, the transferase activity is able to induce apoptosis in
organs of the immune system even when the enzyme is pres-
ent in minute amounts (Mucci et al. 2006). All these reports
have identified the trans-sialidase enzyme from T. cruzi as a
systemically distributed virulence factor, which acts far from
the infection site/s inducing damage in the immune system by
mobilizing sialyl residues on cell surfaces. However, a com-
plete inventory/global profile of the points of attachment of
those residues is lacking.

In mammals, sialyl residues decorate several molecules with
important cell functions such as lymphocyte homing, intrathy-
mic routing, rolling and intercellular interactions (Daniels et al.
2002; Hernandez and Baum 2002; Lowe 2001). Its privileged
occupancy on the periphery of cells regulates the interaction of
the cell with its environment and with several lectins (siglecs,
selectins and galectins). Therefore, the attack to sialyl residues
by microbial virulence factors might result in strong distur-
bances in the immune system, as is observed with the trans-
sialidase from T. cruzi (Leguizamón et al. 1999; Mucci et al.
2002; Mucci et al. 2005). Because the apoptosis of lymphoid
cells induced by this virulence factor is associated with the
transfer of the sialyl residue (Mucci et al. 2006), the identifica-
tion of the cell acceptors is of strong interest to understand the
underlying mechanisms involved. The ideal situation is to
identify the sialyl residues transferred by the trans-sialidase

among all the sialyl residues naturally occurring on the cell sur-
face. To address this issue, we utilized unnatural sugars
equipped with chemical handles to identify the glycoproteins
involved (see Figure 1 and (Dube and Bertozzi 2003) for a re-
view). This methodology offers a useful means to characterize
the molecules involved as sialic acid acceptors in the trans-
sialidase reaction.

Results
The trans-sialidase from T.cruzi accepts azido-modified sialic
acids as substrate
Labeling of cell surface glycans with unnatural azido-sugars
followed by chemical tagging and retrieval with phosphine
probes may be a useful approach to elucidate how the host's
immune system is manipulated by T. cruzi through trans-siali-
dase activity. To assay the ability of this enzyme to accept the
modified substrate N-azidoacetyl neuraminic acid (Neu5Az)
(Prescher et al. 2004), Jurkat cells were fed with peracetylated
N-azidoacetylmannosamine (Ac4ManNAz), which is an azido-
modified derivative of the precursor N-acetylmannosamine
(ManNAc) for N-acetylneuraminic acid in the nutrition-salvage
pathway (Prescher et al. 2004). The metabolically incorporated
Neu5Az present in the glycoconjugates of these cells can be
detected by the reaction of the azido group with a phos-
phine-tagged FLAG (Phos-FLAG) (Prescher et al. 2004) to
covalently associate the Neu5Az residue with the FLAG epi-
tope (see Figures 1 and 2A). Thus, the Neu5Az present in the
glycoproteins of the extract can be detected by western blot
analysis using an anti-FLAG monoclonal antibody (mAb).
When trans-sialidase was tested in the absence of added suit-
able sialyl acceptor substrates, it efficiently hydrolyzed the
Neu5Az residue in the glycoconjugates that are present in
the lysate of Jurkat cells fed with Ac4ManNAz (Figure 2B).
Moreover, when lactose was included as an acceptor enabling
the enzyme to work as a transferase, a stronger depletion of
Neu5Az was observed at the lowest enzyme concentration
tested (Figure 2B, lanes 2 vs. 5). This result indicates that
the modified residue was efficiently transferred from glycocon-
jugates to lactose and supports that the trans-sialidase acts
preferentially as a transferase rather than as a sialidase in the
presence of suitable acceptor substrates (Schenkman et al.
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Fig. 1. Scheme displaying the tagging of the azido-sugar with a FLAG epitope (DYKDDDDK), see also (Dube and Bertozzi 2003) for a review.
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1992). It is important to recall that the trans-sialidase can only
cleave α2-3-linked sialic acid residues (Ferrero-Garcia et al.
1993), therefore the remaining label probably corresponds
mainly to α2-6-linked residues.

