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A Sialic Acid-Binding Protein SABP1 of Toxoplasma gondii
Mediates Host Cell Attachment and Invasion
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Many obligate intracellular apicomplexan parasites have adapted a distinct invasion mechanism involving a close interaction be-
tween the parasite ligands and the sialic acid (SA) receptor. We found that sialic acid binding protein-1 (SABP1), localized on the
outer membrane of the zoonotic parasite Toxoplasma gondii, readily binds to sialic acid on the host cell surface. The binding was
sensitive to neuraminidase treatment. Cells preincubated with recombinant SABP1 protein resisted parasite invasion in vitro. The
parasite lost its invasion capacity and animal infectivity after the SABPI gene was deleted, whereas complementation of the SABP1
gene restored the virulence of the knockout strain. These data establish the critical role of SABP1 in the invasion process of T. gondii.

The previously uncharacterized protein, SABPI, facilitated T. gondii attachment and invasion via sialic acid receptors.
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Apicomplexan parasites cause a number of severe diseases, in-
cluding malaria and toxoplasmosis. Toxoplasma gondii, the
causative agent of toxoplasmosis, can infect all warm-blooded
mammals, including humans [1]. Invasion into a host cell
is a key step for T. gondii proliferation and dissemination
throughout host tissues [2]. It is initiated by the attachment of
parasites that utilize gliding motility driven by glidesomes to
slide over the cell surface seeking a suitable site for invasion [3].
A critical stage during invasion is the formation of an intimate
interaction between the parasites and their host cells, which
requires the participation of interacting proteins secreted by
the parasites. For example, T. gondii actively releases proteins,
like those of the RON family, from the rhoptry neck. They in-
teract with micronemal proteins such as apical membrane an-
tigen-1 (AMA1), which adheres to the surface of the host cell
and forms the moving junction structure [4, 5]. The moving
junction moves from the apex to the cell membrane, enabling
parasites to invade cells [6]. However, the pantropic character-
istic of T gondii suggests that many uncharacterized proteins on
the parasite surface, or discharged from the invasion-associated
organelles, are critical for cell recognition and invasion.
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Sialic acids (SAs) are a large family of monosaccharide de-
rivatives containing 9 carbon atoms. The SAs of glycolipids
and glycoproteins on the cell surface are receptors for in-
fluenza viruses [7, 8]. SA exposed on the surface of macro-
phages greatly facilitates phagocytosis of Trypanosoma cruzi
[9, 10]. SA is also an essential receptor for the merozoites
of Plasmodium falciparum to recognize host erythro-
cytes before invasion [11, 12]. Erythrocyte-binding an-
tigen-175 (EBA-175) is the best characterized protein of the
erythrocyte-binding ligand family of P. falciparum [13, 14],
which triggers the invasion process by binding to erythro-
cytic SA [15]. T. gondii appears to attach to host cells through
interaction with SA prior to invading host cells [16, 17]. The
micronemal proteins of T. gondii, TgMIC1 and TgMIC13,
have been characterized as SA ligands [18, 19]. However,
other T. gondii molecules, especially those expressed on the
tachyzoite surface and initiating host cell interaction, are
poorly characterized.

In this study, an SA-binding protein, SABP1, on the T. gondii
surface was identified and characterized. SABP1 readily bound
to SA in vitro and its binding capacity to mammalian cells was
eliminated by neuraminidase treatment. T. gondii parasites with
SABPI gene deletion lost their ability to attach and invade cells
and had no pathogenicity to mice. This defect could be over-
come by gene complementation. Our data suggest a critical role
of SABPI in host cell recognition and invasion by T. gondii.

MATERIALS AND METHODS

Ethical Statement

The experiments using mice, rats, and rabbits were approved by
the Ethics Committee on Animal Experiments of the Laboratory
Animal Center of Shenyang Agricultural University, China.
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Toxoplasma gondii Culture
T. gondii tachyzoites were cultured in a confluent monolayer of
Vero cells and incubated at 37°C with 5% CO,.

