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Abstract

Toxoplasma gondii, an obligate intracellular apicomplexan, causes latent infection in about one-
third of the human population. During latent infection 7. gondiibradyzoites are found within
cysts, a modified parasitophorous vacuole. This parasite has a large family of SRS (surface
antigen-1 related sequence) proteins which are reported to be involved in attachment of these
organisms to their mammalian host cells and in immune subversion during latent infection. We
have identified a novel mucin-domain containing SRS protein, using a glycoepitope-specific
antibody, which recognizes the cyst wall. SRS13 has two SRS domains and between these
domains is a threonine-rich tandem repeat mucin like domain that is similar to the mucin like
domain seen in another cyst wall specific SRS protein CST1 (SRS44). SRS13 is upregulated in
bradyzoites and O-GalNAc glycosylated by ppGalNAc-T2 and T3. Similar to the cyst wall protein
CST1, SRS13 localizes to the cyst wall, but unlike CST1, SRS13 is dispensable for normal cyst
wall formation. Together, these findings elucidate the role of a second SRS mucin domain protein,
SRS13, in bradyzoite biology and expands the previously reported functions of the SRS protein
family.
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INTRODUCTION

Toxoplasma gondiiis an obligate intracellular protozoan parasite that infects up to a third of
world’s population (Tenter et al. 2000). The predilection of this parasite for the central
nervous system, causing necrotizing encephalitis, and for the eye, causing chorioretinitis,
constitutes its major threat to patients. 7. gondii can cause lethal encephalitis in immune
compromised individuals, such as patients who have received organ transplants and those
with advanced HIV infection. Infection can also cause congenital disease, when a
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seronegative woman is infected during pregnancy, resulting in blindness and intellectual
disabilities in children infected /n utero. The asexual cycle of 7. gondii consists of two life
cycle stages: rapidly replicating tachyzoites that cause acute infection and the slower
growing bradyzoites that are found in tissue cysts and are responsible for chronic or latent
infection. While the asexual stages of these parasites cause infection in numerous
homeothermic vertebrates, replication as a sexual cycle occurs only in the enterocytes of the
Felidae. Transmission of 7. gondiiis due to ingestion of tissue cysts containing bradyzoites,
the latent asexual stage found in animal tissues, or ingestion of oocysts containing
sporozoites, the sexual stage found in cat feces.

A family of GPI-anchored proteins termed SRS (Surface antigen glycoprotein 1 Related
Sequence) proteins covers the surface of 7. gondii. These proteins have a SRS fold
containing conserved 4 or 6 cysteine pairs that form intra-molecular disulfide bonds ((He et
al. 2002) IPR007226/ PF04092). Typical SRS proteins contain either one or two SRS
domains, form homodimers, and have a C-terminus glycosylphosphatidylinositol (GPI)
anchor involved in tethering these proteins on the plasma membrane. Discrete repertories of
SRS proteins are developmentally expressed and are specific to each stage of differentiation.
There are 144 SRS genes in the 7. gondiif ME49 genome, of which 35 are pseudo genes
(Wasmuth et al. 2012). These SRS proteins can be classified into eight subfamilies based on
their sequence similarity (Wasmuth et al. 2012). Various SRS proteins have been
demonstrated to have important biological functions such as adhesion to the host cell surface
(SAG3/ SRS57), virulence (SAG1 / SRS29B), and immune modulation (SRS9 / SRS16B)
(Dzierszinski et al. 2000; Van et al. 2007). Previously, our group demonstrated that a unique
large SRS protein CST1 (SRS44), a mucin-like domain containing glycoprotein with
thirteen SRS domains that belongs to SRS Family 2, is necessary for the construction of an
intact cyst wall and confers structural rigidity to the parasite cyst wall (Tomita et al. 2013).
We also determined that the mucin domain of CST1 is glycosylated by the polypeptide N-
acetylgalactosaminyltransferase isoforms ppGalNAc-T2 and T3 in a hierarchical manner,
that these ppGalNAc-Ts are responsible for the initiation of mucin type O-linked GalNAc
glycosylation, and that glycosylation of this mucin domain is required for cyst wall
structural integrerty (Tomita et al. 2017). Curiously, the monoclonal antibodies that bind to
the mucin domain of CST1 recognized another glycoprotein identified as an additional band
at ~150 kDa in addition to the CST1(Tomita et al. 2013), which we have identified is
SRS13. In this paper, we present data on the characterization of SRS13 as a mucin domain
containing SRS protein belonging to SRS Family 2 that localizes to 7. gondii cyst wall and
matrix.