The transfer of Neu5Az to acceptors of similar complexity to
glycoproteins found on the cell surfaces was assayed by includ-
ing asialofetuin as a model acceptor protein substrate. The trans-
sialidase-mediated transference of the modified sialyl residues
from the Jurkat protein extract to asialofetuin increased its mo-
lecular weight (MW) to values comparable to control fetuin
(Figure 2C). This transference reaction was efficiently competed
by the inclusion of lactose as an acceptor (Figure 2C, last lane).
Therefore, trans-sialidase was able to accept the Neu5Az resi-
due and to both hydrolyze and transfer it among glycoproteins.

Trans-sialidase-mediated transfer of sialyl residues to the
parasite cell surface
The sialylation of parasite surface mucins by trans-sialidase
is a critical step for cell invasion (Schenkman et al. 1991)
and evasion of lysis by serum factors (Acosta-Serrano et al.
2001; Pereira-Chioccola et al. 2000; Tomlinson et al. 1994).
To further test the biological mimicry of the modified res-
idue in the transference, we assayed the ability of the
endogenous enzyme to sialylate the parasite surface mole-
cules. As an alternative substrate to Jurkat lysates, we
assayed Neu5Azα2-3LacßOMe (Yu et al. 2005), a defined
small reagent easily removable from the medium by wash-
ing cells after trans-sialidase treatment. This substrate was

tested in standard trans-sialidase-mediated sialyl residue
transference to [14C]-lactose reaction, and kinetic results were
similar to those obtained using α2-3 sialyllactose as donor
(Neu5Azα2-3LacßOMe vs. α2-3 sialyllactose; Kmapp: 9.4
vs. 11.6 mM and Vmax: 0.09 vs. 0.23 nmol min−1). As summa-
rized in Figure 3A, live trypomastigotes derived from
infected cell cultures were incubated with Neu5Azα2-
3LacßOMe, with or without trans-sialidase addition. Parasites
were then washed, fixed and reacted with Phos-FLAG. The
presence of the FLAG epitope, indicative of the presence
of the transferred Neu5Az, was analyzed by immunofluores-
cence. The parasites became labeled, thus indicating the
incorporation of the residue at the cell surface mediated by both
the endogenously and the exogenously added trans-sialidase
(Figure 3B). To determine the acceptors of the sialyl residue,
western blot assays were performed with lysates of these para-
sites (Figure 3C, lanes 1–3). The addition of recombinant trans-
sialidase rendered the same bands, although showing stronger
labeling, thus suggesting the absence of other acceptors.
Since T. cruzi surface mucins are the main acceptors of the
sialyl residues, mucins purified from cell culture-derived try-
pomastigotes were used as control in the Neu5Az transfer
mediated by the trans-sialidase (Figure 3C, lane 4). The major
labeled bands presented the same MWas that of those obtained
from the transfer to the whole parasite cells, thus indicating that
in intact parasites the Neu5Az was transferred to the expected
mucin acceptors. Metacyclic trypomastigotes derived from
axenic cultures, which reproduce the infective stage present
in the vector, display differently sized mucins on the cell sur-
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Fig. 2. Trans-sialidase accepts Neu5Az as substrate. (A) Scheme of the experimental design. Jurkat cells were fed with Ac4ManNAz so they carry Neu5Az in their
glycoconjugates. Protein extracts were treated with trans-sialidase (TS) in the presence or absence of asialofetuin as a model of complex sialyl residue acceptor and
then reacted with Phos-FLAG. The presence of Neu5Az is then detected in western blots with anti-FLAG mAb. (B) Cell extracts were treated with trans-sialidase in
the presence or absence of lactose as sialyl residue acceptor. (C) Asialofetuin (10 µg) was added together with trans-sialidase. The arrow indicates the position of
fetuin as determined in the left panel (SDS–PAGE, Coomassie Blue-stained) where asialofetuin and fetuin were run as standards. Note the increase in MW of the
asialofetuin due to the acquisition of sialyl residues. In the last lane, 75 mM lactose was added as an acceptor competitor.
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face (Serrano et al. 1995). When these parasites became la-
beled with the Neu5Az, a pattern compatible with the MW
of the expected mucins corresponding to this parasite stage
was obtained (Figure 3C, lane 5). These findings indicate that
the azido-sugar labeling method was a faithful reporter of the
endogenous labeling even in the presence of an excess of en-
zyme. This approach was then used to test for the ability of a
trans-sialidase-specific mAb (Risso et al. 2007; Tribulatti et al.
2005) to inhibit the enzyme expressed by the parasite. As
shown in Figure 3D, as few as 290 ng of purified mAb was
able to fully suppress the acquisition of the sialyl residue by
40 × 106 parasites.

