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Infections by many bacterial pathogens rely on their ability to
degrade host glycans by producing glycoside hydrolases (GHs).
Here, we discovered a conserved multifunctional GH, SsGal-
NagA, containing a unique combination of two family 32 carbo-
hydrate-binding modules (CBM), a GH16 domain and a GH20
domain, in the zoonotic pathogen Streptococcus suis 05ZYH33.
Enzymatic assays revealed that the SSCBM-GH16 domain dis-
plays endo-(f31,4)-galactosidase activity specifically toward
the host-derived aGal epitope Gal(«1,3)Gal(81,4)Glc(NAc)-R,
whereas the SsSGH20 domain has a wide spectrum of exo-f3-N-
acetylhexosaminidase activities, including exo-(1,3)-N-acetyl-
glucosaminidase activity, and employs this activity to act in tan-
dem with SSCBM-GH16 on the aGal-epitope glycan. Further,
we found that the CBM32 domain adjacent to the SsGH16 do-
main is indispensable for SsGH16 catalytic activity. Surface
plasmon resonance experiments uncovered that both CBM32
domains specifically bind to aeGal-epitope glycan, and together
they had a K, of 3.5 mm toward a pentasaccharide aGal-epitope
glycan. Cell-binding and aGal epitope removal assays revealed
that SsGalNagA efficiently binds to both swine erythrocytes and
tracheal epithelial cells and removes the aGal epitope from
these cells, suggesting that SsGalNagA functions in nutrient ac-
quisition or alters host signaling in S. suis. Both binding and
removal activities were blocked by an aGal-epitope glycan.
SsGalNagA is the first enzyme reported to sequentially act on
a glycan containing the aGal epitope. These findings shed
detailed light on the evolution of GHs and an important host-
pathogen interaction.

The glycosylation of macromolecules, such as proteins and
lipids, to form glycoconjugates is one of the most abundant
modifications of biomolecules in nature (1). In mammals, the
glycoconjugates displayed on the cell surface form the complex
carbohydrate-rich glycocalyx that surrounds cells and play key
roles in important cellular functions, such as cell-cell interac-
tions and cell signaling (2—4). The N-glycosylation of Asn resi-
dues in proteins is the most frequent form of protein glycosyla-
tion (4, 5). Correspondingly, many commensal and pathogenic
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microbes have developed mechanisms to depolymerize N-gly-
cans to take advantage of the carbohydrate-rich environment
in the host and successfully colonize and/or infect the host
(6-9). Recently, a model was developed for N-glycan depoly-
merization in the human pathogen Streptococcus pneumoniae.
In this model, an exo-a-sialidase (NanA) and an exo-(81,4)-ga-
lactosidase (BgaA), together with an exo-B-N-acetylglucosami-
nidase (StrH), all of which are anchored to the cell surface of S.
pneumoniae, were shown to have sequential activity on com-
plex N-glycans, thereby contributing to nutrient acquisition
and host immune response suppression (10, 11).

The aGal-epitope glycan is a unique glycan produced on gly-
colipids and glycoproteins, containing a special terminal aGal-
epitope structure in the form of Gal(«1,3)Gal(1,4)GlcNAc-R
(12, 13). It was first reported as a ceramide pentahexoside, Gal
(«1,3)Gal(B1,4)GlcNAc(B1,3)Gal(B1,4)Glc-Cer, from rabbit
erythrocytes (14). Subsequent reports demonstrated that rabbit
erythrocytes contain a range of glycolipids of various lengths
that terminate with Gal(«l,3)Gal(B1,4)GlcNAc-R, ranging
from pentasaccharide to multibranched 35- and 40-sugar-con-
taining glycolipids, with five sugars per branch (15-17). The
aGal-epitope glycan is ubiquitously present in nonprimate
mammals, but the amount varies in different organs, cells, and
species (12, 18). It has been detected on glycolipids in kidney
and thymus tissues from sheep, pigs, cows, and rabbits, as well
as the pig respiratory epithelium and vascular endothelium, but
not in kidney tissue from rats and brain tissues from any of the
above animals (19, 20). The aGal-epitope glycan has also been
revealed on glycoproteins, such as mouse and bovine laminin,
fibrinogen, Igs, and thyroglobulins, from various species (12).

The aGal-epitope glycan is absent from humans. Instead,
humans naturally generate a large amount of anti-aGal epitope
antibody, accounting for ~1% of total Igs (21, 22) and causing
hyperacute rejection of pig xenograft organs in humans (23).
Therefore, the aGal epitope-containing glycans have mainly
been investigated in the context of xenotransplantation (20).
Under these circumstances, endo—f3-gal C (EndoGalC), charac-
terized from Clostridium perfringens, and its potential applica-
tion in removing the aGal epitope for xenotransplantation in
humans were studied (24, 25). Recently, the host-derived aGal
epitope was identified as a receptor for bovine norovirus New-
bury2, revealing an expanded role of the aGal-epitope glycan in
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host—pathogen interactions (26). However, its potential as a
target for bacterial pathogens has not been elucidated (27).

Streptococcus suis is a major swine bacterial pathogen that is
responsible for severe economic losses in the porcine industry
and represents a significant threat to human health (28, 29).
The natural habitat of S. suis is the upper respiratory tract of
pigs. Healthy pigs asymptomatically colonized with S. suis form
a reservoir for this disease and play a major role in its epidemi-
ology (29). The successful colonization of S. suis in upper respi-
ratory tracts suggested that this microorganism can utilize the
glycans enriched in these niches. Therefore, in this study, we
identified a multifunctional glycoside hydrolase, SsGalNagA,
from S. suis. This enzyme possesses a unique combination of
activities to interact with and cleave the aGal epitope, which
has been proven to be abundantly present on swine tracheal
epithelial cells, potentially playing roles in upper respiratory
tract colonization of S. suis. The results presented here repre-
sent the first report of the roles of the aGal epitope in the inter-
actions of host and bacterial pathogens.

Results

S. suis does not have the same complex N-glycan degradation
enzymatic system as S. pneumoniae

Previously, a complex N-glycan degradation enzymatic sys-
tem, containing NanA, BgaA, and StrH, was revealed in S.
pneumoniae (10, 11). To examine whether this system was
present in a related bacterium, the zoonotic streptococcus S.
suis, homologs for these three proteins were searched among S.
suis genomes that were sequenced. However, no homolog was
found for NanA and BgaA, whereas one homologous protein
was found for StrH, in S. suis strain 05ZYH33, which was anno-
tated as an N-acetyl-B-hexosaminidase (NCBI accession no.
ABP89596; gene locus tag SSU05_0630). We named this pro-
tein SsGalNagA on the basis of the observations that we report
in this study, representing an enzyme with both galactosidase
and N-acetylglucosaminidase activity. The absence of NanA
and BgaA homologs indicated that S. suis does not have the
same complex N-glycan degradation enzymatic systems as S.
pneumoniae.

SsGalNagA contains a unique and novel combination of
GH16 and GH20 catalytic domains that is conserved in S. suis

As shown in Fig. 14, the 1419-residue SsGalNagA is com-
posed of six domains: sequentially, a 32-residue N-terminal sig-
nal peptide (SP), a tandem repeat of two family 32 carbohy-
drate-binding modules (CBM32), two tandem glycosidase
hydrolase (GH) catalytic domains, namely, family GH16 and
GH20 domains, followed by a C-terminal canonical LPxTG
motif (CW) (30). The presence of the LPXTG motif suggested
that SsGalNagA is also a cell wall-anchored protein, similar to
NanA, BgaA, and StrH in S. pneumoniae.