MATERIALS AND METHODS

T. gondii cell culture and strains

Human foreskin fibroblasts (HFF: ATCC-CRL-2522) were maintained in 10% fetal bovine
serum pH 7 Dulbecco’s modified Eagle’s medium (DMEM) with penicillin-streptomycin at
5% CO0,. Confluent monolayers were infected with Type |l PruAku80 strain of T. gondii,
which is widely used for genetic studies (Fox et al. 2011). For /n vitro bradyzoite
differentiation, parasites strains were grown in differentiation medium (DMEM medium
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adjusted to pH8.2 with 50 mM HEPES and supplemented with 1% fetal bovine serum and
penicillin-streptomycin) for three days at atmospheric CO,.

Identification of the SalmonE reactive glycoprotein by mass spectrometry

Purification of the monoclonal antibody SalmonE binding protein and identification was
performed as previously described (Tomita et al. 2013). Briefly, the monoclonal antibody
SalmonE was crosslinked to the Protein L agarose beads with disuccinimidyl suberate.
Human foreskin fibroblasts infected with a ME49 strain of 7. gondii for three days in pH 8.1
medium with 10% FBS at 0.5% CO0, were lysed with 1% TritonX-100 in PBS. It was
incubated with SalmonE-beads for 2 hours at 4 °C. The beads were extensively washed with
1% TritonX-100 PBS, and the eluate was separated on SDS-PAGE. The gel was stained with
Coomassie Brilliant Blue and visible bands were excised. The protein(s) in each band was
reduced and alkylated using TCEP and iodoacetamide then digested with trypsin in 25mM
ammonium bicarbonate/0.01% ProteaseMax at 50°C for 1 hour. The resulting digest was
cleaned with C18 ziptip and the peptides eluted onto a MALDI plate with a saturated
solution of a-cyanohydroxycinnamic acid in 70% acetonitrile/0.1% trifluoroacetic acid.
MS/MS analysis of the digested sample was carried out using the AB Sciex 4800 MALDI-
TOF-TOF (Applied Biosystems), operated at 20kV accelerating voltage in the reflector
positive ion mode. The MS/MS data generated were converted to mgf files and searched
against EPICDB (Madrid-Aliste et al. 2009) using the in-house Mascot Protein Search
engine (Matrix Science) for protein identification.

Generation of SRS13 deficient mutant parasite

Type Il Prugniaud strain capable of high efficiency homologous recombination (PruAiu80)
(Fox et al. 2011) was used as the background strain for the creation of AsrsZ3strain. The
SRS13gene was deleted by a use of a double-homologous recombination vector (Fig. 1c).
Briefly, a selectable marker hypoxanthine-xanthine-guanine phosphoribosyltransferase
[HXGPRT] cassette flanked by 1kb upstream and downstream genomic DNA sequence of
the SRS13 gene were concatenated into pRS416 yeast shuttle vector using the yeast strain
ATCC#90845. This construct deletes the entire SRS13 gene from the locus. The parasites
were transfected with the linearized Asrs13 vector and selected in the presence of 25 pg/ml
mycophenolic acid and 50 pg/ml xanthine. Parasites were cloned using limiting dilution in
96-well plates. Integration of Asrs13vector at the SRS13 locus was verified by PCR (Fig.
1c). The supplementary file contains a description of the Asrs13vector, wild type SRS13
locus, and Asrs13locus with nucleotide sequences and annotations including gene models
and primer sequences in GenBank format (Supplementary File).

Generation of HA-tagged parasites

To visualize the SRS13 gene, it was epitope-tagged with 3xHA either at its N-terminus after
the predicted signal peptide sequence or at its C-terminus immediately before the stop codon
(Supplementary files provided information on the vector sequence, N- and C- tagged loci,
and primers in Genbank format). Parasites (PruA4u80) were transiently transfected with a
Cas9 plasmid (Shen et al. 2014) with a pyrimethamine resistance marker and gRNA specific
to the either N- or C-terminus of SRS13 gene. Parasites were co-transfected with PCR
fragments of 3xHA with 40-nucleotide homologous arms immediately adjacent to the
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cleavage site targeted by the gRNA. The transfected parasites were then cultured in the
presence of 1 UM pyrimethamine for three days and then cloned by limiting dilution in a 96-
well plate. The presence of 3xHA sequence was verified using IFA.