Sialic Acid-Binding Proteome of T. gondii

To obtain the SA-binding proteome of T. gondii, puri-
fied tachyzoites were suspended in phosphate-buffered sa-
line (PBS) containing protease inhibitors and centrifuged at
12 000 rpm for 10 minutes. The supernatants of parasite lys-
ates were incubated separately with SA-agarose (Vector labora-
tories) and agarose beads (Vector laboratories) in triplicate at
4°C overnight. The eluted proteins were subjected to liquid
chromatography-sequential window acquisition of all theoret-
ical fragment ion spectra (LC-SWATH) analysis. Proteins with
an abundance ratio of SA-agarose/agarose > 2 were selected as
potential SA-binding proteins.

Molecular Cloning and Expression of Recombinant SABP1 Proteins

The gene coding for SABP1 (gene ID, TGGT1_225940) was
obtained from T. gondii strain RH tachyzoites using pol-
ymerase chain reaction (PCR) with gene-specific primers
(Supplementary Table 1). The amplicons were cloned into
pDEST-15 and pDEST-17 gateway cloning vectors (Invitrogen).
Two recombinant plasmids were expressed in E. coli BL21 (DE3)
as previously described [20, 21]. Glutathione S-transferase
(GST)-SABP1 and His-SABP1 were purified by affinity
purification.

Generation of SABP1-Specific Antibodies

SABP1-specifc polyclonal antibodies were obtained by immu-
nization of rabbits and rats with His-SABP1 fusions. The rabbits
and rats were subcutaneously immunized 4 times in Freund’s
adjuvants. Rabbit-anti-SABP1 IgG was purified from rabbit
sera using protein A Sepharose 4 Fast Flow (GE Healthcare).

Expression and Inmunofluorescence Analysis of SABP1 in T. gondii

To examine the expression of the native SABP1 in T. gondii,
T. gondii lysate was dissolved in 5 X sodium dodecyl sulfate (SDS)
loading buffer (Beyotime), run on a 10% SDS- polyacrylamide
gel electrophoresis (PAGE) gel and transferred to a polyvinylidene
fluoride membrane (Millipore). The membrane was blocked with
5% defatted milk at 37°C for 1 hour and incubated in PBS with
Tween 20 (PBST) containing SABP1-specific IgG at 4°C for 8-10
hours. After 3 washes with PBST, the membrane was incubated
with alkaline phosphatase-conjugated goat anti-rabbit immuno-
globulin G (IgG; EASYBIO) for 1 hour. The membrane was then
washed with PBST 4 times and developed with a 5-bromo-4-
chloro-3-indolyl phosphate/nitro blue tetrazolium (BCIP/NBT)
alkaline phosphatase color development kit (Beyotime).

To confirm the localization of the SABP1 protein, purified
T. gondii tachyzoites were fixed in 4% paraformaldehyde (PFA)
and permeabilized with 0.25% Triton X-100 (or without perme-
abilization to determine the precise localization of TgSABP1)

as previously described [22]. The slides were blocked with 5%
defatted milk at 37°C for 30 minutes and a rabbit anti-SAG1
antibody and a rat anti-SABP1 sera were incubated as primary
antibody. The slides were then washed 5 times with PBS and
incubated with secondary antibodies. Following 3 washes with
PBS, the slides were stained with 4’,6-diamidino-2-phenylindole
(DAPI; Invitrogen) before being examined with a confocal laser
scanning microscope (Leica SP8).

Sialic Acid Binding and Inhibition Assays In Vitro

GST-SABP1 and GST proteins were incubated separately with
SA-agarose and agarose at 4°C for 2 hours. The beads were
washed 3 times with PBS and centrifuged at 500g for 5 min-
utes between each wash. The pellets were boiled with 5 X SDS
loading buffer followed by western blot analysis.