Unlike StrH, which contains two tandem GH20 catalytic
domains (GH20A and GH20B), SsGalNagA contains two dif-
ferent GH catalytic domains, GH16 and GH20 (Fig. 1A4), desig-
nated SsGH16 and SsGH20, respectively. StrH matched do-
main SsGH20 only via its two GH20 domains (Fig. 1A).
Residues 76—883 of SsGalNagA, containing the two CBM32
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domains and the SsGH16 domain, designated SSCBM-GH16,
showed the highest similarities (55-59%) to GH16 glycosylhy-
drolases annotated in several bacterial genomes and to full-
length EndoGalC from C. perfringens (55%) (Fig. 1A). Among
these proteins, only the latter has been characterized, where it
shows endo-[3-galactosidase activity that catalyzes the release
of Gal(a1,3)Gal from the aGal-epitope glycan (24). According
to the newly developed subfamily classification of GH16, Endo-
GalC and its above homologs, as well as SsGH16, belong to
GH16 subfamily 8, i.e. GH16_8. At present, EndoGalC is the
only characterized enzyme in this subfamily (31, 32).

No homologous proteins possessing both GH16 and GH20
catalytic domains have been revealed from a species other than
S. suis, indicating that the combination of GH16 and GH20 cat-
alytic domains in one protein is unique for SsGalNagA and
novel for GH. To assess whether the combination of GH16 and
GH20 is conserved in S. suis, the 43 completely sequenced S.
suis genomes were searched using full-length SsGalNagA as a
probe. The search revealed that full-length SsGalNagA is highly
conserved in S. suis from different serotypes, with 99-100%
full-length coverage and 82—100% identities on the amino acid
sequence level (Table S1). In summary, SsGalNagA is a multi-
domain protein containing a unique combination of GH16 and
GH20 catalytic domains. This GH domain combination is novel
for GH and conserved in S. suis.

SsGH20 has exo-(31,2)-N-acetylglucosaminidase activity

To explore the biological function of the unique domain
combination of SsGalNagA, full-length SsGalNagA and its do-
main truncations were cloned as summarized in Fig. 1B. The
proteins of the domain variant were expressed and purified
(Fig. S1).

As SsGH20 showed high similarity to GH20A and GH20B of
StrH, it was hypothesized that SsSGH20 had the same activities
as GH20A and GH20B, with catalytic activity toward 4-nitro-
phenyl N-acetyl-B-p-glucosaminide (pNp-NAG), and, further,
would release (1,2)-linked GlcNAc (GlcNAc) from the «1,3 or
al,6 arm of complex N-linked glycans. We first measured the
activity of SsGH20 toward pNp-NAG. Purified SsGH20 dem-
onstrated hydrolysis of pNp-NAG with a K;,, of 0.69 mm, a k¢
0f2.95s !, and a koe/K,,, of 4.28 s ' mm ! (Fig. 24).

To determine the activity of SsGH20 on (B1,2)-linked
GlcNAc from the «1,3 or «1,6 arm of a complex biantennary
N-linked glycan, the deglycosylation of transferrin, which pos-
sesses a typical complex N-linked glycan (33), was performed.
As shown in Fig. 2B, SsSGH20 was unable to remove terminal
(a2,6)-linked sialic acid (Sia) or expose additional mannose
(Man) from complex N-linked glycan (Fig. 2B, lane 2), indicat-
ing that it could not release (B1,2)-linked GlcNAc through an
endo-type activity. However, after sequential removal of termi-
nal Sia and the second galactose (Gal) by sialidase and galactosi-
dase, SsSGH20 catalyzed the release of the exposed terminal
(B1,2)-linked GIcNAc through an exo-type activity, exposing
much more terminal Man recognized by the lectin Galanthus
nivalis agglutinin (GNA) (Fig. 2B, lane 5). The results con-
firmed that SSGH20 has exo-(81,2)-acetylglucosaminidase ac-
tivity, as GH20A and GH20B of intact StrH do.
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Figure 1. Domain arrangement, alignment, and cloning strategy. A, domain arrangement and alignment of S. suis SsGalNagA (green), S. pneumoniae StrH
(purple), and C. perfringens EndoGalC (yellow). The residue positions for each domain are labeled. The abbreviated domains are the following: SP, signal pep-
tide; CW, cell wall-anchoring domain with a canonical LPXTG motif. The sequence coverage and identity are shown as shading with the percent identity. The
residue ranges for the aligned domains are also labeled. B, the cloning strategy for full-length SsGalNagA, truncated proteins, and protein mutants used in this

study. The start and end residues for each clone are labeled.

SsCBM-GH16 acts on the aGal epitope on erythrocytes from
pigs, rabbits, and cows but not on the human blood type B
epitope

SsCBM-GH16 showed high similarity to EndoGalC (Fig. 14),
which cleaves the (1,4)-linkage between Gal(31,4)GlcNAc in
the aGal-epitope glycan to release Gal(a1,3)Gal. To detect
whether SSCBM-GH16 showed the same activity as EndoGalC,
based on the facts that the aGal epitope is abundant on eryth-
rocytes of nonprimate mammals and human serum contains a
large amount of anti-aGal epitope antibodies, a simple hemag-
glutination test was developed in this study. As shown in Fig.
34, erythrocytes from pigs, cows, and rabbits agglutinated after
the addition of human serum (Fig. 34, lane 2) confirming the
existence of aGal epitopes on these erythrocytes. In contrast,
mouse erythrocytes did not show clear hemagglutination after
the addition of human serum, indicating there was little or no
aGal epitope on mouse erythrocytes.

These results were extended using flow cytometric analysis
(FCA) with detection by FITC-conjugated Bandeiraea sim-
plicifolia isolectin B4 (FITC-BSI-B4), which specifically
binds to the terminal aGal residue. The results showed that
the aGal epitope was indeed present on the erythrocytes
from pigs, cows, and rabbits but absent from the erythro-
cytes from mice (dotted line in Fig. 3B). Further, after treat-
ment with SsSCBM-GH16, no additional hemagglutination
was observed for these same erythrocytes after the addition
of human serum (Fig. 34, lane 4). FCA additionally showed
that the aGal epitopes were removed by SSCBM-GH16 (Fig.
3B, solid line).
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However, different degrees of activity have been observed by
FCA. The removal of aGal epitopes from pig erythrocytes was
more complete than that for cow and rabbit erythrocytes. Con-
sidering that Sia-containing aGal epitopes have been detected
on bovine erythrocytes (18), the residual signal likely originates
from FITC-BSI-B4 binding to this type of aGal epitope, which
was not removed by SsCBM-GH16. Furthermore, compared
with the human blood type O epitopes on erythrocytes, human
blood type B epitopes were also recognized by BSI-B4 (Fig. 3B,
dotted line) but not by SSCBM-GH16 (Fig. 3B, solid line). This
suggested that SSCBM-GH16 could not catalyze cleavage of the
fucosylated («1,3)-galactobiose from human blood type B
epitopes.

SsCBM-GH16 cleaves the (31,4)-linkage in aGal epitopes,
releasing Gal(a1,3)Gal

To further determine the exact cleavage site of SsCBM-
GH16 in an aGal epitope, the Galili antigen pentaose (Gap),
with the structure Gal(a1,3)Gal(B1,4)GlcNAc(B1,3)Gal(B1,4)
Glc (Fig. 4A), was used as the substrate, and the hydrolytic
products were detected by TLC and further identified by
ultraperformance liquid chromatography—high-resolution MS
(UPLC-HRMS). As shown in Fig. 4, Gap was present at the
pentasaccharide position on TLC plates (Fig. 4B, lane 1) and
showed a molecular mass of 869 Da (Fig. 4C), corresponding to
that of intact Gap. After hydrolysis by SSCBM-GH16, disaccha-
rides and trisaccharides were released (Fig. 4B, lane 2). The mo-
lecular masses of these products were determined as 342 Da

SASBMB
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Figure 2. Activities of SSGH20. A, kinetics of the SsGH20-catalyzed cleavage
of pNp-NAG. B, deglycosylation of the complex N-glycan by SsGH20 in the
absence (lane 2) and presence (lane 5) of sialidase and galactosidase, using
complex N-glycosylated transferrin as the substrate. Transferrin (lane 1) and
transferrin incubated with sialidase (lane 3) or with both sialidase and galac-
tosidase (lane 4) were used as controls. Terminal sialic acid (Sia), galactose
(Gal), and mannose (Man) of the complex N-glycan on transferrin were
detected by lectins SNA, DSA, and GNA, respectively, using the DIG glycan
differentiation kit (Sigma).

and 545 Da by UPLC-HRMS analysis (Fig. 4D), corresponding
to that of Gal(«1,3)Gal and GlcNAc(B1,3)Gal(B1,4)Glc, respec-
tively. This clearly indicated that SSCBM-GH16 acts very simi-
larly to EndoGalC, cleaving the (B1,4)-linkage between Gal
(B1,4)GlcNAc in the aGal-epitope glycan, releasing Gal(a1,3)
Gal (Fig. 4A).