Complementation of SRS13 gene

Asrs13parasites were complemented with an N-terminal 3xHA tagged copy of SRS13 gene
at the endogenous locus. Asrs13 parasites were transiently transfected with Cas9 plasmid
with a pyrimethamine cassette and gRNA specific to the HXGPRT sequence that is located
at Asrs13locus. The parasites were co-transfected with a linearized donor plasmid that
contains 1kbp homologous sequence upstream and downstream of the SRS13 gene as well
as a N-terminal 3xHA tagged copy of SRS13 gene amplified from the epitope tagged
parasite genomic DNA. The transfected parasites were cultured in the presence of 1 pM
pyrimethamine for three days then in the presence of 6-thioxanthine for three additional
days. Parasites were then cloned by limiting dilution in a 96-well plate and the presence of
the SRS13 gene was verified in cloned parasites using PCR.

Immunoblotting

HFF cells were infected with 7. gondii in normal DMEM medium with 10% FBS at 5% C0,
or in differentiation medium at atmospheric CO, for three days. Harvested parasites were
passed through 27G needle three times and then filtered through a 5um polycarbonate
membrane to remove host cells. Parasites were lysed in 1% TritonX-100 in PBS containing
cOmplete™ EDTA-free protease inhibitor (ThermoFisher), and the lysates were cleared by
centrifugation. The supernatants were then boiled with sample buffer, separated by 4-15%
SDS-PAGE, and transferred to PVDF membrane. The membrane was incubated with
SalmonE (1:500), rabbit anti-TgALD1 (1:5000) or DBA lectin (at 10 ug/ml, EY
Laboratories) for 1 hour at room temperature. After washing three times with PBS, the
membranes were incubated with HRP conjugated anti-mouse antibody, anti-rabbit antibody,
or streptavidin-HRP at 1:2000 and subsequently the signal was detected using SuperSignal
West Femto Maximum Sensitivity Substrate (ThermoFisher).

Immunocytochemistry

HFF cells cultured on cover-glasses were infected with 7. gondiiin differentiation medium
at atmospheric CO,, for five days. The cells were then fixed with 4% paraformaldehyde in
PBS for 30 minutes and permeablized with 0.2% TritonX100 in 3% BSA in PBS for 20
minutes. Following that treatment, the cells were washed with PBS three times and then
blocked with 3% BSA in PBS at 4°C overnight. Cover-glasses with cultured, fixed,
permeabilized cells were then incubated with rat anti-HA monoclonal antibody (3F10 clone,
Roche) at 1:200 in PBS with 1% BSA for 90 minutes at 37°C and washed with PBS three
times. Afterward, an anti-rat Alexa Fluor 594 antibody at a 1:500 dilution was incubated
with the cover-glasses for 90 minutes at 37°C, and they were washed with PBS three times.
Following this washing procedure, each cover-glass was mounted on a slide using Prolong
Gold Antifade containing DAPI (ThermoFisher). Each coverglass was then examined using
a confocal fluorescence microscope (SP5, Leica).
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Parasite Growth and Differentiation Assays