Identification of lymphocyte acceptors of the sialyl residue
By the expression of trans-sialidase, T. cruzi is not only able to
acquire sialic acids on the parasite surface but also utilizes this
enzyme to alter the immune system modifying the lymphocyte
glycosylation. Therefore, the identification of the acceptor mo-
lecules on the lymphocyte surface is a major goal in
understanding the pathogenicity of Chagas disease. The
Neu5Az transfer catalyzed by trans-sialidase to lymphocyte
surface molecules was assayed on mouse thymocytes and sple-

nocytes by using Neu5Azα2-3LacßOMe as donor of the sialyl
residue. Trans-sialidase transferred Neu5Az to these cells and
generated differential patterns among them (Figure 4A). CD43
mucin is a known acceptor (Mucci et al. 2006) both in vivo
(Mucci et al. 2005) and in in vitro assays (Todeschini, Girard
et al. 2002; Todeschini, Nunes et al. 2002), and then cells/tis-
sues isolated from B6.CD43null mice were assayed here. No
visible differences were found with the wild-type mice when
cells from B6.CD43null mice were assayed, a result that might
be ascribed to the complex pattern of bands that superimposes
with the positions corresponding to the CD43 isoforms. Thy-
mocytes and splenocytes showed a main band, although
displaying a higher MW in splenocytes. Due to their MW, we
speculate that these bands might correspond to the different iso-
forms of CD45 found between these cells. CD45 is a heavily
glycosylated and abundant glycoprotein present in leukocytes
that accounts for about 22% of the cell surface molecules. To
test this hypothesis, mutant CD45−/− and wild-type Jurkat T
cells were assayed for Neu5Az acceptors in the transfer cata-
lyzed by the trans-sialidase. The absence of this mucin leaves
a notorious blank space in the western blot pattern, thus point-
ing to CD45 as a major acceptor of the sialyl residue transferred
by trans-sialidase to the lymphocyte surface (Figure 4B).
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Fig. 3. Trypanosoma cruzi surface molecules are labeled with Neu5Az by trans-sialidase. (A) Scheme of the experimental design. Live trypomastigotes were
incubated with Neu5Azα2-3LacßOMe as sialyl donor, washed and reacted with Phos-FLAG. The incorporation of Neu5Az was followed by immunofluorescence
(IF) or western blot (WB) with anti FLAGmAb. (B) Immunofluorescence (right panels) and phase contrast (left panels) of parasites that acquired the Neu5Az residue.
Tissue culture-derived RA strain parasites were incubated with Neu5Azα2-3LacßOMe (middle panels) and allowed to incorporate the residue by their endogenous
trans-sialidase. In another set of assays, recombinant enzyme was added to allow possible overlabeling (lower panels). (C) Western blots of parasites treated as in B.
Lane 1: total extract of parasites labeled with Neu5Az by the endogenous enzyme. Lane 2: total extract of parasites labeled with Neu5Az after incubation with
exogenously added enzyme. Lane 3: lower exposure of lane 2 to show that the labeled pattern is in fact the same as in lane 1, although stronger. Lane 4: Purified
mucins from tissue culture-derived trypomastigotes were labeled with Neu5Azα2-3LacßOMe plus trans-sialidase. Note that the main bands displayed the same MW
as previous lanes. Lane 5: total extract of metacyclic parasites labeled with Neu5Az by exogenously added enzyme. Note the different pattern of labeled mucins that
characterize this stage. (D) CL-Brener strain trypomastigotes were allowed to acquire Neu5Az as before but in the presence of a purified trans-sialidase-neutralizing or
control mAbs. In all cases, blots were developed with an anti-FLAG mAb. TS, trans-sialidase. In color in the online version.
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Taking into account the high number of putative acceptors
that can be expected on the cell surface, the number of bands
was notably small, especially at the lower MW range. One pos-
sible explanation for this is that larger proteins are more easily
accessible because they protrude from the cell surface and that
CD45 is also present at high density, thus hampering the access
of trans-sialidase to the lower MW glycoproteins. To increase
the chance of trans-sialidase to reach the smaller proteins, in-
creasing amounts of enzyme were added to intact cells (30–
600 ng/106 cells). At the highest trans-sialidase amounts as-
sayed, the enzyme efficiently transferred Neu5Az to a
broader glycoprotein panel and labeled even very low MW
proteins (Figure 5, where two exposures are shown). To facil-
itate the access of the enzyme to cell substrates, we also
assayed the transfer of the Neu5Az residue to thymocyte pro-
tein extracts. In this case, the lowest amount of enzyme
previously tested (30 ng/106 cells) was enough to efficiently
transfer the residue to glycoproteins of a broad MW range.
Therefore, it seems that, despite the many putative surface ac-
ceptors, those with higher MW are favored targets of the
enzyme, probably due to accessibility concerns. However, it
is to be noted that even when the lysis allowed equal access
to all putative substrates by disruption of the cell surface archi-
tecture, CD45 remained to be the major sialyl residue acceptor.
CD8, whose biological activity depends in part on its sialyla-
tion status (Daniels et al. 2001; Moody et al. 2001; Moody
et al. 2003), also emerges as a putative target because of the
doublet of bands observed between 38 and 31 kDa, which
seems to correspond to this marker (see Figure 5).