SsCBM-GH16 does not synergistically act with SSGH20 on
complex N-glycans

We considered a rationale for S. suis combining SsSCBM-
GH16 and SsGH20 in one protein. The activity of SSGH20 on
complex N-glycans requires removal of the terminal Sia and
the downstream Gal. S. pneumoniae achieved this by sequential
cleavage of (a2,6)-linked Sia and (B81,4)-linked Gal by NanA
and BgaA, respectively. S. suis does not possess the same com-
plex N-glycan degradation system as S. pneumoniae (vide su-
pra), because homologs of NanA and BgaA are absent from S.
suis. Considering that SSCBM-GH16 shows endo-type activity
on (B1,4)-linked Gal in Gal(«1,3)Gal(B1,4)GlcNAc, except that
a different disaccharide Gal(«1,3)Gal is released, we considered
whether SSCBM-GH16 could act on the (B1,4)-linked Gal in
canonical complex N-glycans through an endo-type action to
directly trim the disaccharide, Sia(a2,6)Gal, and subsequently
form the substrate for SSGH20. However, incubation of transfer-
rin with SSCBM-GH16 and SsGH20 did not remove additional
terminal Sia from transferrin (Fig. 4E, lane 2) compared to that
from transferrin incubated with SsGH20 alone, which does not
remove terminal Sia (Fig. 4E, lane 1). Therefore, SSCBM-GH16
did not act on the (B1,4)-linked Gal in complex N-glycans
through an endo-type activity. Similar assays were performed as
above, except that sialidase was added. Here, SSCBM-GH16 and
SsGH20 did not remove any more Gal (Fig. 4E, lane 4) than
SsGH20 alone (Fig. 4E, lane 3). This result additionally indicated
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Figure 3. Removal of the aGal epitope from different erythrocytes by SsSCBM-GH16. A, hemagglutination assay for detection of aGal epitope removal by
SsCBM-GH16 from pig, cow, rabbit, and mouse erythrocytes. Ten percent erythrocyte solutions directly mixed with PBS-BSA (lane 1) or human serum (lane 2)
served as hemagglutination negative and positive controls, respectively. B, FCA to detect the removal of the terminal aGal epitope by SSCBM-GH16 from dif-
ferent erythrocytes. The FITC signal of erythrocytes only (dashed line), erythrocytes incubated with FITC-IBS-B4 (dotted line), and SsSCBM-GH16-treated erythro-
cytes incubated with FITC-IBS-B4 (solid line) were detected by FCA using a 488-nm laser.
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Figure 4. Activity assays for synergy and specificity of SSCBM-GH16 and SsGH20. A, the structure of the aGal-epitope glycan, Gap. The cleavage sites for
SsCBM-GH16 and SsGH20 are indicated by arrows. B, TLC analysis of the products from Gap hydrolysis. Gal (G), lactose (L), and raffinose (R) were used to indi-
cate the chromatographic mobilities of monosaccharide, disaccharide, and trisaccharide, respectively. C, D, and F, UPLC-HRMS analysis of the products from
Gap hydrolyzed by no protein (C), SSCBM-GH16 (D), and SsCBM-GH16 plus SsGH20 (F). E, deglycosylation of the complex N-glycan on transferrin by SsCBM-
GH16 and SsGH20 without (lanes T and 2) and with (lanes 3 and 4) sialidase. Terminal sialic acid (Sia) and galactose (Gal) of the complex N-glycan on transferrin
were detected by lectins SNA and DSA, respectively, using the DIG glycan differentiation kit (Sigma). G and H, TLC analysis of the products from the indicated
oligosaccharides hydrolyzed by SsGH20 (G) or SSCBM-GH16 (H). S2-513 oligosaccharides and their structural compositions are listed in Table 1. —, without

protein; +, with protein. N, GIcNAc; aG, Gal(a1-3)Gal.

that SSCBM-GH16 did not act on the (81,4)-linked Gal in com-
plex N-glycans through exo-type action. Thus, SSCBM-GH16
does not synergistically act on complex N-glycans with SSGH20
via its (B1,4)-galactosidase activity.

SsGH20 shows exo-(31,3)-acetylglucosaminidase activity,
which synergistically acts on the aGal-epitope glycan with
SsCBM-GH16

Whereas the endo-(1,4)-galactosidase activity of SSCBM-
GH16 does not provide synergy with the activity of SSGH20 on

10642 J Biol. Chem. (2020) 295(31) 10638-10652

complex N-glycans, we next focused on their synergistic
actions on the aGal-epitope glycan. As SSCBM-GH16 cleaved
the Gal(B1,4)GIcNAc linkage in the aGal-epitope glycan and
exposed a terminal (B1,3)-linked GIcNAc, we considered
whether SsGH20, which was shown to cleave (B81,2)-linked
GIcNAc, could act on this (B1,3)-GlcNAc linkage, the activity
of which has not been revealed for StrH. To test this concept,
SsGH20 was incubated with Gap in the absence and presence
of SSCBM-GH16. As shown in Fig. 4B, lane 3, in the absence of
SsCBM-GH16, SsGH20 alone does not act on Gap. However,
in the presence of SsCBM-GH16, SsGH20 could further
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Table 1
Activities of SSGH20 and SsCBM-GH16 on different oligosaccharides

Substrate no. Oligosaccharide composition Activity”
SsGH20
s1° GalNAc(B1,3)Gal(B1,4)Glc +++
S2 GlcNAc(B1,2)Man +++
S3 GalNAc(B1,3)Gal ++
S4 GalNAc(B1,4)Gal +
S5 GlcNAc(B1,4)GlcNAc ++
SsCBM-GH16
S6/Gap Gal(a1,3)Gal(B1,4)GlcNAc(B1,3)Gal(B1,4)Glc +++
S7 Gal(a1,3)Gal(B1,4)Glc +++
S8 Gal(a1,3)Gal(B1,4)Gal -
S9 Gal(a1,4)Gal(B1,4)GlcNAc -
S10 Gal(B1,4)GlcNAc -
S11 Gal(B1,4)GlcNAc(B1,3)Gal(B1,4)GlcNAc(B1,3)Gal(B1,4)Glc -
S12 GalNAc(al,3)(Fucal,2)Gal(81,4)GlcNAc(81,3)Gal(81,4)Glc -
S13 Gal(al,3)(Fucal,2)Gal(B1,4)GlcNAc(B1,3)Gal(B1,4)Glc -
“Activities were rated according to the degree of hydrolysis.
bThe structure and activity of substrate S1 were inferred from results in Fig. 4, B and F.
hydrolyze Gap (Fig. 4B, lane 4). Compared with the products A B
released by hydrolysis by SSCBM-GH16 alone (Fig. 4B, lane 2), SsGH16 |- |+|-]|-
the disappearance of trisaccharide, the increased levels of disac- SsGH16-2 |-|-|+]- SsGH16 |- |+[-|-
charide, and the appearance of monosaccharides, after syner- SsGH16-3 | -1-|-|+ SsGH16-2 |- |- |+] -
gistic action of SSCBM-GH16 and SsGH20, strongly indicated S6/Gap |+ |+ |+ |+ SsGH163 | -|-|-|+
that the trisaccharide GlcNAc(B1,3)Gal(B1,4)Glc produced by GaG 1 2 3 4 +
SsCBM-GH16 was further cleaved by SsGH20, resulting in the Mono-[ii 2
monosaccharide, GIcNAc, and the disaccharide, Gal(81,4)Glc. Di-| = -
This was confirmed by UPLC-HRMS analysis, which revealed -
that the hydrolysis products showed molecular masses of 244 Pent
enta-

Da and 365 Da (Fig. 4F), corresponding to that of GIcNAc and
Gal(ae1,3)Gal/Gal(B1,4)Glc, respectively. These results clearly
revealed that SsGH20 acts on the terminal (B1,3)-linked
GlcNAc. Thus, in addition to exo-(81,2)-acetylglucosaminidase
activity, SsGH20 also showed exo-(31,3)-acetylglucosaminidase
activity, and, with this activity, was able to synergistically act on
the aGal-epitope glycan with SSCBM-GH16.