A growth assay was performed by enumerating the number of parasites per vacuole at 36
hours after infection in either tachyzoite or bradyzoite conditions. Briefly, parasites were
passed through 27G needle six times then filtered through 5 um PVDF filter. HFF
monolayers grown on cover glasses in 24- well tissue culture plates were infected (2000
parasites/well) in either pH 7 or differentiation medium and then incubated in 5% or
atmospheric CO», respectively for 2 hours. Noninvading parasites were removed by washing
with PBS once and the cells were then cultured in either pH 7 medium or differentiation
medium. At 36 and 72 hours after infection, the cells were fixed and permeabilized as
described above.To evaluate growth, 36-hour samples were incubated with anti-Toxoplasma
polyclonal rabbit antibody at 1:5000 dilution and with anti-GRA1 monoclonal mouse
antibody at 1:1000. To evaluate differentiation, 72-hour samples were incubated with anti-
GFP rabbit monoclonal antibody G10362 (Thermo Fisher) at 1:1000 and anti-Toxoplasma
polyclonal mouse antibody at 1:1000 dilutions in PBS with 1% BSA for 90 minutes at 37°C.
Following incubation with antibodies samples (for either the growth or differentiation assay)
were then washed three times with PBS and incubated with Alexa Flour 594 anti-mouse
antibody and Alexa Flour 488 anti-rabbit antibody both at 1:2000 for 90 minutes at 37°C.
After three washes with PBS, the cover glasses were mounted on glass slides with Prolong
Gold with DAPI. For the growth assay with 36-hour samples, numbers of parasites per
vacuole were visually enumerated using a fluorescent microscope by counting at least 100
vacuoles per line with technical triplicates. Statistical significance was determined using
multiple t test of each parasites per vacuole category with the Holm-Sidak method with
alpha = 0.05 (Graphpad Prism 7.0). For the differentiation assay, vacuoles were counted and
categorized into either bradyzoite or tachyzoite containing vacuoles based on the expression
of GFP in bradyzoites by the LDH2 promoter.

Transmission electron microscopy

The BALB/c9™! mice were infected with 2000 parasites per mouse intraperitoneally with
either WT or Asrs13strain for four weeks in the presence of sulfamerazine at 30mg/L in
drinking water. After 4 weeks the brains of the mice were removed, homogenized and cysts
purified by isopycnic centrifugation as previously described (Tomita et al. 2013). The
isolated cysts were fixed with 2.5% glutaraldehyde, 2% paraformaldehyde in 0.1M sodium
cacodylate buffer, postfixed in 1% osmium tetroxide followed by 2% uranyl acetate,
dehydrated through a graded series of ethanol and embedded in LX112 resin (LADD
Research Industries, Burlington VVT). Ultrathin sections were cut on a Reichert Ultracut
UCT, stained with uranyl acetate followed by lead citrate and viewed on a JOEL 1200EX
transmission electron microscope at 80kv.

Ethical approval

All animal experiments were conducted according to the U.S.A. Plublic Health Service
Policy on Human Care and Use of Laboratory Animals. Animals were maintained in an
AAALAC-approved facility and the Institutional Care Committee (IAUC) of the Albert
Einstein College of Medicine, Bronx, New York (Animal Protocol 20150908; Animal
Welfare Assurance number A3312-01), approved all protocols.
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RESULTS
Identification of SRS13

The monoclonal antibody SalmonE that binds to the mucin domain of CST1 in an O-linked
GalNAc glycosylation dependent manner (Tomita et al. 2013) also binds to an additional
150 kDa band (Figure 1a). To identify this unknown protein, immunoprecipitation was
performed using monoclonal antibody SalmonE on lysates obtained from an /n vitro
differentiation-induced parasite culture (Figure S1a). Mass spectrometric analysis of the 150
kDa band identified two peaks at /7/z of 1748 (peptide: LTLDAGPPQATTLCYK) and 1250
(peptide: KLPEKPAAAVAR) (Figure S1b, Slc, and S1d). Based on the 7. gondii genome
sequence data available at ToxoDB.org, both peptides were mapped to a SRS-domain
containing protein SRS13 (TGME49 22370).

SRS13 contains a signal peptide and two SRS domains of which one at N-terminus is a
degraded domain (Figure 1b). Between the two SRS domains, there is a 169 amino acid long
stretch of mucin-like threonine- rich tandem repeats. In this mucin-like domain there are 13
repeats of a 13 amino-acid long consensus sequence of KTQPETTTVAPPA (based on the
HMM-based algorithm HHrepID (Biegert & Soding 2008)). According to the available 7.
gondii gene model, SRS13 is predicted to be a 92 kDa protein; however on SDS-PAGE it
migrates as a 150 kDa band. This is probably due to extensive post-translational
modification of this protein by O-linked glycosylation in its mucin-like domain. A similar
finding of higher migration was seen with CST1 (SRS44), the only other SRS protein that
contains a mucin-like domain depicted in Fig. 1b.