For the SA-binding inhibition assay, GST-SABP1 proteins
interacted with SA reagent (Adhoc Intertek) at a concentra-
tion of 0.001-100 mg/mL at 37°C for 1 hour before incubation
with SA-agarose. The agarose beads were then centrifuged at
500¢ and washed with PBS. The inhibitory effect was assessed
by western blot.

Cell Adhesion and Invasion Inhibition Assay With Recombinant SABP1
GST-SABP1 fusion protein and GST protein were incubated
with Vero and dendritic cells as previously described [23].
The cell pellets were washed 3 times with PBS and mixed with
5 X SDS loading buffer (Beyotime), and analyzed by western
blot. For the immunofluorescence assay (IFA), Vero and den-
dritic cells on coverslips were incubated with GST-SABP1 and
GST protein, respectively. After 3 washes with PBS, each cov-
erslip was fixed with 4% PFA and detected with an anti-GST
monoclonal antibody.

The invasion inhibition assay was conducted as previously
described [24]. Briefly, GST-SABP1 (0, 0.1, 0.5, 1, 2, and 5 uM)
was preincubated with semiconfluent Vero cells for 60 minutes.
GST protein was used as a negative control. The cells were then
washed with PBS and cocultured with RH tachyzoites for 4
hours before 3 washes with PBS to remove uninvaded parasites.
The invaded parasites were further cultured for 12 hours and
stained with acridine orange. The number of cells and parasites
were counted with a fluorescence microscope (Leica DM4B).

Effect of Neuraminidase Treatment on Cell Binding of SABP1 Protein
Vero and dendritic cells were pretreated with neuraminidase (0,
0.5,1,2,5,and 10 U/mL; Biotopped) at 37°C and incubated with
GST-SABP1 fusion protein and GST, respectively. Subsequently,
50% of the cells were mixed with 5 x SDS loading buffer fol-
lowed by SDS-PAGE and binding of GST-SABP1 fusion protein
to the cells was detected by western blot. For IFA detection, the
cells were blocked with 3% bovine serum albumin (BSA) for 30
minutes and detected with an anti-GST monoclonal antibody.
The mean fluorescence intensity of host cells was determined
with a FACSAria III flow cytometer (BD Biosciences).
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Invasion inhibition Assay With TgSABP1-Specific Antibodies In Vitro

The ability of TgSABP1-specific antibodies to inhibit T. gondii
invasion was tested as previously described [25]. RH tachyzoites
were preincubated with different concentrations of TgSABP1-
specitic IgG (0, 10, 25, 50, 100, 150, and 250 pg/mL) at 37°C for
60 minutes prior to adding them to Vero cell monolayers. An
IgG from unimmunized rabbits was used as a negative control.
After 4 hours, each slide was washed with PBS buffer and the
invaded parasites were cultivated for 12 hours and then stained
with acridine orange. The number of parasites was counted.

Generation of SABP1 Gene Knockout and Complemented Strains Using
CRISPR/CAS9 System

We used the CRISPR/Cas9 system to generate an SABPI gene
knockout strain as previously described [26]. Briefly, a total of
10 pg linear dihydrofolate reductase (DHFR) cassette flanked by
5”and 3" SABP1 sequences was transfected together with 50 ug
pSAG1-CAS9-U6-sgSABP1 plasmid into 2 x 10" RH tachyzoites
and selected by pyrimethamine (Sigma) for 3-5 days. By a
limiting-dilution method, single positive knockout clones
(termed ASABP1) were verified by PCR with specific primers
(Supplementary Table 2), IFA, and western blot analysis.

To reintroduce the SABPI gene back into the genome of
ASABP1 parasites, the pPSAG1-CAS9-U6-sgUPRT plasmid was
transfected with an amplicon containing the coding sequence
of TgSABP1 flanked by the 5" and 3’ untranslated region of the
uracil phosphoribosyltransferase (UPRT) gene. Under selection
with 10 pM fluorodeoxyribose (FUDR) (Sigma) for 3-5 days,
PCR-positive clones (ASABP1-C) were verified by western blot
and IFA.