To further confirm that this synergistic action is combined
in one protein, the full length of SsGalNagA (Fig. 1B and Fig.
S1) was tested with Gap as the substrate. Not surprisingly, full-
length SsGalNagA hydrolyzed Gap to GlcNAc and Gal(al,3)
Gal/Gal(B1,4)Glc in the same manner as the combination of
the individual domains, SSCBM-GH16 and SsGH20 (Fig. 4B,
lane 5).

SsGH20 has a broad substrate spectrum, whereas SsCBM-
GH16 specifically targets aGal-epitope glycan

We show above that SSGH20 has both exo-(81,2)- and exo-
(B1,3)-acetylglucosaminidase activities, indirectly or directly,
whereas SSCBM-GH16 displays endo-[-galactosidase activity
releasing terminal (B1,4)-linked Gal(«1,3)Gal from aGal-epi-
tope glycans. To better explore the potential substrates of SsGal-
NagA, activities of SSGH20 and SsSCBM-GH16 were screened on
a variety of biologically relevant sugars using TLC. The results are
shown in Fig. 4G and H and summarized in Table 1.

For SsGH20 (Fig. 4G and Table 1), we show that SSGH20 effi-
ciently acted on terminal (31,2)-linked GlcNAc and completely
hydrolyzed GlcNAc(B1,2)Man (S2). Additionally, cleavage of
terminal (1,4)-linked GlcNAc was observed but with lower
efficiency, because SsGH20 did not completely hydrolyze
GlcNACc(B1,4)GlcNAc (S5). In addition to GlcNAc, SsGH20

SASBMB

Figure 5. Hydrolysis of oligosaccharides S6/Gap and S7 by SsGH16 trun-
cations. A and B, TLC analysis of the hydrolytic products from Gal(«1,3)Gal
(B1,4)GIcNAC(B1,3)Gal(81,4)Glc (S6/Gap) (A) and Gal(a1,3)Gal(B1,4)Glc (S7)
(B) by SsGH16 (lane 2), SsGH16-2 (lane 3), and SsGH16-3 (lane 4). G, Gal; aG,
Gal(a1,3)Gal.

also recognized terminal 3-linked N- acetylgalactosamine (Gal-
NAc). It was able to catalyze the cleavage of terminal (31,3)-
and (B1,4)-linked GalNAc from GalNAc(B1,3)Gal (S3) and
GalNAc(B1,4)Gal (S4), respectively. However, as indicated by
the incomplete hydrolysis, SSGH20 was less active on terminal
B-linked GalNAcs than on their GIcNAc counterparts.

For SsSCBM-GH16, strict specificity for the terminal (81,4)-
linked Gal(«1,3)Gal and the following sugar residue at subsite
+1 was observed. As shown in Fig. 4H and Table 1, SSCBM-
GH16 only cleaved the terminal (B81,4)-linked Gal(al,3)Gal
(S6/Gap and S7) but not the terminal (81,4)-linked Gal(«1,4)
Gal (S9) or Gal (S10 and S11). These results indicated that
SsCBM-GH16 has strict specificity for the terminal Gal(«1,3)
Gal and does not perform exo-type activity. Furthermore,
SsCBM-GH16 exhibited no activity on blood group B antigen
(S13), which shares the highest structural similarity with aGal-
epitope glycan, except for a fucosyl substitution on the Gal
located at subsite —1, indicating that the —1 subsite of the
enzyme does not tolerate a fucosylated Gal residue. This is con-
sistent with the above result that SSCBM-GH16 could not
remove the terminal aGal from human blood type B erythro-
cytes (Fig. 3B). On the other hand, for the sugar residue located
at subsite +1, SSCBM-GH16 recognized either a GIcNAc (S6/
Gap) or a Glc (S7) but not a Gal (S9), implying that SsSCBM-
GH16 also has high specificity for the sugar residue at this
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Figure 6. Binding of oligosaccharides to SsSCBM truncations. A, B, and C, SPR sensorgrams for the indicated oligosaccharides binding to SsSCBM32-1 (A),
SsCBM32-2 (B), and SsCBM (C). SsCBM32-1, SsCBM32-2, and SsCBM were immobilized on CM5 chips with immobilization levels of 5781 RU, 4143 RU, and 3869
RU, respectively. The indicated oligosaccharides were passed through the control and sample flow cells. The sensorgrams were generated by subtraction of
the background from the total binding.

position. With this high specificity, it is not surprising that SsCBM only showed significant binding activity toward the
SsCBM-GH16 did not cleave human blood type A antigen pentasaccharide aGal-epitope glycan, S6/Gap. For other oligo-
(S12). saccharides tested, weak or no binding signals were detected.

In summary, SSGH20 has a broad spectrum of exo-3-N-ace- No significant binding was observed for disaccharides Gal
tylhexosaminidase activities, with a preference for (81,2)- and («1,3)Gal (aG), GalNAc(B1,3)Gal (S3), and Gal(B1,4)GlcNAc
(B1,3)-linked GlcNAc over (1,4)-linked GIcNAc and B-linked  (S10), all of which are fragments of the pentasaccharide S6/
GalNAc counterparts. On the contrary, SSCBM-GH16 displays ~ Gap, suggesting that the strong binding of S6/Gap involves
strict specificity toward aGal-epitope glycans, with some small  more than two sugar residues. For trisaccharide Gal(a1,4)Gal
flexibility of the sugar residue located at the subsite +1 of the (B81,4)GIcNAc (S9) and hexasaccharide Gal(1,4)GlcNAc(1,3)
enzyme, which can accommodate either a GIcNAc ora Glcbut ~ Gal(B1,4)GIlcNAc(B1,3)Gal(B1,4)Glc (S11), lack of binding
not a Gal. indicates that the terminal Gal(«1,3)Gal disaccharide structure

of S6/Gap is important for the strong binding. This was further
The SsCBM32-2 domain is indispensable for SsGH16 catalytic ~ demonstrated by the inability of the proteins to bind human
activity blood type B epitope (S13), which specified that a fucosyl sub-

SsCBM-GH16 and its homolog contain both the tandem Stitutionon the second Gal of S6/Gap impeded binding. On the
CBM32 domains (designated SSCBM32-1 and SsCBM32-2; Fig.  other hand, none of the three proteins showed apparent bind-
1B) and the GH16 domain. In addition, it was reported that more ~ ing to Gal(a1,3)Gal(81,4)Gal (S8) and, notably, to Gal(a1,3)Gal
than 75% of enzymes from subfamily GH16_8 were linked to  (B1,4)Glc (S7), which is an active substrate of SsSCBM-GH16,
CBMS32 (32). Therefore, we examined the contributions of the suggesting that the GIcNAc at the third position in S6/Gap is
CBM32 domains to the catalytic activity of SsSGH16. Three trun-  strictly specific for strong binding.
cated proteins, viz.,, SsSGH16, SsSGH16-2, and SsGH16-3, were In summary, SsSCBM32-1, SsCBM32-2, and SsCBM bind
prepared, as shown in Fig. 1B and Fig. S1. Their activities on both ~ aGal-epitope glycan with high specificity, and the terminal Gal
of the SSCBM-GH16 substrates, S6/Gap and Gal(a1,3)Gal(81,4) (@1,3)Gal(B1,4)GIcNAc trisaccharide structure of aGal-epi-
Glc (S7), were examined. As shown in Fig. 5, A and B, neither tope glycan plays an important role in the specific binding.
SsGH16, with no CBM32 domain, nor SsGH16-2, with a partial With this specificity, it is unsurprising that the proteins did not
domain of SSCBM32-2, was active on the substrates. However, bind human blood type A epitope (S12).