SRS13is dispensable for the in vitro growth

To study the function of the SRS 13 protein, the SRS513 gene was deleted from the genome
of the type Il Prugniaud Aku80strain of 7. gondii using homologous recombination (Fig. 1c)
as previously described (Tomita et al. 2013). The SRS13 deficient parasite (Asrs13) was
complemented by inserting an HA-tagged copy of SRS13at the endogenous Asrs13locus.
Deletion and complementation of SRS13 gene was confirmed by PCR (Fig. 1c). To assess
the effect of SRS13 deletion in the parasite growth, the numbers of parasites per vacuole
were measured in both tachyzoite and bradyzoite conditions at 36 hours after infection (Fig.
2a). There was no statistically significant difference between the WT and Asrs13 parasite
growth both in tachyzoite and bradyzoite conditions. In comparison, the growth of AcstZ
parasites were significantly reduced compared with WT (multiple t test, p < 0.05) both in
tachyzoite and bradyzoite conditions. This demonstrates that SRS13 deletion does not
influence the /n vitro growth under either tachyzoite or bradyzoite induction conditions.

SRS13is upregulated in bradyzoites

Many of SRS proteins are stage specifically expressed (Kim and Boothroyd 2005). To assess
if the SRS13 protein is also stage specifically expressed, both bradyzoite and tachyzoite
parasite lysates were immunoblotted with monoclonal antibody SalmonE and SRS13 was
found to be highly upregulated in bradyzoites compared to tachyzoites (Figure 2b). This
result is congruent with the 66.8 fold upregulation of SRS13 mRNA expression in
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bradyzoites compared with tachyzoites seen in the RNAseq data (Behnke et al. 2008)
available at ToxoBD.org.

SRS13is not required for bradyzoite differentiation

Since the SRS13 was highly upregulated in bradyzoite culture conditions, we sought to
evaluate the effect of the SRS13 deletion on the differentiation of the parasites from
tachyzoites to bradyzoites. Figure 2c demonstrates the /n vitro differentiation rate of
parasites at three days after infection in bradyzoite differentiation medium. The
differentiation of a given vacuole was determined by the GFP expressed under the control of
bradyzoite specific promoter LDH2. The figure demonstrates that lack of SRS13 does not
influence /n vitro bradyzoite differentiation.

SRS13 O-GalNAc glycosylation is dependent on ppGalNAc-T2 and T3

Our previous study demonstrated that monoclonal antibody SalmonE binds to the mucin
domain of CST1 in O-GalNAc glycosyltransferase ppGalNAc-T2 and T3 dependent manner
and that this binding also disappears after 3-elimination, which removes all O-linked glycans
(Tomita et al. 2017). Therefore, binding of SalmonE to SRS13 was assessed in ppGalNAc-T
deficient mutants. Figure 3A shows that SRS13 could be detected by SalmonE in wild type
and AtI 7. gondii, but was absent in the Az2, At3, and Asrs13strains of 7. gondli. This
implies that the glycans on the mucin domain of SRS13, which are detected by SalmonE, are
dependent on the presence of ppGalNAc-T2 and T3.

DBA lectin, which has binding specificity to glycan structure GaINAca1-3GalNAc, binds to
the mucin domain of CST1 in a ppGalNAc-T2 and T3 dependent manner and its binding
disappears after 8- elimination (Tomita et al. 2017). To investigate whether DBA lectin also
binds to SRS13, parasite lysates were probed with DBA lectin (Figure 3b). We demonstrated
that the DBA lectin binds to the SRS13 and its reactivity was lost in the ppGalNAc-T2 and
T3 deletion mutants (A#2and At3). This indicates that the glycans on SRS13 that are
detected by DBA lectin require T2 and T3 glycosyltransferase. Taken together, these results
persuasively suggest that the SRS13 mucin domain is O-GalNAc glycosylated by
ppGalNAc-T2 and T3.

To assess if the occurrence of mucin domains is common in SRS proteins an /n silico
prediction of O- GaINAc glycosylation potential was performed for all SRS proteins using
NetOGlyc 4.0 (Steentoft et al. 2013). Figure 3c is the box-and-whisker plot displaying the
distribution of all SRS proteins based on the number of predicted O-GalNAc modified
residues. SRS13 and CST1 are the only outliers (>1.5 Inter Quartile Range), out of all SRS
proteins, indicating that they are the uniquely equipped with mucin domains and that these
domains are likely highly O-GalNAc glycosylated.

