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Abstract

Glycoproteins are involved in many important molecular recognition processes including invasion,
adhesion, differentiation, and development. To identify the glycoproteins of Toxoplasma gondii, a
proteomic analysis was undertaken. T. gondii proteins were prepared and fractioned using lectin
affinity chromatography. The proteins in each fraction were then separated using SDS-PAGE and
identified by tryptic in gel digestion followed by tandem mass spectrometry. Utilizing these
methods 132 proteins were identified. Among the identified proteins were 17 surface proteins, 9
microneme proteins, 15 rhoptry proteins, 11 heat shock proteins (HSP), and 32 hypothetical
proteins. Several proteins had 1 to 5 transmembrane domains (TMD) with some being as large as
608.3 kDa. Both lectin-fluorescence labeling and lectin blotting were employed to confirm the
presence of carbohydrates on the surface or cytoplasm of T. gondii parasites. PCR demonstrated
that selected hypothetical proteins were expressed in T. gondii tachyzoites. This is data provides a
large scale analysis of the T. gondii glycoproteome. Studies of the function of glycosylation of
these proteins may help elucidate mechanism(s) involved in invasion improving drug therapy as
well as identify glycoproteins that may prove to be useful as vaccine candidates.
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1. Introduction

Toxoplasma gondii is an obligate intracellular parasite of both humans and domestic
animals. Infection in humans is common occurring via food-borne or waterborne
transmission and via maternofetal transmission resulting in congenial infection [1, 2]. There
are three major life stages of this Apicomplexan: the tachyzoite which is involved in acute
infection and dissemination of the parasite in its host, the bradyzoite which is found in tissue
cysts and latent infection, and the oocysts which is the sexual stage that develops in the
feline gastrointestinal system[3]. Usually people become infected with T. gondii after
ingestion of uncooked or undercooked meat products containing bradyzoites, or oocyst/
sporozotes from contaminated water or soil[4]. This causes an acute infection, due to
tachyzoites, which is occasionally symptomatic, but in the majority of cases resolves
resulting in latent infection. Latent infection persists due to the formation of cysts,
containing bradyzoites, in muscle, neurons and glia. It is capable of causing severe
congenital neurological impairment in acquired in utero [1, 3]. Infection can reactivate from
latent tissue cysts in patients with immune suppression, such as HIV infection, resulting in
acute infections most often manifesting as encephalitis [4]. Reported T. gondii infection
rates can be as high as 70%, depending on the population or geographic area studied[1]. T.
gondii can infect all warm-blooded mammals although the definitive hosts are members of
the cat family.

Glycosylation, both N-linked and O linked oligosaccharides, is one of the most common and
important post-translation modifications seen in eukaryotic proteins [5-7]. This post
translational modification can have significant effects on protein structure and function and
is often a developmentally regulated process. Glycosylation pathways occur in the cytosol,
endoplasmic reticulum, and the Golgi complex and involve transport steps, processing
glycosidases, and glycosyltransferases[8, 9]. Glycosylation is often found on membrane and
secreted proteins, being added onto these proteins during transport and synthesis in the ER
(N-linked glycosylation) or during passage through the Golgi (O-linked glycosylation)
Oligossacchrides greatly affect the physical properties and biological functions of many
proteins playing critical roles in correct protein folding as well as cell-cell interactions.