SsGH16-3, which contains the SSGH16 domain and the com- The binding kinetics of SSCBM to the pentasaccharide Gap
plete SSCBM32-2 domain, recapitulated the activities on Wwas measured by SPR and are the following: k., 0.6746 *
both substrates. These findings indicated that SSCBM32-2, 0.024 M ™' s™ ' ko, (2334 + 0.008) X 10> s The two
the CBM32 domain adjacent to SsGH16, is indispensable for ~CBM32 together interact with Gap with a K, of 3.46 mm.
the catalytic activity of the SsSGH16 catalytic domain.

SsGalNagA binds and releases aGal epitopes on swine
Both SsCBM32-1 and SsCBM32-2 bind aGal-epitope glycan erythrocytes

with high specificity Further elucidation of the function of SsGalNagA in the re-

The two CBM32 domains were annotated by dbCAN-seq moval of aGal epitopes on erythrocytes in the natural host of S.
(34). The CBMs from family 32 have been demonstrated to suis will assist in understanding the mechanism of diseases,
bind Gal, GlcNAc, Gal(B1,4)GIcNAc, and GlcNAc(al,4)Gal  such as septicemia, caused by S. suis. The aGal epitope removal
(35, 36). To determine the binding specificity of these two and binding activities of the full-length SsGalNagA and domain
CBM32 domains, three SSCBM truncations, viz., SSCBM32-1, variants were detected by FCA, using FITC-BSI-B4 and corre-
SsCBM32-2, and SsCBM, were obtained (Fig. 1B andFig. S1). sponding antibodies, respectively. As expected, neither SSCBM
Their binding activities toward various biologically relevant oli- nor the exo-acting SsGH20 shows aGal epitope removal
gosaccharides were examined by surface plasmon resonance activity, whereas both SsSCBM-GH16 and full-length SsGal-
(SPR). As shown in Fig. 6, A-C, similar binding patterns were = NagA efficiently removed the aGal epitope from swine erythro-
observed for all three SSCBM truncations. With either one, or  cytes (Fig. 7A). Binding assays revealed that SSGH20 did not
both, of the CBM32 domains, SSCBM32-1, SSCBM32-2, and interact with swine erythrocytes, which was not unexpected.
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Figure 7. The removal and binding of the terminal aGal epitope on
swine erythrocytes by SsCBM, SsSCBM-GH16, and full-length SsGalNagA.
A, FCA detection of aGal epitope removal from swine erythrocytes. The
erythrocyte solution (10%) was incubated with PBS-BSA (NC, negative con-
trol) or the indicated protein. The presence of the terminal aGal epitope was
detected by FITC-BSI-B4 using FCA. The erythrocyte solution was detected
and used as a control (Red blood cell only (RBC only)), B, FCA detection of pro-
tein binding to swine erythrocytes. The erythrocyte suspension (10%) was
incubated with PBS-BSA (NC) or the indicated protein. The bound proteins
were detected by Alexa Fluor 647 using FCA. C, superpositioning of struc-
tures of SsGH16 (cyan) and GH16 laminarinase from Thermotoga maritima
MSB8 (pink; PDB entry 3b01). The structure of SsGH16 was modeled by
SWISS-MODEL using 3b01 as the template. The catalytic residues, viz., E561
and E566 in SsGH16 and E132 and E137 in 3b01, are shown as stick models.
The image on the right is an enlargement of the area framed on the left. D,
TLC analysis of the hydrolysis of Gap by SSCBM-GH16m and SsGalNagAm. E,
FCA detection of aGal epitope removal from swine erythrocytes by SsCBM-
GH16m and SsGalNagAm. F, FCA detection of SsSCBM-GH16m and SsGalNa-
gAm binding to swine erythrocytes.

Surprisingly, among SsCBM, SsCBM-GH16, and SsGalNagA,
all of which contain the SSCBM domain and are predicted to
bind to the aGal epitope, only SSCBM binds to swine erythro-
cytes. Neither SSCBM-GH16 nor SsGalNagA showed any such
binding activity (Fig. 7B).

Considering the efficient aGal-epitope cleavage activities of
SsCBM-GH16 and SsGalNagA (Fig. 4B and 7A), we predicted
that the cleavage of the aGal epitope would attenuate the bind-
ing target of SSCBM. To address this issue, mutations at the
catalytic sites of SSGH16 were performed. We hypothesized, by
structural simulations and alignments with GH16 laminarinase
from Thermotoga maritima MSB8 (PDB entry 3b01) (Fig. 7C),
that E561 and E566 are essential for the activity of SsGH16.
Mutations of both E561 and E566 to alanines in SSCBM-GH16
and SsGalNagA were performed, resulting in the variants

SASBMB

SsCBM-GH16m and SsGalNagAm, respectively (Fig. 1B and
Fig. S1). The loss of catalytic activities of SSCBM-GH16m and
SsGalNagAm were confirmed both by Gap hydrolysis (Fig. 7D,
lanes 2 and 3) and aGal epitope removal from swine erythro-
cytes (Fig. 7E). Finally, as predicted, abundant binding of
SsCBM-GH16m and SsGalNagAm to swine erythrocytes was
observed after loss of the catalytic activity (Fig. 7F).

In summary, SsGalNagA binds to the aGal epitope on swine
erythrocytes through SsCBM, after which the aGal epitope is
cleaved by SsGH16, followed by B(1,3)-GlcNAc cleavage by
SsGH20. The steps also occur with Gap as a substrate.

SsGalNagA binds to STEC and removes «Gal epitopes

The natural niche of S. suis is the upper respiratory tract of
swine. Swine tracheal epithelial cells (STEC), the main cell type
at this location, provide the first contact point for colonization
of S. suis. To assess whether SsGalNagA plays a role in the
interaction of STEC and S. suis, the aGal epitope on STEC was
analyzed by confocal laser scanning microscopy (CLSM) using
FITC-BSI-B4. As shown in Fig. 84, aGal epitopes were
detected on STEC by FITC-BSI-B4. Incubation of STEC with
either SsGalNagA or SsCBM-GH16 significantly reduced the
amount of aGal epitopes on STEC (Fig. 84). The reduction of
aGal epitopes was significantly dependent on the concentra-
tion of SsGalNagA added (Fig. 8B), clearly indicating that the
reduction of aGal epitopes was due to the action of SsGalNagA.
After inactivation of the catalytic activity of GH16, neither
SsGalNagAm nor SsCBM-GH16m catalyzed the cleavage of
the aGal epitope from STEC (Fig. 8, A and C), further confirm-
ing that the removal of the aGal epitope from STEC was attrib-
utable to the catalytic activity of SsGalNagA.

Binding of SsGalNagA and SsCBM-GH16 was also investi-
gated by CLSM. As shown in Fig. 9, A and B, similar to swine
erythrocytes, little binding was detected for catalytically active
SsCBM-GH16 and SsGalNagA, whereas high levels of binding
were detected for the inactive mutants, SSCBM-GH16m and
SsGalNagAm. The results indicated that, similar to the action
of aGal epitopes on erythrocytes, SsGalNagA binds to the aGal
epitope and removes this terminal aGal from STEC.