SRS13 localizes to the bradyzoite matrix and cyst wall

To assess the localization of SRS13, an endogenous copy of the SRS13 gene was tagged
with a 3x hemagglutinin (3xHA) epitope sequence at either amino-terminus (after the signal
peptide) or at the carboxyl-terminus (Fig. 4a). Figure 4b is an immunofluorescence image of
in vitro HA-tagged parasites cultured at pH 7 (tachyzoite conditions) and pH 8 (bradyzoite
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conditions). Under tachyzoite culture conditions, SRS13 was not seen by IFA, which is
consistent with the immunoblot and RNAseq data on the expression of SRS13. Under
bradyzoite culture conditions, SRS13 expression was robust and by IFA SRS13 localized to
the cyst wall and matrix. The observed expression pattern of SRS13 to the cyst wall co-
localized with the CST1 detected by a polyclonal anti-CSTI raised to a peptide portion of
CST1. This verifies that SRS13 is a bradyzoite specific cyst wall and matrix protein.

SRS13 is dispensable for formation of the cyst wall

There is a significant parallel between SRS13 and CST1,; in that both have Family-2 SRS
domains, are O- GalNAc glycosylated at mucin-like domains, and localize to cyst wall. Our
previous study demonstrated that an absence of the cyst wall mucin protein CST1 disrupted
cyst wall formation causing an absence of the amorphous material found in the cyst wall and
increased cyst fragility (Tomita et al. 2017). To investigate the possibility that SRS13 is also
necessary for formation of in vivo cyst wall, BALB/cPM1 mice were infected with either WT
or Asrs13 T. gondiito produce brain cysts. No difference in virulence (e.g. no difference in
mortality, data not shown) was seen in mice infected with either strain of 7. gondii. Four
weeks after the infection brain cysts were purified from both WT and Asrs13 T. gondii -
infected mouse brains. Transmission electron microscopy of the WT brain cysts
demonstrated the typical granular cyst wall layer (Figure 4c, red arrowhead), which is absent
in Acst1 cysts (Tomita et al. 2017). The Asrs13 parasites had a well-developed cyst wall with
a typical granular cyst wall layer (Figure 4c) similar to WT parasites. This indicates that
unlike CST1, SRS13 is dispensable for the formation of a proper cyst wall. No significant
breakage of Asrs13 T. gondiiwas observed during their purification, suggesting that SRS13
did not affect cyst wall fragility in constrast to CST1 deletion that caused a significant
increase in cyst wall fragility (Tomita et al. 2017).

Phylogenetic analysis of SRS13

CST1(SRS44) orthologues are found in the genomes of the majority of tissue cyst forming
coccidians. In contrast, examination of the tissue-cyst forming coccidians for SRS13
orthologs demonstrates that SRS13 is absent in most of the coccidia, e.g. Sarcocystis
neurona lacks a SRS13 ortholog. Of the coccidia, an SRS13 ortholog was only found in
Neospora caninum and Hammondia hammondi. The ortholog of SRS13 in H. hammondi is
almost identical to that of 7. gondii except that H. hammondihas 14 threonine-rich tandem
repeats (consensus: QPEKP[L/V]ATTTAPP) instead of the 13 seen in 7. gondii (consensus:
KTQPETTTVAPPA). Phylogenetically, H. hammondiis very closely related to 7. gondii.
The SRS13 ortholog in N. caninum has six tandem repeats with the consensus of
DAPQPGPPQP, indicated that this repeat region is not O-GalNAc glycosylated, instead of
the threonine-rich (mucin-like) tandem repeats present in both 7. gondiiand H. hammondi.
Glycosylation of SRS13 is, therefore, probably limited to 7. gondii and H. hammondi.

DISCUSSION

Toxoplasma gondii, unlike most coccidian parasites, can transition from bradyzoite to
tachyzoite and vice- versa, bypassing its definitive host (i.e. cats) and permitting clonal
propagation in its intermediate hosts. During chronic (i.e. latent) infection, whenever
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transformation to tachyzoites occurs any tachyzoites that develop are removed by the
immune system. In contrast, cysts (containing bradyzoites) are sequestered from the immune
system. The dynamic equilibrium between encysted (bradyzoite) and replicating (tachyzoite)
life cycle stages leads to recurrent antigenic stimulation as well as the persistent antibody
titers observed in latent infection. In the absence of an effective immune response released
organisms that differentiate into tachyzoites cause acute infection. Tissue cysts, therefore,
serve as a reservoir for the reactivation of toxoplasmosis when the host becomes
immunocompromised by conditions such as AIDS, organ transplantation, or due to the
impaired immune response that occurs when pathogens are acquired /n utero.