Several studies had suggested that glycosylation was rarely seen in T. gondii proteins and
this issue was considered controversial, but recent papers have clearly demonstrated
glycoproteins in T. gondii RH strain tachyzoites [10-12]. Glycosylation has been
demonstrated on proteins in the inner membrane complex associated with motility[10, 12].
Consistent with this observation, tunicamycin treated parasites have been demonstrated to
have defects in invasion and motility [10, 12]. The tissue cyst wall (formed by modification
of the parasitophorous vacuole by bradyzoites) of T. gondii has been demonstrated to react
with the lectins Dolichos biflorus (DBA) and succinyl Wheat Germ Agglutinin (SWGA)
[13]. Examination of the T. gondii genome (www.toxodB.org) demonstrates the presence of
enzymes for the synthesis of both N-linked (dolichol-linked precursor oligosaccharides) and
O-linked (UDP-N-acetyl-D-galactosamine:polypeptide N-acetylgalactosaminyltransferases)
modifications[14, 15]. Cell free extracts of T. gondii have been demonstrated to have both
N-glycosylation and O-glycosylation activity using synthetic peptide substrates [15-17]. In
addition, studies using mass spectrometry have defined the presence of Mang(GIcNAC)s,
Manz(GIcNACc),, and Man8(GIcNAc), N-glycans in T. gondii [12]. Interestingly, there was
an absence of glycans containing sialic acid, galactose and fucose residues in this analysis
[12].

The development of new preventative and therapeutic strategies for pathogens should relay

on an improved understanding of the interactions between pathogens and their hosts. Surface
proteins are a potential target of many compounds aimed at preventing microbial infections
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and many of these proteins are glycosylated. Moreover, because surface proteins are likely
to interact with the host immune system, they often become components of effective
vaccines, many of which are based on glycoproteins. T. gondii, like other Apicomplexa, is
surrounded by a triple membrane system, termed the pellicle, consisting of the plasmalemma
and inner membrane complex. There are several approaches currently in practice to identify
surface proteins. The first approach is based on surface protein prediction by genome
analysis using algorithms such as PSORT [18]. The method is rapid but is not fully reliable
nor is it quantitative. The second approach employs separation of membrane and cell wall
fractions from the cytoplasmic fraction followed by the identification of proteins by 2D-gel
electrophoresis or 2D-chromatography coupled to mass spectrometry [5]. This approach is
reasonably quantitative. Subcellular extraction can simplify this type of analysis and
enhance protein identification.

In this report we demonstrate a simple and efficient approach for determining the
glycoproteome of T. gondii. A buffer containing detergent and a high salt concentration was
utilized to extract surface and organelle glycoproteins using serial lectin affinity
chromatography (SLAC). From this fraction, 132 glycoproteins were identified. Several
methods were used to confirm the identification and the presence of carbohydrates on the
surface or in cytoplasm of T. gondii.

2. Materials and methods

2.1 Host cells and parasites

Toxoplasma gondii RH strain was maintained by serial passage in confluent monolayers of
human foreskin fibroblasts (HFF) incubated at 37°C under a 5% CO2 atmosphere in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% (v/v) fetal bovine
serum (FBS, Invitrogen, CA), 2mM glutamine and 20mM penicillin streptomycin. Cells
were maintained as a contact-inhibited monolayer until required. Infection was maintained
by inoculating flasks (T25 or 75) with freshly harvested tachyzoites. Parasites were purified
by passing infected cells through a 25 gauge needle and then separated from host cell debris
by passage through a 3um Nucleopore membrane. Parasites were pelleted and then used for
either protein or RNA purification. Total RNA was extracted using TRIzol (Invitrogen CA)
as per the manufacturer’s recommendations.

2.2 Extraction of T. gondii proteins

T. gondii (2 x 1010) was suspended in 1ml PBS containing 0.5% Nonidt P40 and 500 mM
NaCl and protease inhibitor cocktail (Complete Protease Cocktail, Roche Applied Science,
Indianapolis, IN) and incubated for 2 hours at 4°C on ice. The tube was then centrifuged at
13600 x g in an Eppendorf microcentrifuge for 16 min and the supernatant collected for
lectin affinity chromatography.