The competitive effects of Gap on the removal of the aGal
epitope from STEC and binding to the aGal epitope on STEC
by SsGalNagA were examined. As shown in Fig. 8, A and D, sig-
nificantly more residual aGal epitopes were revealed on STEC
with the addition of 200 uMm and 400 um of Gap than that with-
out the addition of Gap. These results indicate that the compe-
tition by Gap with the aGal epitope on STEC decreased the
cleavage of the aGal epitope on STEC by SsGalNagA. Corre-
spondingly, the binding of SsGalNagA to the aGal epitope on
STEC was greatly attenuated upon the addition of Gap in a con-
centration-dependent manner (Fig. 9, A and C). This demon-
strated that Gap competed with the aGal epitope for binding of
SsGalNagA to STEC.

Discussion

In this study, a unique and conserved multifunctional SsGal-
NagA has been discovered and characterized from the bacterial
pathogen S. suis. Its singular combination of GH16 and GH20
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Figure 8. Removal of the terminal aGal epitope on STEC by SsGalNagA and its variants. A, representative CLSM images for STEC after treatment of PBS—
BSA (control), the indicated protein, or the indicated protein plus Gap. The total cell membrane, residual aGal epitope, and DNA were observed with lasers at
wavelengths of 633 nm (WGA), 488 nm (FITC), and 405 nm (DAPI). The removal of terminal aGal epitope was assessed by the decrease of residual aGal epitope
(FITC, 488 nm) compared with the control. Images were prepared by Zen Black software (Zeiss) and organized by Photoshop. B, C, and D, calculated relative
amounts of residual aGal epitope from CLSM images. The relative amount of residual aGal epitope was calculated by MFIgrc 488/ MFlwga 633 to indicate the
amount of residual aGal epitope per unit of cell membrane. B, relative amounts of residual aGal epitope after treatment by the indicated concentrations of
SsGalNagA. G, relative amounts of residual aGal epitope after treatment by SsGalNagA or its variants. D, relative amounts of residual aGal epitope after treat-
ment by SsGalNagA in the presence of the indicated concentrations of Gap. Statistical significance was tested by nonpaired t test using GraphPad. Each symbol

represents one MFlgrc 488/ MFlwea 633 Value calculated from one image. ns, not significant.

catalytic domains sheds new light on the evolution of GH. The
sugar components and linkages in host glycans are complicated
in structure, and their degradation requires the combined
activities of multiple GHs with different activities. Commensal
and pathogenic bacteria have evolved different strategies to de-
grade the complex host glycans. One common strategy found
in many bacteria is the formation of polysaccharide utilization
loci or the carbohydrate-processing locus, which encodes an
array of glycoside hydrolases (GH) required to degrade com-
plex carbohydrates at a single genomic locus (37, 38). Another
strategy is to locate the required GHs at the same cellular loca-
tion, although they are encoded by different gene loci. A repre-
sentative example is the complex N-glycan degradation
enzymes of S. pneumoniae, viz., NanA, BgaA, and StrH. All of
these enzymes are equipped with the LPXTG motif, recognized
by sortase A; consequently, all are likely anchored on the cell
surface (11). Revealing the roles of S. suis SsGalNagA in this
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study represents a rare evolutionary strategy for GH by com-
bining different GH catalytic domains needed into a single pro-
tein that targets different linkages in one glycan. Because the
capacity of one protein is limited, this strategy may have devel-
oped for the glycans that contain relatively simple linkages.

In this study, a dependence of activity on the adjacent
CBM32 domain has been revealed for a GH16 enzyme. This is
unexpected, as GH16 enzymes are known to adopt a well-
defined B-sandwich fold and have not been reported to rely on
an additional ancillary module. However, this is not totally
unexpected. First, until now, the activity and specificity toward
aGal-epitope glycans were only reported for the members of
the GH16_8 subfamily, indicative of a special substrate recogni-
tion pattern for this subfamily. Second, most of the enzymes
from this subfamily are linked to CBM32, suggesting that an
important role is performed by this CBM for the enzymes in
this subfamily. Third, although rare, CBM has been reported to
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Figure 9. Binding of SsGalNagA and its variants to STEC. A, representative CLSM images for STEC binding by PBS-BSA (control), SsGalNagA, and its var-
iants. The bound protein, total cell membrane, and DNA contents were observed with lasers at wavelengths of 633 nm (AlexaFluor 647), 488 nm (WGA), and
405 nm (DAPI), respectively. Images were prepared by Zen Black software (Zeiss) and organized by Photoshop. B and C, calculated relative amounts of bound
protein from CLSM images. The relative amounts of bound protein were calculated by MFljexa 633/MFlwaa 4ss to indicate the levels of bound protein per unit
of cell membrane. B, relative amounts of bound SsGalNagA and its variants to STEC. C, relative amounts of SsGalNagAm bound to STEC in the presence of the
indicated concentrations of Gap. The dashed lines indicate the blank signals. The statistical significance was tested by nonpaired t test using GraphPad. Each

symbol represents one MFlpjexa 633/ MFlwaa 48 Value calculated from one image.

contribute to a conformational change and subsequent active-
site formation for GH (35, 36). As SsSCBM32-2 specifically binds
the aGal epitope, the catalytic activity of SsGH16 seemingly
depends on the binding ability of SsCBM32-2. However,
SsCBM32-2 was also indispensable for the hydrolysis of Gal
(a1,3)Gal(B1,4)Glc (Fig. 5B), to which it did not show signifi-
cant binding activity (Fig. 6). This suggested that the indispens-
ability is not due to the binding ability of SSCBM32-2 but
because of its contribution to another process, e.g. conforma-
tional change, substrate recognition, or active-site formation.
Nevertheless, more evidence from activity and structural stud-
ies on SsGalNagA and its GH16_8 homologs are needed to fur-
ther address this question.

Before now, the potential of the host-derived aGal epitope as
a target for bacterial pathogens has not been revealed (27). In
this study, it was shown that SSCBM-GH16 of SsGalNagA spe-
cifically binds and acts on aGal-epitope glycans. Whereas
SsGH20 has a broad substrate spectrum and potentially acts on
complex N-glycans, the lack of exo-sialidase and exo-(31,4)-ga-
lactosidase partners in S. suis suggests that this is unlikely.
Thus, the putative surface protein, SsGalNagA, from S. suis,
specifically and sequentially cleaved terminal sugar residues
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from the aGal-epitope glycan. Furthermore, aGal epitopes are
present on the surface of STEC, the first contact point for the
colonization of S. suis, and can be removed by SsGalNagA.
Based on these results, we propose that SsGalNagA from S. suis
targets the aGal-epitope glycans on STEC in the pig upper re-
spiratory tract, through which it acquires carbohydrate
nutrients for the bacterium by degradation of aGal-epitope gly-
can, thereby facilitating the colonization of S. suis at this niche.
Further, signal transduction functions have been reported for
ceramide-based glycolipids (39), and the aGal epitope-depleted
glycan structure has been identified as a regulator of transform-
ing growth factor B receptor (TBR) (2). Therefore, SsGalNagA
may also play a role in host cell signaling by altering the struc-
ture of this potential glycan regulator.

In conclusion, a multifunctional SsGalNagA was identified
from S. suis 05Z2YH33. This protein contains a unique GH16
and GH20 catalytic domain combination, enabling it to spe-
cifically and sequentially act on host-derived aGal-epitope
glycans. SsGalNagA efficiently binds to swine erythrocytes
and STEC and removes aGal epitopes, indicating that it
plays roles in host colonization and host cell signaling in
S. suis.
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Experimental procedures
Reagents

«(2,3,6,8,9)-neuraminidase A (sialidase) and (81,4)-galacto-
sidase S were purchased from New England Biolabs (NEB). The
oligosaccharides used in this study were purchased from Elicityl
(France), Dextra (UK), or Sigma (USA) and are listed in Table
S2. FITC-conjugated isolectin B4 from Bandeiraea simplicifo-
lia (Griffonia simplicifolia) (BSI-B4) and 4',6-diamidino-2-phe-
nylindole (DAPI) were obtained from Sigma. Alexa Fluor 488-
WGA (wheat germ agglutinin), Alexa Fluor 633-WGA, and
Alexa Fluor 647-goat-anti-rabbit IgG were purchased from
Thermo Fisher.