Phenotypic Characterization of ASABP1 and ASABP1-C Parasites

The invasion efficiency of the wild-type RH strain, ASABP1, and
ASABP1-C parasites was compared in red/green assays as pre-
viously described [27]. Briefly, the parasites were inoculated on
cells for 1 hour at 37°C, then washed with PBS 3 times and fixed
with 4% PFA for 15 minutes. A rat anti-SAG1 and a rabbit anti-
ROPY was used to stain extracellular or intracellular parasites. An
attachment assay using cytochalasin D (Sigma) was performed
as described [27]; parasites were incubated with Endo buffer
(44.7 mM K,SO,, 10 mM MgSO,, 106 mM sucrose, 5 mM glu-
cose, 20 mM Tris, 0.35% wt/vol BSA, pH 8.2) containing 1 uM cy-
tochalasin D for 10 minutes at room temperature and inoculated
onto cells at 37°C for 15 minutes. The medium was then replaced
by prewarmed 10% DMEM containing 1 uM cytochalasin D and
incubated for another 20 minutes before an immunofluores-
cence assay. Twelve fields were randomly counted for each slide.
Analyses of plaque formation and gliding motility of the parasites
were also assessed as previously described [28].

Pathogenicity of the SABP1 Gene Knocked-Out and Complemented
Parasites in Mice

Briefly, 80 Balb/C female mice were divided into 8 groups and
intraperitoneally inoculated with 50, 500, 5 X 10, or 5 X 10 of

either wild-type or ASABP1 parasites. For the test of SABP1-
complemented parasites, 50 ASABP1-C parasites were similarly
inoculated and then monitored for 28 days.

RESULTS

Sialic Acid-Binding Proteome of T. gondii

SA-agarose (SA conjugated to agarose beads) was used to
select high-affinity proteins from parasites lysates; unla-
beled agarose was used as a control to minimize the effect of
nonspecific binding proteins. The SA-binding proteome of
T. gondii was acquired by LC-MS/MS analysis of the affinity-
purified proteins. In total, 224 proteins were obtained and
quantified by LC-SWATH. Only 59 proteins showed high af-
finity to SA (Supplementary Table 2), and these were categor-
ized according to cellular localization and biological process
(Supplementary Figure 1) in gene ontology annotations [29].
Apart from a few proteins such as RONS (a rhoptry-derived
protein), which was associated with parasite invasion, most
of the SA-binding proteome comprised proteins with un-
known function (Supplementary Figure 1). To determine
the function of the SA-binding proteins, a protein termed
sialic acid binding protein 1 (SABP1, TGGT1_225940),
which shared a similar amino acid sequence domain with
the conserved MAR domain (SA-binding domain) of MIC1
protein (Supplementary Figure 2), was selected for further
investigation.

SABP1 Was Localized on the Surface of T. gondii Tachyzoites

To localize the expression of native SABP1 in T. gondii, His-
tagged SABP1 fusion protein was generated (Supplementary
Figure 3A) and immunized into animals to produce SABP1-
specific antibodies. The native SABP1, with a molecular weight
of approximately 50 kDa in T. gondii was specifically detected
by western blot (Figure 1A). The localization of TgSABP1 on
T. gondii was further determined using an immunofluores-
cence assay. The fluorescence signal of TgSABP1 overlapped
with TgSAGI and was observed on the surface of T. gondii
tachyzoites of both intracellular and extracellular parasites
(Figure 1B), and the fluorescence was not affected by perme-
abilization (Supplementary Figure 3B). The data demonstrated
that TgSABP1 was localized on the outer membrane of T. gondii.