CST1 and SRS13 share many similarities including a threonine-rich tandem repeat (mucin
domain), Family 2 SRS domain, reactivity to the glycoepitope-specific monoclonal antibody
SalmonE and to DBA lectin in a ppGalNAc-T2 and -T3 dependent manner, and upregulation
of gene expression and protein levels in the bradyzoite stage. Therefore, we speculated that
SRS13 would like CST1 be a componenet of the cyst wall. Our investigation demonstrated
that, similar to CST1, SRS13 is also found in the cyst wall and matrix, but unlike CST1, it is
not an essential component for assembly of the cyst wall. Typical SRS proteins, including
those specifically expressed in bradyzoite are tethered on the parasite plasma membrane
through C-terminal GPI-anchors. So far, CST1 and SRS13 are the only SRS proteins that are
not associated with plasma membrane, but are instead secreted into cyst matrix and then
associate with the cyst wall.

In this paper, we have investigated the role of ppGalNAc-T2 and T3 in O-GalNAc
glycosylation of SRS13. Previous studies in a cell free system suggested that T2 is an
initiator glycosyl transferase that modifies a naked peptide (Stwora-Wojczyk et al. 2004b);
while T3 requires pre- O-GalNAc glycosylation of its target peptide and then transfers
GalNAc to adjascent accepter residues (Stwora-Wojczyk et al. 2004a). This hierarchical O-
GalNAc glycosylation was confirmed in 7.gondji using the CST1 mucin domain as a model
substrate for T2 and T3 glycosyltransferases (Tomita et al. 2017). Based on this data and the
observations in the current paper, it is likely that the single unit of mucin-like domain
(threonin-rich tandem repeat) of SRS13 is initially glycosylated by T2. Subsequently, T3
detects the initial O-GalNAc modified by T2 and transfers GalNAc to adjascent threonines
to fully occupy the single repeat unit. Other glycosyl transferases then extend the O-GalNAc
modification utilizing other sugars to form more complex glycans. In the absence of the
“initiator” T2, the “filling-in” T3 cannot modify the mucin domain of SRS13 resulting in the
observed lack of DBA lectin binding. Without the “filling-in” T3, the mucin domain is
sparsely O-GalNAc glycosylated by T2 and this is not sufficient for detection by the DBA
lectin. The lack, however, of O- GalNAc glycosylation does not necessarily mean that this
expressed SRS13 is devoid of any glycosylation. A variety of proteins are modified with
other glycans in 7. gondiiincluding A-linked glycans, O-GIcNAc, O-fucose (Luk et al.
2008; Perez-Cervera et al. 2011; Bandini et al. 2016), and these post translations
glycomodifications could also occur on SRS13.

One question that can be asked is: What is the function of the mucin domains in these two
SRS proteins, SRS13 and CST1? Mucins are known to provide protection against
proteolytic digestion and maintain hydration. In mammals, secreted mucins form polymer
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networks resistant to endogenous proteases. For example, a network of mucins protect and
lubricate the gastrointestinal tract (reviewed in (Johansson et al. 2013)). To this end, it is
possible that these cyst wall mucins of 7. gondii could help to maintain the hydration of
parasites in the cysts when the host animal dies and being desiccated. The cyst wall mucins
could be also providing a physical barrier against the proteolytic enzymes released from the
surrounding dead cells. These physical properties could conceivably give enough time for
the parasites to survive in a dead animal until another potential host such as scavenging
animals eats them. If cyst wall mucins were forming a physical barrier, it would still allow
active endocytosis for nutrition acquisition. A recent study has shown that cysts are not in a
stationary state, but in rather dynamic equilibrium. A subset of bradyzoites within cysts are
actively dividing (Sinai et al. 2016) and the cyst membrane has been demonstrated to rapidly
endocytose nutrients (Acquarone et al. 2017).