Bacterial strains, plasmids, cells, and growth conditions

Streptococcus suis strain 052YH33, serotype 2, which caused
severe human infection in China in 2005 (40), was used to clone
c¢DNAs of ssGalNagA and its truncation fragments. The S. suis
strain was cultured in Todd-Hewitt broth (BD Bacto) supple-
mented with 1% yeast extract (BD Bacto) (THY) at 37°C and
5% CO,. Escherichia coli strains DH5a (Invitrogen) and BL21
(DE3) and plasmid pET22b (Novagen) were used for gene clon-
ing and protein expression. The E. coli strains were grown at
37°C in Luria-Bertani medium, and 100 ug/ml ampicillin was
added for transformant selection. Fresh normal erythrocytes
were obtained by drawing heparinized blood from healthy
human and other animal donors. Swine tracheal epithelial cells
(STEC) were obtained from Shanghai Fusheng (China) and
routinely maintained in Dulbecco’s modified Eagle medium
(DMEM) containing 10% fetal bovine serum (FBS) and 1% pen-
icillin-streptomycin. The cells were passaged at confluence af-
ter dispersal with 0.25% trypsin-EDTA (Gibco) (41).

Sequence and structure analysis

Homologs of NanA (NCBI accession no. NP_359129), BgaA
(NCBI accession no. NC_003098), and StrH (NCBI accession
no. NP_357651) from S. pneumoniae strain R6 were identified
from the genome of S. suis 05ZYH33 using the protein Basic
Local Alignment Search Tool (BLAST) (42). The domain archi-
tecture was searched by CD-Search (43), and the annotation for
each domain was obtained from the dbCAN-seq database
(34). Sequences were aligned with ClustalX (44). Signal pep-
tide predictions were performed using SignalP 5.0 (RRID:
SCR_015644).

Structural neighbors were searched against the Protein Data
Bank (PDB) using SWISS-MODEL (45). Three-dimensional
molecular visualizations, structure superimpositions, and fig-
ure preparations were performed with PyMOL (46).

Cloning, protein expression, and purification

Gene fragments encoding full-length SsGalNagA and its
truncated proteins, shown in Fig. 1B, were amplified from the
genomic DNA of S. suis 05ZYH33 by PCR with the primers
listed in Table S3. The PCR products were cloned into an Ndel-
and Xhol-linearized pET22b vector by homologous recombi-
nation using the Trelief SoSoo cloning kit Ver.2 (TsingKe, Bei-
jing, China). The constructions were verified by DNA sequenc-
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ing and transformed into E. coli BL21(DE3) to express C-
terminally His-tagged SsGalNagA and domains. His-tagged
proteins were expressed and purified as described previously
(47) (Fig. S1). The purified protein was finally maintained in 50
mMm sodium phosphate, pH 7.4. The purity of proteins was
assessed with 12% (w/v) SDS-PAGE. Protein concentrations
were measured by the absorbance at 280 nm using the calcu-
lated extinction coefficients (RRID:SCR_018087) listed in
Table S4. The final solutions of purified protein were stored in
aliquots at —80 °C for later use.

Site-directed mutagenesis

These steps were performed using the QuikChange site-
directed mutagenesis kit (Stratagene) with the plasmids encod-
ing the WT ssCBM-GH16 or ssGalNagA gene as the template.
The mutant proteins were expressed and purified similarly to
the WT protein.

B-N-acetylglucosaminidase activity and kinetics

The B-N-acetylglucosaminidase activity and kinetic parame-
ters of SSGH20 were measured using the B-N-acetylglucosami-
nidase assay kit (Sigma). In summary, the activity was detected
using 4-nitrophenyl N-acetyl-B-p-glucosaminide (pNp-NAG;
Sigma) as the substrate compared with a standard curve of 4-
nitrophenol. All of the assays were performed at 37 °C in 0.09 M
citrate buffer, pH 4.7, containing 64 nm SsGH20. For kinetic
assays, substrate concentrations from 0.04 mMm to 5 mm were
used. The increase in absorption at 405 nm was monitored
using an Enspire multimode plate reader (PerkinElmer). Ki-
netic parameters (V. and K;,,) were extracted from these data
by nonlinear fitting to the Michaelis-Menten equation using
GraphPad Prism software.

Deglycosylation of complex N-glycan

Deglycosylation of a typical biantennary N-glycan was per-
formed using N-glycosylated transferrin as the substrate (DIG
glycan differentiation kit; Sigma). SsGH16, SSCBM-GH16, or
SsGH20 (each added at 4 um) was added to 1.5 pg of transferrin
in deglycosylation buffer (50 mm sodium acetate, pH 5.5, 5 mm
CaCl,) to a final volume of 10 ul and incubated at 37 °C for 12 h
with the addition of protease inhibitor cocktail (PIC; Roche).
Controls were performed using deglycosylation buffer alone
with transferrin. Where specified, 10 units of the following
commercial enzymes were added: «(2,3,6,8,9)-neuraminidase
A (sialidase) and (B1,4)-galactosidase S (NEB). The reactions
were terminated by adding gel-loading buffer. To investigate
the deglycosylation efficacy, samples were subjected to electro-
phoresis on an SDS-PAGE gel (10%), transferred onto PVDF
membranes (Millipore), and detected using Sambucus nigra
agglutinin (SNA), Datura stramonium agglutinin (DSA), or
Galanthus nivalis agglutinin (GNA) lectin from the DIG glycan
differentiation kit. SNA recognizes terminal sialic acid (Sia)
«(2,6)-linked to Gal; thus, it is suitable for identifying terminal
Sia in complex N-glycans. DSA recognizes Gal(31,4)GlcNAc in
complex N-glycans after removal of terminal Sia. GNA recog-
nizes terminal mannose (Man)-linked («l1,2)-, («al,3)-, or
(a1,6)-Man after removal of terminal Sia, Gal, and GlcNAc.
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Hemagglutination assay

Hemagglutination assays were carried out using fresh normal
pig, cow, rabbit, and mouse erythrocytes with addition of nor-
mal human serum (NHS). Fresh normal erythrocytes were
obtained by drawing heparinized blood from healthy human
and other animal donors and then washed 3X in PBS contain-
ing 2% BSA (PBS—BSA). Erythrocyte solutions (10%) were pre-
pared in PBS-BSA. NHS was isolated from healthy human
whole blood. Blood was drawn into a gel vacuum tube, allowed
to clot at 37 °C for 0.5 h, and then centrifuged at 1000 X g for 20
min at 4 °C. The serum layer was collected, aliquoted, and fro-
zen at —80 °C until use. PBS—BSA (5 ul) or protein (5 um) was
added to 50 pl of 10% erythrocyte suspension and incubated at
37 °C for 1 h. The erythrocytes were collected by centrifugation
and washed twice with PBS-BSA and resuspended in 50 ul of
PBS—-BSA. Finally, 50 ul of 50% NHS was added and mixed.
The solution was transferred to a round-bottom 96-well dish to
observe the hemagglutination.

Removal of the aGal epitopes from erythrocytes

Removal of the aGal epitope from the erythrocytes prepared
as described above was carried out, and the residual aGal epi-
tope was labeled with FITC-BSI-B4 and detected using FCA.
Erythrocyte suspensions (100 ul) were incubated with 10 ul of
PBS—BSA or protein (40 um) for 2 h. The erythrocytes were col-
lected and washed, resuspended in 400 ul PBS—BSA containing
1 pg/ml of FITC-BSI-B4, and incubated in the dark for 2 h.
The erythrocytes were collected, washed, and then resus-
pended in PBS—-BSA. The terminal aGal epitope on the eryth-
rocytes was assessed by FITC detection by FCA using a 488-nm
laser. All incubations were performed at room temperature
with gentle rotation with PIC added.