SABP1 Specifically Interacted With Sialic Acid In Vitro

To evaluate and confirm the SA-binding property of
SABP1, GST-tagged SABP1 fusion protein was generated
(Supplementary Figure 3A). GST-SABP1 specifically bound to
SA-agarose but not to the agarose alone. GST did not bind to
SA-agarose (Figure 2A). The specific binding of SABP1
to SA was also verified in an inhibition assay. The binding of
GST-SABPI to the SA-agarose beads was blocked by SA in a
concentration-dependent manner (Figure 2B), which con-
firmed the specific interaction between SABP1 and SA.
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Figure 1.

Toxoplasma gondii sialic acid binding protein-1 (TgSABP1) expressed in T. gondii is localized on the outer membrane of tachyzoites. A, Western blot analysis

of native SABP1 expression in T. gondii detected by SABP1-specific antibodies. Sera of a healthy rat was used as the negative control. B, The localization of TgSABP1 (red)
overlapped with surface antigen-1 (SAG1, green) was detected on the surface of both intracellular and extracellular parasites (without permeabilization) of 7. gondii (RH and

ME49 strains). Sera of a healthy rat was used as the negative control. Scale bar, 10 pm.

Recombinant SABP1 Specifically Bound to Vero and Dendritic Cells and
Inhibited Parasite Invasion
The binding properties of TgSABP1 with host cells were studied
by incubating GST-SABP1 with both Vero and dendritic cells
followed by western blot and immunofluorescence analysis.
GST-SABP1 showed specific binding to both Vero and den-
dritic cells, and the GST control protein did not bind to the cells
(Figure 3A and 3B).

We showed that SABP1 was a ligand participating in
T. gondii invasion using an invasion inhibition assay. Parasite
invasion of host cells was impaired by GST-SABP1 protein in

a concentration-dependent manner, while GST protein had no
inhibitory effect on T. gondii invasion (Figure 3C). This sug-
gests that the host cell recognition or interaction of T. gondii
tachyzoites was blocked by GST-SABP1 protein. These data indi-
cate that TgSABP1 is a parasite ligand essential for T. gondii-SA
interaction during parasite invasion.

To determine whether the binding of GST-SABP1 to Vero and
dendritic cells was via specific interaction with the cell surface
SA receptor, both Vero and dendritic cells were pretreated with
neuraminidase before incubation with the GST-SABP1 protein.
The binding of GST-SABP1 protein to Vero cells disappeared
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Figure 2. Glutathione S-transferase—sialic acid binding protein-1 (GST-SABP1) specifically bound to sialic acid in vitro. A, Evaluation of the binding specificity between
SABP1 and sialic acid by western blot assay. GST-SABP1 bound to the sialic acid-agarose beads but not to the agarose. GST did not bind to sialic acid-agarose beads. B,
Binding of GST-SABP1 to the sialic acid-agarose beads was inhibited by preincubation of the recombinant protein with sialic acid.

SABPI and T. gondii Host Cell Invasion « JID 2020:222 (1 July) « 129



A 60 Q B
RO N
??3 /\\é ;D?S QC ?&3 o
o) i D
‘%&,‘ %&x aﬁb ) G(SX ) G(S %Q i‘;
Da M & & 6 3 S T
170 =
150 &
100 s =
70 [ g
55 O
40 o)
8
35 T
=
25 Gk
C
2
120 7 s ok mm GST-SABP1 +
— —_ g sk ek —
= 100 A = - = GST =
g =
280 4 xR
& =
é 60 @
(5]
2 404
& 201 =
0- g
0.1 05 1 2 5 @

Concentration of protein ([m)

anti-GST

anti-GST

anti-GST

Merged

anti-GST Merged

Figure 3. Recombinant sialic acid binding protein-1 (SABP1) bound to both Vero and dendritic cells in vitro and inhibited Toxoplasma gondiiinvasion. A, Western blot anal-
ysis of cell adhesion in vitro. Glutathione S-transferase (GST)-SABP1 fusion protein and GST protein were incubated with Vero and dendritic cells (DC). GST-SABP1 bound
to the cells but the GST protein did not. B, Indirect immunofluorescence assay showed a specific interaction between GST-SABP1 fusion protein and host cells (green). C,
Preincubation of GST-SABP1 fusion protein with host cells significantly inhibited parasite invasion. Error bars indicate the mean + SD (n=3). *** P<.001. Abbreviation:

DAPI, 4’ 6-diamidino-2-phenylindole.

after enzymatic treatment when the concentration of neura-
minidase reached 5 U/mL (Figure 4A). Similarly, the binding
of GST-SABPI protein to dendritic cells was abolished when
the enzyme concentration reached 10 U/mL (Figure 4B and
Supplementary Figure 4). The binding of GST-SABP1 protein to
both Vero and dendritic cells was analyzed with flow cytometry;
the data (Figure 4C and 4D and Supplementary Figure 4) con-
firmed that SA is a specific receptor for TgSABP1.

SABP1-Specific Antibodies Inhibited T. gondii Invasion

To determine whether TgSABP1 exerted a role in T. gondii inva-
sion, an invasion inhibition assay was performed. The invasion
efficiency of T. gondii was significantly inhibited by SABP1-
specific antibodies in a concentration-dependent manner
(Figure 5), while the control antibodies had no inhibitory effect
on the parasites. The data indicate that SABP1 is a ligand asso-
ciated with the invasion of T. gondii into host cells.

Deletion of the Gene Encoding TgSABP1 Diminished Host Cell Recognition/
Attachment and Invasion by T. gondii

To confirm that TgSABP1 is essential for parasite invasion, the
SABPI gene of T. gondii was deleted using the CRISPR/Cas9
system. The knockout strain (ASABP1/KO) was cloned and

verified using PCR with gene-specific primers, western blot,
and IFA (Figure 6). The cell recognition, attachment, and inva-
sion ability of ASABP1 strain was severely diminished in vitro
compared to the wild-type strain (Figure 7). The gene encoding
SABP1 linked with an HA tag was reintroduced into the ge-
nome of the ASABP1 strain at the UPRT locus (Figure 6) and
a clonal strain (ASABP1-C/KO-C) was obtained (Figure 6).
The expression of SABP1 in the ASABPI-C strain was con-
firmed by western blot and IFA with SABP1-specific antibodies
(Figure 6). Consequently, the recognition/attachment and in-
vasion efficiency of ASABP1-C to HFF cells was completely
restored (Figure 7). Plaque assays performed on the ASABP1
parasites indicated a defect in parasite invasion (Supplementary
Figure 5). Further phenotypic analysis on the ASABP1 strain
revealed that SABP1 depletion did not affect parasite gliding
motility (Supplementary Figure 5).

Infectivity of ASABP1 Parasites Was Attenuated

The infectivity of the SABP1-depleted strain was also verified in
an animal infection experiment. The pathogenicity of ASABP1
strain was severely reduced in mice at doses of 50 and 500
tachyzoites and, importantly, the SABPI gene complemented
strain fully rescued the virulence (Figure 7). These data suggest

130 « JID 2020:222 (1July) « Xingetal


http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiaa072#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiaa072#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiaa072#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiaa072#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiaa072#supplementary-data

A B
r
Uerraf Noscraanizi dass 9;‘53\ Ui of Neuramisidhs ¢ 5;9?"
o b T 1 1 [ L:-.Ef‘ M o0 0k 1 ! 5 10 .;jn'q*
170
WL 176
190
100 o
i T e
] ne
a0
i
a0
an
a8
25
M i)
b F
01l 05Tl 110
B0 2 HE=F ¥z
10T _2R0E00E o }I E
E
o 13.5.4? _,gm 31.5; 53*::
BT ARTEGOE L
L . — eyt [- QY . [ S— -
# +# TR R i P IR SRR P R 1 A i
] = FEA TEA FEA
é E Ty 50 HiRA]
h q:l 0 4 !
proes - _E ] :
E ol FLALSS E ASOTLLIRF, - u.t_u_t
o e : [ 1
L e T Tt i T ® I A T .&ﬂbfﬂ T e
> FE-A FEA FEA
PE-ASBARF] Adbedon () FE-A/ZABF] Adbasion (%)