2.3. Serial lectin affinity chromatography (SLAC)

Spin columns of Agarose bound to Con A, WGA, or Jaclin (Vector Laboratories,
Burlingame, CA) were equilibrated with buffer A (10 mM Tric ClI, pH 7.5, 150 mM NacCl,
1mM CaCl,, 1mM MnCl,). One ml of the T. gondii membrane extraction was first applied
to the Con A column, this column was allowed to rotate at 4°C for 2 h and then the ConA
column was then spun down (1000 x g for 1 min) and the pass through loaded into WGA
column. The WGA column was then handled as noted for the Con A column with the pass-
through being loaded onto the Jaclin column. Once the glycoproteins were bound to each
column (i.e. ConA, WGA and Jaclin) the columns were washed extensively with buffer A
until no proteins could be detected in washes. Elution was then carried out by incubation for
15 min with 200 mM a-methyl mannoside (a-MM) for the Con A column, 500 mM N-
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acetyglucosamine (NAGIc) for the WGA column, and 800 mM galactose for the Jaclin
column, respectively followed by centrifugation (100 x g for 10 min). The eluates were then
used for SDS-PAGE and subsequent mass spectrometry. This workflow is outlined in Figure
1. Changing the order of the columns might change where in the purification a protein
appeared, as a protein could bind to multiple lectins, however, one would expect a similar
overall list of proteins if the columns were used in a different order.

2.4. SDS-PAGE and in-gel tryptic digestion

Protein eluates (30 ul per lane) were analyzed by electrophoreses in a 7.5 to 17.0 % gradient,
1 mm thick gel using a constant current of 400 mA for 1 h. The resolved proteins were
visualized by GelCode Blue (Pierce, IL) and the corresponding bands were excised. The gel
bands were destained with 60% acetonitrile solution and then the proteins in the gels were
digested with trypsin[19]. Briefly, gel pieces were completely dried down in a vacuum
centrifuge, rehydrated with a trypsin solution and allowed to incubate on ice for 45 min.
After 45 min, the trypsin supernatant was removed and replaced with approximately 20 ul of
digestion buffer without trypsin so that the gel pieces were covered. The gel pieces were
kept wet at 37 °C overnight for digestion with mixing.

2.5. LC-MS Analysis

The labeled tryptic peptides were subjected to LC-MS/MS analysis on an LTQ mass
spectrometer (Thermo Scientific, San Jose, CA). Chromatographic separation of peptides
was performed on a nano HPLC System (LC Packings, San Francisco, CA, USA). The LC
eluate from a 75 um i.d. x15 cm, PepMap C18 column (Dionex, Marlton, NJ) was directed
to a micro-ionspray source. Throughout the LC gradient, MS and MS/MS data were
recorded continuously using a 6-sec cycle time. With each cycle, MS data were accumulated
for 1 s, followed by three CID acquisitions of 2.5 s each on ions selected by preset selection
parameters of the data-dependant acquisition method. In general, the ions selected for CID
were the 2 most abundant obtained from the survey MS spectrum, except that singly charged
ions were excluded and dynamic exclusion was employed to prevent repetitive selection of
the same ions within a preset time. Rolling collision energies were used to adjust
automatically for the charge state and the mass/charge value of the precursor ion. Searches
were performed using Mascot and a T. gondii protein database
(http://toro.aecom.yu.edu/biodefense/) [19-21]. In all searches, oxidation of methionine,
deamidation of asparagines and glutamine and conversion of glutamine to pyroglutamic acid
(N-terminus) were selected as variable modifications and carboxyamidomethylation of
cysteine residues was selected as a fixed modification, and a maximum of one missed
cleavage. The peptide precursor mass tolerance was +/— 2 Da and the MS/MS product ions,
+/— 0.8 Da. The data were also searched against a scrambled decoy database with false
discovery rate of 1%.

2.6. Isolation of glycopeptides from intact T. gondii

In other experiments, trypsin was utilized to cut the surface membrane proteins free from T.
gondii, (2 hr at 37°C), the T. gondii were then removed by centrifugation (10,000 x g for 3
min). The supernatant containing the liberated glycoproteins was then removed and was
allowed to complete its proteolysis until tryptic peptides were obtained (12 hr at 37°C). The
supernatant was diluted in buffer A and Con A conjugated beads (lectin affinity
chromatography) were used to capture these glycopeptides. The column was washed three
times with buffer A, twice with buffer B (25 mM Tris, 10 mM NaCl, pH7.36) and then the
bound glycopeptides were released from the beads by incubation for 2 hr at 37 °C in buffer
B containing peptide N-glycosidase F (PNGase F) and the column washed with 1 volume of
buffer B. The last wash and PNGase F fractions were pooled and then strong cation
exchange chromatography (SCX beads) was used to fractionate the deglycosylated peptide
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mixture into eight fractions by step-gradient elution using standard protocols. Nano-LC-MS/
MS was then performed to analyze these eight fractions, and obtain amino acid sequences of
the released glycopeptides.