To favor the identification of other lymphocyte trans-
sialidase acceptor molecules, Jurkat CD45−/− T cells were
treated with trans-sialidase plus Neu5Azα2-3LacßOMe, and
protein extracts were then subjected to pull-down assays with

an anti-FLAG mAb. The material was resolved by SDS–
PAGE and silver-stained to subject individual bands to mass
spectrometry analysis. The results indicate that α-integrins
are included among the targets, together with CD98, an early
T cell activation marker, which is an amino acid transporter
also associated with ß-integrin activation (Table I). Cytoskele-
ton proteins and HSP90AB1 chaperone are probably
copurified due to the mild denaturing conditions used in cell
lysis to allow the anti-FLAG antibody interaction. The sialyla-
tion of integrins might alter their ability to interact with other
cells or with the extracellular matrix. To confirm these results,
extracts from trans-sialidase-catalyzed Neu5Az-labeling of
Jurkat cells were subjected to pull-down assays with anti-
integrins α4, α5 and αL and anti-CD98 antibodies and then
subjected to western blots that were developed with anti-
FLAG antibodies. Results allowed the visualization of the
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Fig. 4. Lymphocyte labeling with Neu5Az by trans-sialidase. (A) Thymocytes
and splenocytes from C57BL/6J and B6.CD43null (CD43KO) mice were
treated with trans-sialidase using Neu5Azα2-3LacßOMe as Neu5Az donor
and a western blot made with total extracts. (B) Human Jurkat T cells and
their CD45−/− derivative were labeled with Neu5Az by the trans-sialidase as
before. Western blots were developed with an anti-FLAG mAb.

Fig. 5. Steric hindrance of lymphocyte surface labeling by trans-sialidase.
Thymocytes were transferred with Neu5Az with increased amounts of trans-
sialidase (30–600 ng/106 cells). The first lane corresponds to a cell lysate that
was treated with the lowest amount of enzyme. Left and right panels are two
exposures of the same blot. Note that although other surface markers were
transferred with Neu5Az at high enzyme amounts, CD45 remains to be the
major acceptor even when the cells were disrupted prior to labeling.

Table I. Molecules identified by MALDI-TOF

Access Protein MW empiric MW in silico

AAB59613 Integrin-α 4 ~150 116
NP_002196 Integrin-α 5 ~150 116
NP_690621 PTK7 ~150 114
AAC31672 Integrin-α L ~150 136
NP_690621 PTK7 ~135 114
P08195 CD98 ~120 58
NP_031381 HSP90AB1 ~90 84
NP_006073 α-Tubulin ~60 50
AAH08633 β-Actin ~42 42

Human Jurkat CD45−/− cells were treated with trans-sialidase and Neu5Azα2-
3LacßOMe. Transferred azido-sialic acid was tagged with Phos-FLAG and
acceptor molecules were pull-down with anti-FLAG mAb after lysis with
Triton X-100, solved by SDS–PAGE and protein bands processed for
MALDI-TOF assay.

Glycoproteins targeted by T. cruzi trans-sialidase



corresponding bands then confirming the acquisition of
Neu5Az by these molecules (Figure 6).