Figure 4. Binding of glutathione S-transferase—sialic acid binding protein-1 (GST-SABP1) to host cells was sensitive to neuraminidase treatment. Western blot analysis
showing the effect of neuraminidase treatment on the binding of GST-SABP1 to Vero (4) and dendritic cells (B). Vero and dendritic cells were treated with neuraminidase
before incubation with GST-ABP1 protein. Cand D, Binding of GST-SABP1 to Vero and dendritic cells was gradually abolished with increased neuraminidase concentration;
GST-SABP1 protein levels detected on (C) Vero and (D) dendritic cells surface. PE-A: the red fluorescence signal detected in PE channel by flow cytometer (PE: phycoerythrin,

A: area).
1209, e o B Anti-SABPI I'gG

. —_ i _ Healthy rabbit IgG
=100 - —
£ 801
g
2 60-
(5}
g 40 4
<
& 20 -

0 .

10 25 50 100 150 250
Concentration of IgG (ug/mL)

Figure 5.  Toxoplasma gondii sialic acid binding protein-1 (TgSABP1)-specific anti-

bodies inhibited T gondiiinvasion into host cells. Preincubation of the tachyzoites with
concentration of SABP1-specific immunoglobulin G (IgG) from 10 to 250 pg/mL signifi-
cantly inhibited parasite invasion. Error bars represent mean + SD (n = 3). ***P <.001.

that TgSABP1 is an important molecule associated with host
cell recognition or attachment by T. gondii.

DISCUSSION

The first step for all apicomplexan parasites to infect and
proliferate in mammals is recognition and adhesion to the
host cell. In this process, proteins on the parasite surface
play a critical role. T. gondii, which almost infects any nucle-
ated cells, has a variety of surface proteins, including those
from the SAG families [30] and other uncharacterized pro-
teins. After attachment of tachyzoites to the host cell surface,
proteins, like RON2 and AMALI, are sequentially released
from invasion-associated organelles such as the microneme
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CRISPR/Cas9 strategy used to generate sialic acid binding protein-1 gene (SABP1)knockout (KO) and gene complemented strain. A, Verification of single clonal

SABP1-deficient parasite by PCR. The positive KO-PCR1, PCR2 (DNA of ASABP1 parasites was used as the template) and negative RH-PCR3 (DNA of RH parasites was used
as the template) indicate that the SABPT gene was replaced by the DHFR cassette. B, SABPT gene was reintroduced into the genome of the KO strain. PCR of ASABP1-C
clonal strains (C-PCR4 +, C-PCR5 +, C-PCR7 +, and C-PCR6 -) demonstrated that SABPT gene was completely inserted at the UPAT locus of the KO genome. C, The expres-
sion of SABP1 in RH, ASABP1, and ASABP1-C parasites analyzed by western blot (20 and 30 ug lysates of each strain) with the SABP1-specific antibody to demonstrate the
depletion and complementation of TgSABPT gene. D, Inmunofluorescence assays with SABP1-specific antibodies illustrate that the protein is expressed on the surface of
wild-type RH strain (red) and ASABP1-C parasites (green), but was not detected on ASABP1 parasites. Scale bar, 10 pm. Abbreviation: DAPI, 4’ 6-diamidino-2-phenylindole.

and rhoptry. These proteins mediate junction formation of
the tachyzoite with the host cell membrane and progressive
movement into the cell. Compared to the parasite ligands,
which have been relatively well characterized, the docu-
mented host cell receptors for T. gondii invasion only include
a few glycan molecules, such as SA [31].