2.7. Lectin blotting

For detection of lectin-binding sites on glycoproteins following SDS-PAGE and transfer to
PFA membranes, the following HRP conjugated lectins (EY Laboratories) were used: Con
A, high affinity for alpha-D-mannosyl residues; wheat germ agglutinin (WGA), affinity for
D-N-acetylglucosamine; Jacalin, high affinity for N-acetylgalactosamine-beta-1,3-galactose.
After blocking PFA membranes in 1% BSA/PBS containing 0.2 % Tween 20 for 4 h, they
were incubated for 1 h at room temperature with lectins conjugated with HRP in PBS/
0.2%BSA/0.2 Tween 20 at the following concentrations: 1 ug/mL Con A, 2 pg/mL WGA,
2ug/mL Jacalin, respectively. All incubations were accompanied by control incubations in
the presence of corresponding inhibiting sugars: 0.4 M methyl-mannopyranose for Con A,
0.5 M N-acetylglucosamine for WGA, 0.8 M galactose for Jaclin. After rinsing using TBS/
0.2% Tween 20, wash three times for 5 min in the same buffer, and reactive bands were
detected according to the manufacturer’s instructions (Amersham Biosciences, Part of GE
Healthcare).

2.8. Lectin-fluorescence labeling

For surfacing labeling of parasites, freshly purified T. gondii tachyzoites were suspended in
fixation buffer (PBS/3% paraformaldehyde/0.05% glutaraldehyde, pH 7.2) at 10° parasites/
ml and were then applied to poly-lysine coated (100 ug/ml) glass coverslips for 30 min.
After adherence onto coverslips specimens were rinsed in PBS and placed in blocking
solution (PBS/1%BSA/50 mM glycine) for 4h. Lectins (ConA, WGA, Jacalin) conjugated
with FITC were diluted 1:200 in PBS and incubated with the coverslips for 1 h at 37°C.
Specimens were rinsed five times in PBS for 5 min each time and then briefly rinsed in
distilled water. For a negative control slides were incubated with anti mouse IgG -FITC at
1:500 for 1 hour and then rinsed five times in PBS. For a positive control slides were
incubated with a mAb to SAG1 (p30 a major T. gondii surface antigen) at 1:500 for 1 hour
followed by washing with PBS, then incubation with secondary anti-mouse IgG-FITC at
1:500 for 1 hour and then washed 5 times in PBS. The preparations were then examined on a
Leitz Laborlux S fluorescence microscope.

For the detection of intracellular lectin binding sites, parasites were fixed in PBS/3%
paraformaldehyde, and after adherence onto coverslips rinsed in PBS and subsequently
permeabilized using 0.1% Triton X100 for 30 min. After fixation the coverslips were rinsed
three times in PBS and were placed into blocking solution (PBS/1%BSA/50 mM glycine),
washed with PBS and incubated with 1:200 lectin conjugated with FITC in PBS for 1 h at
37°C. Specimens were then rinsed in five times in PBS for 5 min each time and then briefly
rinsed in distilled water. The preparations were then examined on a Leitz Laborlux S
fluorescence microscope.