Discussion

Sialylation of proteins is known to have profound biological
consequences. For instance, it is involved in several processes
such as the regulation of the affinity of receptors and in modu-
lation of transmembrane signaling and differentiation (Varki and
Schauer 2009). T. cruzi alters the immune system of the mam-
malian host by modifying cell sialylation through the trans-
sialidase (Leguizamón et al. 1999; Mucci et al. 2002). By the
acquisition of the sialyl residue (Mucci et al. 2006), cells became
prone to induction of apoptosis resulting in the depletion of thy-
mocytes (Mucci et al. 2002; Mucci et al. 2005) and the
prevention of secondary follicle formations in spleen and gan-
glia (Risso et al. 2007). Therefore, the characterization of the
acceptor molecules involved might allow not only to understand
some aspects of the pathogenesis of Chagas disease but also to
deepen our knowledge on lymphocyte glycobiology. In this
work, we utilized azido-modified sugars and bio-orthogonal
chemistries approach that allowed us to determine for the first
time the sialyl acceptors of the trans-sialidase from T. cruzi on
the lymphocyte surface. The information obtained helps to un-
derstand the abnormalities induced by this virulence factor and
to advance several hypotheses for future work.

CD45 isoforms were identified as the major sialyl acceptors
on the cell surface. CD45 is a transmembrane phospho-tyrosine
phosphatase whose main targets are the Src-kinases Lck and
Fyn. Lck is a primary initiator of signal-transduction upon T
cell receptor (TCR) engagement and then CD45 is crucial in
T cell differentiation and activation (Zamoyska 2007; Zamoys-
ka et al. 2003). In T lymphocytes, the CD45 glycosylation
pattern is developmentally regulated and also varies with the
functional stage of the mature cells (Earl and Baum 2008).
These variations allow T cells to interact with the environment
and, for instance, render T cells susceptible to death induced by
CD45 binders such as galectin-1 and -3 (Earl and Baum 2008).
Therefore, modifications catalyzed by the T. cruzi trans-siali-
dase in the glycosylation of CD45 isoforms might also alter
their functionality by disturbing the interaction with several
different counter-receptors and their subsequent signaling in-

cluding galectin-3, a lectin whose genetic disruption prevents
thymocyte depletion during T. cruzi infection (Silva-Monteiro
et al. 2007). In this context, CD98, another detected trans-sia-
lidase sialylation target, is also a known ligand of galectin-3
(Dalton et al. 2007; MacKinnon et al. 2008).

Several molecules other than CD45 were identified as sialyl
acceptors by matrix assisted laser desorption ionization time-
of-flight (MALDI-TOF) mass spectrometry (Table I). Detec-
tion of α-integrins (α4/VLA4, α5/VLA5 and αL/LFA1) as
targets of T. cruzi trans-sialidase takes biological relevance be-
cause these molecules are associated to the intrathymic routing
of the maturating thymocytes (Crisa et al. 1996) and also cost-
imulate T cells and thymocytes (Paessens et al. 2008; Starr et
al. 2003). In this sense it has been observed that, during T.
cruzi infection, immature CD4+CD8+ (“double positive”,
DP) thymocytes suffer apoptosis (Mucci et al. 2002; Mucci
et al. 2005; Mucci et al. 2006) and are also prompted to aban-
don the thymus at an early stage (Savino 2006; Savino et al.
2004) processes that lead to the cell exhaustion of the organ
known to take place during infection (Taliaferro and Pizzi
1955). VLA4 is highly expressed on most thymocytes, and
in CD3loCD69lo DP cells is constitutively activated, being able
to mediate firm attach to fibronectin (FN) (Salomon et al.
1994). As this subset matures to CD3int/hiCD69int, adherence
to FN is lost even when the level of VLA4 remains unaltered,
suggesting that its function and not its expression that is mod-
ulated. Crisa et al. (1996) demonstrated that VLA4 and VLA5
are involved in the different migration patterns occurring dur-
ing thymocyte maturation: CD3hi thymocytes (either “single
positive” or DP) migrate efficiently on FN whereas the CD3lo