SA is widely distributed on the cell surface of all vertebrates
and commonly occurs as a component of oligosaccharide
chains of glycolipids, glycoproteins, and mucins, and occupies

terminal position within these molecules on the cell surfaces
[32, 33]. SA is a major determinant of T. gondii invasion into
a host cell [18, 34]. TgMICI and TgMIC13, two micronemal
proteins of T. gondii, specifically bind sialylated oligosacchar-
ides and are characterized as SA-binding ligands involved in the
SA-dependent invasion pathway of T. gondii [18, 19]. Therefore,
exposure of parasite-derived invasion-associated lectins to
SAs on host cells might be of primary importance in T. gondii

invasion.
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Deletion of the gene encoding Toxoplasma gondii sialic acid binding protein-1 (TgSABP1) reduced the recognition/attachment and invasion of T gondii. Parasite

attachment (A) and invasion efficiency (B) were significantly weakened in SABP1-deficient parasites (KO) compared to wild-type and ASABP1-C (KO-C) parasites. Rat anti-
SAG1 and rabbit anti-ROP9 was used to stain extracellular or intracellular parasites. Error bars represent the mean + SD (n =3). *** P<.001. Cand D, Survival of mice
challenged with 50, 500, 5 x 10°, and 5x10° wild-type RH, ASABP1 (C) and infected with 50 wild-type RH, ASABP1, and ASABP1-C parasites (D). All mice were monitored

for 28 days.

Previous studies on P. falciparum indicated that the parasite-
derived proteins involved in host cell recognition could be di-
verse and localized in different organelles before release [35].
Therefore, with a similar approach, we generated an SA-binding
proteome and proteins with an unknown function were priori-
tized for more detailed analysis. SABP1 was one of the proteins
selected and was found to contain a considerable similarity
in amino sequence with the MAR domains (SA-binding do-
main) of both NcMIC1 and TgMIC1 (Supplementary Figure 2),
indicating SABP1 could potentially bind to SA. The molecular
weight of both native TgSABP1 and His-SABP1 recombinant
protein recognized by the specific antibody was approximately
50 kDa, which is larger than its predicted molecule weight. This
is likely due to the amino acid content or the highly hydrophilic
nature of TgSABP1, which binds more SDS contributing to its
slower migration in the gel.

SABP1 is clearly a membrane-bound protein because it
was labeled on the surface of both Triton-treated and un-
treated parasites, and deletion of the SABP1-coding gene
caused the loss of its expression on the parasite’s surface.
The protein was also observed on the surface of intracellular
tachyzoites, likely because it needs to be synthesized and
located at the surface for the next round of invasion after
egress. Further, recombinant GST-SABP1 showed specific
binding to SA and host cells in vitro (Figure 2 and Figure 3).

Also, the invasion efficiency of the parasite to the host cells
preincubated with GST-SABP1 fusion protein was signifi-
cantly inhibited (Figure 3C), indicating that recognition of
the native SABP1 by host cells was blocked by GST-SABP1.
Additionally, the interaction of GST-SABP1 with host cells
was sensitive to neuraminidase treatment (Figure 4). These
data indicate that the SABP1-SA interaction is important for
the invasion process. A significant reduction in invasion ef-
ficiency occurred after incubation of SABPI-specific anti-
body with tachyzoites (Figure 5), indicating the importance
of SABP1 in the invasion of T. gondii into host cells.

The role of SABP1 in the invasion process was further
supported by gene deletion and complementation using the
CRISPR/Cas9 system [36]. In mice, the SABP1-deficient
strain was less virulent than wild-type parasites, and the
infectivity was restored when the SABPI gene was reintro-
duced into the knockout parasites (Figure 7). These data
support the conclusion that SABP1 is a vital parasite li-
gand associated with parasite recognition or attachment to
host cells.

In summary, the data has increased our understanding of
the ligand-receptor interaction between T. gondii and its hosts.
The identification of TgSABP1, a novel SA-binding protein of
T. gondii, may aid in the development of methods for preven-
tion and treatment of toxoplasmosis.
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