2.9. Hydropathy calculations and transmembrane mapping

All identified proteins were analyzed using the ProtParam program (available at
http://www.expasy.ch/sprot/sprot-top.html), which allows the calculation of the grand
average of hydrophobicity (GRAVY) value for a given protein. The proteins exhibiting
positive GRAVY values were recognized as a hydrophobic. All identified proteins were
examined by the TMHMM Server (Prediction of transmembrane helices in proteins;
http://www.cbs.dtu.dk/servicess TMHMM). The analysis was performed to map TMDs [22].
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2.10. Polymerase Chain Reaction (PCR)

3. Results

A total RNA of 5ug was used for the synthesis of cDNA using AMV reverse transcriptase
(TAKARA USA BIO) following the protocol supplied with the reagent. One ul of the
resultant cDNA was used as a template in a 50ul PCR reaction using the fast start high
fidelity PCR system (Roche Applied Science, IN). Hot start amplification was initiated with
2 min 95°C denaturation, followed by 30 cycles (95°C for 15sec, 53°C for 15 sec, and 72°C
for 3 min) of amplification which was terminated by a 72°C extension for 10 min. Gene
products were cloned into the PCR8GWTOPO vector (Invitrogen, CA) by TOPO cloning
and sequenced at the Einstein Sequencing Facility.

The following oligonucleotide primer pairs were used for proteins identified by SLAC (the
ID number of the corresponding gene from ToxodB (www.toxodb.org) is listed followed by
the primers used (5’-3") for RT-PCR for each gene): 55.m00103 (TCATTCACCCCGTTTTT
TGTGACTCTTGG::CTGACGTGACGCTGCGTACTGACTG); 41.m01274 (TCGGA
CTCGGTCGGTCGAAATGTGC::CTCGGACTCACAAGCCAGTGAATACGTCG),
76.m01589
(GTGTGCCTCAGGCACTGGTGGCTC::GCCTCGCTGCATCGTCTCTCGA),
67.m00007

(TGGCGCATCTGGAGATGCCGGCTG:: TCGCCTTGCGGAAACGTGTACGTCC),
49.m03169 (CAGGCGATAGCGCGGGGGGACCGC::
TTCGCTTGGTCTCTGGTAGCCCAGCC),
80.m02161(AGGGCGATCGTGGCATCGACGCAGCAG::GTTGTGTTTGCTGCCTGCA
GAGCC GCGCA), 46.m01601
(AAGCCACAAGTTTTGTTCGGTCTTC::AACGTATTTCTTC
AAAAGGTTGTCAAGGGTGG), 42.m03584
(TCGTCATCCAGATTGGTACTCGTTTCC::CCCC
GTGACGGGGAAGTACGCAGTCAGTTGA), 31.m00928
(AGGACGTCACGTCTCTTGTG TGCATTTGG::CAGCACTTGTTGCATTG
CGATTCCAGAAGC), 55.m08219 (AAAGTGACCA CGAAAGGGCTTGCTTT TGC::
CATCCGATGTGAAGAAAGTTCGGTAGTTGG), 50.m00023
(GCTGAAACTGCTCTGTACTAC
CAGG::GTATTTGAAGTTCGGAGGCAACACAAACGC), 76.m01543
(TGTGTGTGGTACGGACAGGCACG: TATATTGTCATCTTGCTCGCCAGGA
CCTGAAGCG), 59.m03403
(ATCCACACGGGCCTGGATCTGC::GTGAGCAGGAGCACCG GCCGGT)

3.1 Glycoprotein identification

T. gondii membrane proteins were separated by SLAC followed by SDS-PAGE (Figs.1 and
2). Among the proteins identified from T. gondii by SLAC as having glycoepitopes were 9
microneme proteins, 7 dense granule proteins, 15 rhoptry proteins, 17 surface proteins, 19
enzymes, 11 heat shock proteins, 20 other proteins, and 32 hypothetical proteins (Table 1
and Supplemental Table 1). This data has been deposited at EPICdB
(http://toro.aecom.yu.edu/cgi-bin/biodefense/main.cgi) and ToxodB.
(http:/toxodb.org/toxo/) [20]. Of these 132 glycoproteins some bound only to con A; some
to both WGA and con A, or con A and Jacalin, or WGA and Jacalin; and some to all three
lectins (see Table 1 final column). The majority of these proteins were purified using the
Con A column. Of interest, is that one of the 32 novel hypothetical proteins, protein
(80.m02347), with a molecular weight of 608.3 kDa was predicted by TMHHD to have a
single TM helix domain with the majority of its structure being outside the membrane on the
surface of the parasite. Table 1 presents all of the SLAC identified proteins organized

Microbes Infect. Author manuscript; available in PMC 2012 December 1.


http://toro.aecom.yu.edu/cgi-bin/biodefense/main.cgi
http://toxodb.org/toxo/

1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Luo et al.