DP appears to be stationary. The authors also show that FN
expression and density differ between thymic cortex and me-
dulla, providing a mechanism for controlling thymocyte
migration along these compartments. In the context of T. cruzi
infection, thymuses from infected animals show a stronger FN
network in the parenchyma and higher deposition in the cap-
sular and septal basement membranes (Cotta-de-Almeida et al.
2003). These alterations are associated with a significant in-
crease in VLA4hi thymocytes that exhibit higher density of
VLA4/VLA5. Thymocytes display enhanced migratory prop-
erties in infected animals resulting in the abnormal presence of
DP (VLAhi) cells in peripheral organs (Cotta-de-Almeida et al.
2003). Then DP cells are leaving the thymus even when FN
deposition is stronger and FN receptors expression is higher,
an event that might be related with the fact that unsialylated
integrins are more adhesive to FN (Seales et al. 2005; Semel
et al. 2002) and then the extra sialylation inserted by the trans-
sialidase might reduce even further their binding abilities. In-
creased sialylation of VLA4 and LFA1 might also help to
explain the DP thymocyte apoptosis in the infection. It is
known that the adhesion receptors vascular cell adhesion mol-
ecule-1 and intercellular adhesion molecule-1 costimulate T
cells and thymocytes via these integrins (Paessens et al.
2008). The contribution of sialylation on T cell activation
can be also observed in the formation of ordered synapses to
low and high affinity peptide/major histocompatibility com-
plex where mature T cells only achieve similar levels
compared to thymocytes when they are desialylated (Starr
et al. 2003). Taking into account these results, it might be sug-
gested that over-sialylation of α4 and αL might interfere with
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Fig. 6. Validation of identified sialyl acceptors. Antibodies anti-integrins α4,
α5 and αL and anti-CD98hc were used to pull-down molecules from Jurkat
CD45−/− cells transferred with Neu5Az by the trans-sialidase using
Neu5Azα2-3LacßOMe as donor substrate. Precipitates were analyzed by
western blots developed with anti-FLAG antibodies.
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TCR thymocyte sensibility during selection process increasing
apoptosis in the nurse cell complex.

Materials and methods
Azido-modified sugars
Ac4ManNAz, Phos-FLAG and Neu5Azα2-3LacßOMe were
synthesized as previously described (Laughlin et al. 2006; Yu
et al. 2005). mAb M2 anti-FLAG were obtained from Sigma
(St. Louis, MO).

Parasites
Trypomastigotes from T. cruzi RA and CL-Brener strains were
obtained from infected Vero cells cultured in minimum essential
medium (MEM) plus 5% fetal bovine serum (FBS) (both from
Invitrogen, Carlsbad, CA). Parasites were collected from super-
natants and exhaustively washed with MEM. For further
purification from cell debris, pelleted parasites were allowed
to swim from the bottom and collected from the supernatant.
Metacyclic trypomastigotes were obtained from axenic epimas-
tigote cultures grown in brain heart infusion medium plus 10%
FBS and purified by adhesion to diethylaminoethyl cellulose.

Mice and cells
C57BL/6J breeding pairs were obtained from The Jackson
Labs and bred in our facilities. B6.CD43null mice backcrossed
8× to C57BL/6 were gently provided by Dr. Anne I. Sperling
(University of Chicago, USA). Animals were used when they
were 60–90 days old. All animal experiments were approved
by the Instituto de Investigaciones Biotecnológicas, Universi-
dad Nacional de San Martin Review Committee. Human Jurkat
T cells and their CD45−/− variant were obtained from the
ATCC (Manassas, VI). Trans-sialidase-neutralizing mAb (Ris-
so et al. 2007; Tribulatti et al. 2005) was obtained from culture
supernatant of the producing hybridoma and subjected to pro-
tein A Sepharose and MonoQ (both from GE-Healthcare,
Sweden) purification steps. Anti-E Tag mAb (GE-Healthcare)
was dialyzed against 25 mM NaCl, 25 mM Tris–HCl pH 8.8
before using as control.

Trans-sialidase
Recombinant trans-sialidase was expressed in Escherichia coli
DH5α (Campetella et al. 1994) induced with isopropyl ß-D-
thiogalactopyranoside (Sigma) and purified to homogeneity
by chromatography through Ni++ charged Hi-Trap Chelating
followed by MonoQ columns (GE-Healthcare) as previously
described (Buschiazzo et al. 1996).

Metabolic labeling of cells with ManNAc analogs
Jurkat cells were cultured in the presence of Ac4ManNAz as
previously described (Laughlin et al. 2006). Briefly, cells were
incubated for 3 days with Ac4ManNAz (30 μM final concen-
tration) in Roswell Park Memorial Institute (1640 RPMI)
medium supplemented with 10% FBS (Invitrogen), 10 μg/
mL gentamicin (Sigma) at 37°C, in 5% CO2. Cells were
washed twice with RPMI and resuspended at 1 × 108 cells/
mL, in 150 mM NaCl, 50 mM Tris–HCl pH 7.6 (TBS) plus
1% Triton X-100, supplemented with proteinase inhibitors
(pepstatin, E64 and PMSF) and subjected to five freeze/thaw

cycles. Cell debris was pelleted by centrifugation (15 min at
4°C, 10,000 rpm) and stored at −70°C.