The cyst wall is the critical structure for survival, reactivation and transmission of 7. gondii.
The biogenesis, composition, and functions of the cyst wall need to be fully defined to
provide the information required to develop a comprehensive model of this structure, which
is essential for understanding latency and chronic infection in 7. gondii. Furthermore,
understanding 7. gondii developmental biology and formation of the cyst wall will provide
the necessary underpinning for control strategies such as vaccine development as well as the
development of therapeutic agents that could eliminate latency preventing reactivation
toxoplasmosis, which cannot be achieved by current medications for 7. gondii.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
a. The O-GalNAc glycoepitope-specific monoclonal antibody SalmonE binds to CST1 as

well as SRS13. Immunoblot of in vitro bradyzoite T. gondii lysate (3d in differentiation
medium) probed with monoclonal antibody SalmonE demonstrating that this antibody binds
not only to CST1 (>180 kDa) but also another glycoprotein SRS13 (150kDa).

b. Schematic of SRS13 protein and CST1 domain configurations. The two peptides that
identified by mass spectrometry are indicated as blue lines. The purple boxes represent
signal peptides, orange boxes represent SRS domain, and green ovals represent threonine-
rich tandem repeat units. . All the protein features are in scale.

c. Deletion and complementation of the SRS13 gene. Schematic of SRS13 deletion and
complementation (left) describing the homologous recombination. The SRS13 gene was
replaced with a selectable HXGPRT cassette forming the AsrsZ3locus; the HXGPRT
cassette was replaced with N- terminal 3XxHA tagged SRS13 forming the complemented
Asrs13:SRS13locus. Verification of the SRS13 deletion was performed by diagnostic PCR
(left agarose gel) with one primer from the 5 UTR of SRS13 and another from the
HXGPRT cassette. Verification of complementation was performed using primer sets
flanking the 3xHA sequence on 5’ end of SRS13 gene. The sequence of plasmids and
SRS13 loci with primer annotations are in the electronic supplemental material.
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a. SRS13 does not influence parasite growth under either tachyzoite or bradyzoite
conditions. The number of parasites per vacuole were counted at 36 hours after infection
either in tachyzoite medium (pH7) or bradyzoite medium (pH8). At least 100 vacuoles were
counted for each strain of parasite. Bars represent SD values; * represents statistical
significance (*p <0.5, **p <0.01, multiple t test).

b. Immunoblot image of parasite lysate with SalmonE. This demonstrates that SRS13 (150
kDa band) protein is upregulated in bradyzoites (pH8 medium). TJALD1 was used for
parasite loading control. Figure 1a is a part of this membrane.

¢. SRS13 does not influence /n vitro differentiation efficiency. The graph shows the rate of
bradyzoite specific GFP positive vacuoles in differentiation medium at 72 hours after
infection. The bars represent SD values. There was no statistically significant difference
between WT and Asrs13.
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Figure 3.
a. SRS13 is O-GalNAc glycosylated in ppGalNAc-T2 and -T3 dependent manner.

Immunoblot of various ppGalNAc-T deficient parasite lysates probed with glycoepitope-
specific SalmonE. There is a lack of SRS13 signal in the Az2and A£3 parasites. TQALD1
was used as a loading control.

b. DBA lectin overlay of ppGalNAc-T deficient parasite lysates. This demonstrates a lack of
DBA binding to SRS13 in At2and Af3 parasites.

C. SRS13 and CST1 are only two SRS proteins that have mucin-like domains. This box-and-
whisker plot shows the number of predicted O-GalNAc modified residues for each SRS
protein. Both SRS13 and CST1 have far larger number of predicted glycosylation sites (i,e
they are outside the 1.5 x inter-quartile range) indicating that they are unique among the SRS
protein.
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a. Schematic for the HA tagging strategies. For C-terminal tagging a 3xHA sequence was

added immediately before the stop codon. For N-terminal tagging a 3xHA sequence was
added immediately after the predicted signal peptide sequence..

b. SRS13 is localized to cyst wall and bradyzoite matrix but not in tachyzoite.
Immunocytochemical image of in vitro T. gondii cultured in either bradyzoite condition
(pH8 for 5 days) or tachyzoite condition (pH7 for 3 days) probed with anti-HA antibody
(red), rabbit polyclonal anti-CST1 antibody (green), and DAPI (blue).

¢. SRS13 is not required for the formation of /n vivo cyst wall. Transmission electron (TEM)

micrograph of /n vivo mouse brain cysts in low and high magnifications are shown. The
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lower magnification TEM image of whole cysts are in the insert panels. Red arrowheads
indicate the cyst wall.
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