Page 7

according to presumed function. The majority of these proteins have predicted N-
glycosylation sites (http://www.cbs.dtu.dk/services/NetNGlyc/). It was previously believed
that glycosylation was rare in T. gondii proteins; however, our data provide evidence for a
large number of previously unrecognized glycoproteins in this organism. Overall, this work
demonstrates that SLAC combined with tandem MS is a powerful approach for
glycoproteomic analysis in T. gondii and that glycosylation occurs in a significant number of
the proteins.

3.2. Glycopeptide Isolation from Intact T. gondii

A total of 30 T. gondii glycoproteins were identified using an approach which employed
trypsin to “shave” surface proteins off of T. gondii followed by completion of the proteolysis
of the liberated proteins until tryptic peptides were obtained. The glycopeptides were then
purified by Con A lectin affinity chromatography and the bound glycopeptides released
from the affinity column by PNGase F and analyzed by mass spectrometry. As expected,
most of the identified glyoproteins were putative membrane proteins based on BLAST
similarities (Table 2), some, however, were enzymes and hypothetical proteins of unknown
function and localization. All of the proteins had N-linked glycoprotein domains (indicated
by bold type in Table 2) consistent with the presence of glycoepitopes in these proteins. This
simplified approach of “protein shaving”, could prove to have significant utility for the
identification of unknown or previously unsuspected T. gondii surface membrane proteins.

3.3. Detection of lectin binding in T. gondii using florescence microscopy

FITC-conjugated Con A, WGA, and Jacalin were used to examine the microscopic
localization of these lectins in RH strain tachyzoites (i.e. a lectin IFA technique). Con A
produced a bright and uniform staining on the entire surface of every tachyzoites (see Fig.
3A) as did WGA and Jacalin. When these organisms were permeablized with 0.1% Triton
X-100 diffuse staining of the cytoplasm was seen. No specific structures (i.e. micronemes,
rhoptries, dense granules, etc.) were uniquely stained by any of these lectins. This suggests
that glycoepitopes binding these lectins are present in both membrane bound and
cytoplasmic proteins (Fig. 3A).

3.4. Detection of glycoproteins using lectin-blotting

Further information on the presence of glycoproteins in T. gondii was obtained by
employing HRP-conjugated lectins Con A, WGA, and Jacalin. Following SDS-PAGE and
transfer to nitrocellulose, the same lectins used for fluorescence studies were used to probe
the three different fractions obtained after NP-40 extraction of T. gondii tachyzoites (Fig.
3B). This lectin overlay procedure demonstrated multiple bands in the solubized membrane
preparations. Binding of the lectins to these proteins could be blocked by the addition of the
corresponding saccharide used for SLAC elution in the lectin-HRP binding solution. These
results demonstrate that the membrane protein preparation contains glycoproteins with both
mannose and N-acetylglucosamine modifications.

3.5. PCR validation

To test for the presence of expression of hypothetical proteins identified by mass
spectrometric techniques, we chose 13 candidate proteins which were annotated as
hypothetical proteins in the T. gondii genome database. Of these, 8 were eluted with o-
methyl mannoside from the ConA column and 4 were identified in the galactose eluted
fraction from the jacalin column. A forward and reverse primer was designed to the
beginning and end of the target gene coding region as predicted in the T. gondii database. As
shown in Fig. 4, out of 13 target genes there were specific PCR products of the predicted
size for 12 of the candidate genes confirming their expression at the transcriptional level in
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T. gondii RH strain validating the presence and active expression of the majority of the
genes corresponding to the hypothetical proteins identified by mass spectrometry.