Neu5Az hydrolysis and transference assays
Metabolically labeled Jurkat cell protein extracts (2 μL) were
treated for 30 min at room temperature (RT) with the indicated
amount of trans-sialidase in a final volume of 20μL of TBS
with 0.1 mg/mL of bovine serum albumin (BSA). For trans-
sialylation assays, 2.5 μg of asialofetuin (Sigma) was added
to the reaction. After incubation, trans-sialidase was inacti-
vated by heating at 65°C and extracts were labeled for 16 h
at RT with 250 μM Phos-FLAG. The assay was analyzed by
western blot, 4μL of each reaction was diluted in SDS–PAGE
cracking buffer and after heating at 100°C aliquots were ana-
lyzed on 7.5% gels and then electroblotted to polyvinylidene
fluoride (PVDF) membranes (GE-Healthcare). Membranes
were blocked in 5% nonfat dried milk in TBS plus 0.1%
Tween 20, for 1 h, then incubated for 1 h with anti-FLAG
M2 mAb (Sigma) diluted 1:5000 in 2.5% nonfat dried milk
in TBS plus 0.1% Tween 20. After extensive washing with
TBS plus 0.1% Tween 20, membranes were incubated for
1 h with horseradish peroxidase (HRP)-labeled anti-mouse im-
munoglobulins (Pierce, Rockford, IL) diluted 1:5000 in 2.5%
nonfat dried milk in TBS plus 0.1% Tween 20, and after wash-
ings with TBS plus 0.1% Tween 20, revealed with SuperSignal
West Pico Chemiluminescent Substrate (Pierce).

Neu5Az transference by trans-sialidase to cell surface
acceptors
Jurkat cells and their CD45−/− mutant derivatives were cul-
tured in RPMI medium with 10% FBS (Invitrogen), 10 μg/
mL gentamicin (Sigma) at 37°C, in a 5% CO2 atmosphere.
Cells were harvested, washed with RPMI medium and resus-
pended at 30 × 106cells/mL with 10 mM 2-deoxyglucose
before trans-sialidase treatment. T. cruzi trypomastigotes were
obtained from infections in Vero cell cultures, washed three
times with MEM and suspended in MEM with 10 mM 2-deox-
yglucose (Sigma) at 400 × 106/mL. Thymuses and spleens
were harvested, single cell suspensions prepared in RPMI
and red cells lysed with ammonium chloride (Sigma). After
washing with RPMI, cells were suspended at 300 × 106cells/
mL in RPMI with 10 mM 2-deoxyglucose. Neu5Azα2-
3LacßOMe was included at 1 mM final concentration, and
trans-sialidase was added at 50 ng/1 × 106 cells for thymocytes
and splenocytes; 100 ng/1 × 106 cells (wt) or 200 ng/1 × 106

(CD45−/−) for Jurkat cells and 10 ng/1 × 106 cells for trypomas-
tigotes, unless otherwise indicated. Reactions were allowed to
proceed for 15 to 30 min at RT with gentle agitation and then
cells were washed four times with medium. For western blots,
cells were suspended in TBS plus 1% Triton X-100 and supple-
mented with proteinase inhibitors (pepstatin, E64 and PMSF, all
from Sigma) at 1 × 108 cells/mL for thymocytes or splenocytes
and 0.1 × 108 cells/mL for Jurkat cells and subjected to five
freeze/thaw cycles. Trypomastigotes were suspended in
20mMNaCl, 50mMTris–HCl pH7.6, 0.5% Triton X-100, with
proteinase inhibitors at 5 × 108 cells/mL and subjected to five
freeze/thaw cycles. Cell debris was separated by centrifugation,
and protein extracts were labeled with 250 µM Phos-FLAG, for
16 h at RT.Western blots were prepared and processed as above.
For trans-sialidase reaction in thymocytes and splenocytes ly-
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sates, protein extracts were prepared and assayed with trans-sia-
lidase and 1 mM Neu5Azα2-3LacßOMe for 15 min at RT,
heated at 65°C to inactivate the enzyme and labeled with
250 μM Phos-FLAG, for 16 h at RT. Western blots were pre-
pared and processed as above. For trans-sialidase inhibition
assay, 40 × 106 T. cruzi trypomastigotes were obtained as above
and preincubated with the indicated amount of the purified neu-
tralizing or control mAbs for 10 min at RT at 8 × 106 parasites/
mL. Neu5Azα2-3LacßOMe was then added at 1 mM final con-
centration and incubated 30 min at RT with gentle agitation.
Protein extracts, labeling and western blots were performed as
above.