4. Discussion

The identification of an entire proteome, regardless of its origin, is a daunting task for
several reasons. The dynamic range of current instrumentation is limited by fluctuating
protein expression levels, which may span more than six orders of magnitude. In addition,
the limited sensitivity and ability of contemporary proteomics to characterize proteins with
high molecular masses, extreme isoelectric points, or extremes in hydrophobicity precludes
complete coverage of a given proteome. One approach to circumvent these difficulties is to
reduce sample complexity by fractionation. The enrichment of proteins from a selected part
of proteome is expected to facilitate the identification of low abundance proteins and assist
characterization of proteins related to specific organelles or structures. Fractionation of
tachyzoites using the non-ionic detergent NP-40 and 500 mM NaCl demonstrated that the
majority of glycoproteins were identified in the NP-40-soluble, hydrophobic, fraction, which
is enriched for membrane proteins; however, it should be appreciated that this method may
not detect all of the integral glycoproteins. In addition, while the method used should limit
protein complex formation during SLAC it is still feasible that some of the identified
proteins may have been purified due to their binding to glycoprotein(s) which bound to the
columns.

In the current manuscript we present several lines of evidence that indicate the presence of a
significant number of glycoproteins in T. gondii tachyzoites. This data confirmed that a
significant number of proteins involved in invasion and motility are probably glycoproteins.
This is consistent with observations from other investigators [10-13, 15, 16, 23] as well as
the presence of the enzymatic machinery for both N-linked and O-linked glycosylation in
the T. gondii genome (www.toxodB.org)[14]. Both lectin overlay (i.e. lectin blotting) and
lectin IFA techniques confirmed the presence of glycoproteins and provided independent
validation of the SLAC results. In addition, it has been previously reported that tunicamycin
treatment of T. gondii decreased the number of proteins purified by ConA affinity
chromatography [12]. Many of the glyoproteins that were identified were membrane-
associated proteins. We identified several surface antigens (SAGs and SRS domain proteins)
by SLAC as being probable glycoproteins. By microscopy, ConA, WGA and jacalin
fluorescent conjugates labeled the surface of T. gondii.

T. gondii has several specialized organelles associated with invasion and its ability to
establish a parasitophorous vacuole in which it replicates within its host cell [1, 3, 24]. The
apical end of this parasite contains an elaborate cytoskeletal structure and regulated
secretory organelles, the micronemes and rhoptries, which function in host cell invasion
discharging their contents from the apical end of the parasite. Microneme proteins are
released first, upon contact with the host cell and are thought to function in host cell and are
thought to function in host cell recognition and attachment. The content of rhoptries are
released next and may function in the formation of the parasitophorous vacule (PV).
Another secretory vacuole, the dense granules, discharge from the apical, lateral, and
posterior surfaces of the parasite. Dense granule proteins are released next during the
formation of the parasitophorous vacuole. Several of the glycoproteins we identified were
from these organelles, suggesting that this post translational modification may be important
in the process of invasion and establishment of the parasitophorous vacuole. This is
consistent with data on the ability of tunicamycin to inhibit invasion[10, 12]. In addition,
many of the identified proteins in these structures had TMDs, suggesting that they were
membrane associated. Microneme proteins (MIC) 1, 2, 3, 4, 6 were identified as
glycoproteins and MIC 2 and MIC6 also had predicted TMDs. Fifteen rhoptry proteins
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(ROPs and RONS) were identified as glycosylated and four have at least one TMD. This is
consistent with a previous publication that also found evidence for glycosylation in RON2
and AMA [12], which are key components in the moving junction formed during cell
invasion. Seven dense granule proteins (GRA) proteins were identified as glycoproteins and
four GRAs have two TMD. Consistent with these findings, it had been previously
demonstrated that GRAZ2 is O-glycosylated[25], Several cytoskeletal components were also
identified as glycoproteins consistent with data that demonstrated that membrane anchor
myosin X1V (GAP50) and TgMyoA were glycoproteins and involved in the effect of
tunicamycin on invasion [10, 12]. These data are suggestive that glycoproteins are
components of the glideosome. Our data confirmed that myosin, despite lacking an obvious
ER motif, is consistently purified by lectin affinity chromatography. In other eukaryotes
there are examples of proteins being glycosylated without such ER motifs [26, 27]. Overall,
our data suggest that glycoproteins are key constituents in host-parasite interactions during
invasion and establishment of the parasitophorous vacuole.

Heat shock- or stress induced activation of a set of heat shock protein genes is a
characteristic of eukaryotic and prokaryotic cells. The heat shock proteins have been
implicated as chaperons for protein folding and transport [28-30]. Heat shock proteins fall
into several subfamilies, the low molecular weight (16-35 kDa) or small heat shock proteins
(smHsps), the hsp60 family, the hsp70 family (68—78 kDa), and the high molecular weight
(89-110 kDa) heat shock protein families (hsp90 and hsp100) [28, 29]. In recent years, it
has become clear that heat shock proteins are not just restricted to stress responses, but are
also regulated developmentally [28, 29]. In protozoan systems, a link between heat shock
proteins and development and intracellular survival has been established [29]. We identified
11 heat shock proteins as possible glycoproteins. In examination of the identified protein
gene predictions, there appear to be two different types of hsp90 one with TMD and one
without TMD, five isotypes of hsp70 of which one has TMD and two hsp60s one with and
one without a TMD. Consistent with our data Tomavo and his collaborators also have
demonstrated that a number of heat shock proteins were present in their analysis of N-
glycosylation in T. gondii [12].

Overall, this work clearly demonstrates that SLAC combined with tandem MS is a powerful
approach for glycoproteomics in T. gondii and that glycosylation is not a rare modification
but occurs in a significant number of the proteins of this important human and veterinary
pathogen.
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Figure 1.
Schema for glycoprotein enrichment for proteomic analysis of T. gondii by LC-MS/MS.
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Jacalin

Figure 2. SDS-PAGE of T. gondii glycoproteins isolated by lectin affinity chromatography
The protein molecular weight standards are shown on the left. The gel band numbers
correspond to proteins identified in Table S1 and Table 2. Std: molecular weight standard.
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Figure 3. Lectin binding to T. gondii

A. Fluorescence microscopy of lectin-stained T. gondii. Con A-FITC, WGA-FITC, and
Jacalin-FITC was employed to examine both fixed and permeabized (0.2% Triton X100) T.
gondii. There was no change in staining with permabilization. All three lectins bound to the
parasite consistent with the presence of glycoproteins. Negative control: antimouse-FITC,
Positive control: mAb to SAG1 (p30) with secondary anti-mouse 1gG-FITC. Bar length in
each panel is 5 um.

B. Lectin overlay with ConA,, WGA and Jacalin. Blots were probed with horseradish
peroxidase conjugated Con A, WGA, and jacalin, respectively. Numerous bands were
present demonstrating the presence of both N- and O-glycoroteins in T. gondii tachyzoites.
No bands were seen when the sugars binding each lectin (e.g. a-methyl mannoside for
ConA, N-acetylglucosamnine for WGA and galactose for jacalin) were added to the elution
buffer.
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Figure 4. RT-PCR of the genes corresponding to hypothetical glycoproteins identified by mass
spectrometry

Lanes 1-8 and lane 13 are the gene products in which the corresponding protein was eluted
from Con A column by o methyl mannoside and the lanes 9-12 belongs to gene products
corresponds to proteins eluted from jacalin column by galactose. Lane 1: 55.m00103, Lane
2:41.m01274, Lane 3: 76.m01589, Lane 4: 67.m00007, Lane 5: 49.m03169, Lane 6:
80.m02161, Lane 7: 46.m01601, Lane 8: 42.m03584, Lane 9: 31.m00928, Lane 10:
55.m08219, Lane 11: 50.m00023, lane 12:76.m01543, Lane 13: 59.m03403. Std: DNA
ladder.
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