Purification and labeling of mucins from trypomastigotes
T. cruzi trypomastigote mucins were purified by organic sol-
vents extraction as described by Almeida et al. (1994).
Labeling was performed with 30 ng of trans-sialidase and
1 mM Neu5Azα2-3LacßOMe for 30 min at RT; the reaction
was heated at 65°C to inactivate the enzyme and labeled with
250 μM Phos-FLAG, for 16 h at RT. Western blots were pre-
pared and processed as above.

Mass spectrometry of Neu5Az/Phos-FLAG labeled
glycoproteins
Jurkat CD45−/− cells (60 × 106) were treated with trans-siali-
dase as described above, resuspended in 1% FBS (Invitrogen),
250 μM Phos-FLAG, 10 mM 2-deoxyglucose (Sigma) in phos-
phate-buffered saline (PBS) at 30 × 106cells/mL and incubated
at RT with gentle agitation for 4.5 h. Then, cells were exten-
sively washed with PBS and protein extracts were prepared as
described above. The same procedure was followed to prepare
trans-sialidase untreated control Jurkat CD45−/− cell extracts.
For pull-down assays, trans-sialidase-treated and control ex-
tracts were diluted 1:1 in TBS and incubated for 16 h at 4°C
with 20 μg of anti-FLAG M2 mAb (Sigma), and then 50 μL of
Protein G-agarose slurry (Invitrogen) was added; after 3 h of
incubation with gentle end-over-end agitation at 4°C, the resine
was washed four times with TBS plus 0.5% Triton X-100. For
elution, agarose was resuspended in 1.5 mg/mL of FLAG pep-
tide (Sigma) in TBS plus 0.5% Triton X-100 and incubated for
3 h as above. After alkylation with iodoacetamide, samples
were suspended in cracking buffer and resolved by 10%
SDS–PAGE. After silver staining, discrete bands were cut
out and prepared for in-gel digestion with trypsin as described
(Hellman 2002) and subjected to peptide mass fingerprinting
on a Bruker Ultraflex TOF/TOF (Bruker Daltonics, Bremen,
Germany) MALDI mass spectrometer. The manufacturer's in-
structions were followed, and the resulting peptide mass lists
were used to scan the latest NCBInr sequence database for pro-
tein identity using the search engine ProFound.

Pull-down of integrins α4, α5, αL and CD98
Jurkat CD45−/− cells were treated with trans-sialidase, Neu5A-
zα2-3LacßOMe and Phos-FLAG as described above, and
extracts were incubated overnight with the corresponding anti-
bodies (all from Santa Cruz, CA), then 50 µL of Protein G-
agarose slurry (Invitrogen) was added. After 3 h of incubation
with gentle end-over-end agitation at 4°C, the resine was
washed 10 times with TBS plus 0.5% Triton X-100. The

slurries were resuspended in cracking buffer, resolved by
7.5% SDS–PAGE and electroblotted to PVDF membranes
(GE-Healthcare). Membranes were blocked in 5% BSA in
TBS plus 0.1% Tween 20 for 1 h, then incubated for 1 h
with anti-FLAG M2 mAb (Sigma) diluted 1:5000 in 2.5%
BSA in TBS plus 0.1% Tween 20. After extensive washing
with TBS plus 0.1% Tween 20, membranes were incubated
for 1 h with HRP-labeled streptavidin (R&D Systems Min-
neapolis, MN) diluted 1:200 in 2.5% BSA in TBS plus
0.1% Tween 20, and after washings with TBS plus 0.1%
Tween 20, revealed with SuperSignal West Pico Chemilumi-
nescent Substrate (Pierce).
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HRP horseradish peroxidase; mAb, monoclonal antibody/ies;
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time of flight.
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