Hydrolysis of oligosaccharides and detection of the hydrolytic
products

The hydrolysis of oligosaccharides was performed using the
oligosaccharides listed in Table 1. The hydrolytic products
were analyzed by TLC and UPLC-HRMS. Procedurally, in a 10-
pl reaction, 2.5 mm the indicated oligosaccharide was incu-
bated with 4 um protein in 50 mm phosphate buffer, pH 7.4, at
37 °Cfor 1 h. After incubation, 2 ul of samples was spotted onto
a GF254 silica gel TLC plate (Haiyang, China). The plate was
developed in n-butanol-acetic acid—H,O (2:1:1), and sugar
spots were visualized by spraying with acetone—diphenyl-
amine—aniline—phosphoric acid reagent (100 ml-2 g—-2 ml-10
ml) and heating. For MS, the resulting hydrolytic products
from Gap were characterized by UPLC-HRMS. Chromatogra-
phy was performed on a Shimidzu LC30A UPLC system. The
mobile phase was run at 0.3 ml/min using 0.1% formic acid in
H,O and CH3CN. MS was performed on a Triple TOF 4600
(AB SCIEX) operated in high-resolution mode in positive
polarity.

SPR

Surface plasmon resonance (SPR) was carried out with a
BIAcore T200 Biosensor (GE Healthcare) to measure the bind-
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ing specificities of individual SsSCBM32-1 and SsCBM32-2
domains and SsCBM, containing both SsSCBM32 domains, to-
ward different oligosaccharides. The proteins were immobi-
lized onto a CM5 sensor chip (GE Healthcare) using the amine
coupling method. For immobilization, 40 pug/ml of SSCBM32-
1, SsSCBM32-2, or SsCBM in 10 mm NaOAc, pH 4.0, was used
to attain 5781 response units (RU), 4143 RU, and 3869 RU,
respectively. For each protein, a similarly treated flow cell,
except that protein was not injected, was used as a control sur-
face for the subtraction of the nonspecific binding. Binding was
measured for each protein and the indicated oligosaccharides
in HBS-P buffer (10 mm HEPES, 150 mMm NaCl, 0.005% P20, pH
7.4). One millimolar each oligosaccharide was used. The oligo-
saccharide solutions were injected at a flow rate of 50 ul/min
for 60 s. Postinjection phase dissociation was monitored in the
running buffer for 60 s. The surface was regenerated between
injections using 10 mwm glycine-HCI, pH 2.0, at a flow rate of 50
wl/min for 30 s. The background was subtracted by passing the
oligosaccharide solution over the control chip surface.

To measure the binding kinetic for SSCBM and Gap, the
same immobilization strategy was used for SSCBM, except that
10,000 RU was reached. Concentrations from 31 uMm to 500 um
Gap were used. Gap was injected at a flow rate of 50 ul/min
with association and dissociation times of 120 and 180 s,
respectively. The kinetic constants were calculated from the
sensorgrams by nonlinear fitting of the association and dissoci-
ation curves according to a 1:1 Langmuir binding model using
BIAevaluation software (GE Healthcare).

Protein binding to swine erythrocytes

Protein binding to erythrocytes was performed with fresh
normal erythrocytes, and the binding proteins were detected by
indirect immunofluorescence using FCA. Protein or PBS-BSA
(10 ul) was added to 150 ul of 10% swine erythrocyte suspen-
sion and incubated for 1 h. The erythrocytes then were col-
lected by centrifugation, washed with PBS—BSA, and incubated
with corresponding rabbit polyclonal antibody. Anti-SsCBM
was used for SsCBM, SsCBM-GH16, SsGalNagA, SsCBM-
GH16m, and SsGalNagAm, and anti-SsGH20 was used for
SsGH20. Next, erythrocytes were collected and washed with
PBS-BSA, resuspended in 1 ml PBS-BSA with Alexa Fluor
647-goat-anti-rabbit 1gG, and incubated in the dark for 1 h.
The erythrocytes were then collected, washed, and resus-
pended in PBS—-BSA. All incubations were performed at room
temperature with gentle rotation with PIC added. The extent of
the binding of proteins to erythrocytes was detected by the flu-
orescence signal of Alexa Fluor 647 on erythrocytes using FCA.

FCA

FCA was performed with a Cytomics™ FC500 cytometer
(Beckman) using 488-nm and 633-nm lasers for the detection
of FITC and Alexa Fluor 647, respectively. The cells were fixed
with 4% paraformaldehyde, washed, and resuspended in PBS—
BSA to yield a cell concentration of 1 X 10° cells/ml. Acquisi-
tion and analysis were performed by gating on side scatter and
fluorescence. Cells in suspension were analyzed at a flow rate of
10 pl/min, and 50,000 events were recorded for analysis. Each
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histogram was analyzed using FlowJo_V10 software (BD
Biosciences).

Removal of the aGal epitope from STEC

The removal of the terminal aGal epitope from STEC was
detected by FITC-BSI-B4 using confocal laser scanning mi-
croscopy (CLSM). STEC were plated at 5 X 10° cells/disc in 15-
mm glass-bottom cell culture dishes 2 days prior to the assay.
On the day of the assay, STEC were washed twice with Hank’s
balanced salt solution (HBSS), followed by incubation for 30
min with PBS—BSA (control) or the indicated concentrations of
proteins in DMEM in a humidified 37 °C, 5% CO,, incubator.
After washing with HBSS, the cells were fixed with 4% parafor-
maldehyde, followed by sequential incubation with 1 ug/ml
FITC-BSI-B4 for 2 h, 5 ug/ml Alexa Fluor 633-WGA for 10
min, and 2 pug/ml DAPI for 5 min. The incubations all were per-
formed in HBSS at room temperature in the dark, with addition
of PIC. The cells were then washed twice with HBSS between
additions, and fluorescent cells were observed by CLSM. The
fluorescence was observed by a 640-nm laser for Alexa Fluor
633, for analysis of the cell membrane, and a 405-nm laser for
DAP], for cellular DNA. The residual aGal epitopes were indi-
cated by fluorescence observed by a 488-nm laser (for FITC).

To quantify the residual aGal epitope, CLSM images were
analyzed by ZEN Lite microscope software (Zeiss) to obtain the
mean fluorescence intensity (MFI). To correct the errors intro-
duced to MFI by different amounts of cell membrane, the MFI
of Alexa Fluor 633-WGA was used to normalize cell counts.
The resulting MFIg;1c 488/ MFLywga 633 was designated the rela-
tive residual aGal epitope level and used to compare the num-
ber of residual aGal epitopes per unit of cell membrane. The re-
moval of the aGal epitope from STEC was evaluated by
reduction of the relative number of residual aGal epitopes
compared with controls. The statistical significance was tested
by the nonpaired ¢ test using GraphPad.

To assess the competitive effects of free aGal epitope on its
removal from STEC, the experiment was carried out as above,
except that the indicated concentrations of Gap were added.

Protein binding to STEC

The binding of proteins to STEC was performed by immuno-
fluorescence using CLSM. STEC was prepared as above 2 days
prior to the assay. The cell suspensions were prepared and fixed
as above. Incubation of the cells proceeded with anti-SsCBM,
Alexa Fluor 647-goat anti-rabbit IgG, Alexa Fluor 488-WGA,
and DAPI for 5 min in HBSS. The incubations all were per-
formed at room temperature in the dark, with the addition of
PIC. The cells were washed twice with HBSS between addi-
tions. Protein binding to the cells was observed by fluorescence
with a 640-nm laser as in the previous section.

To quantify the protein bound, CLSM images were analyzed
by the ZEN Lite microscope software (Zeiss) to obtain the MFI.
Similarly, MFIajexa, 633/ MFLywga 4ss Was designated the relative
amount of bound protein and used to compare the protein
bound per unit of cell membrane. Protein binding levels were
evaluated by comparing the relative amount of bound protein
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to the control. Statistical significance was tested by nonpaired ¢
test using GraphPad.

To test the effect of free aGal epitope on binding, the experi-
ment was carried out as above, except that prior to incubation
with STEC, protein was incubated with the indicated concen-
trations of Gap for 10 min.

CLSm

CLSM was conducted with an LSM800 confocal laser scan-
ning microscope with an Airyscan (Zeiss) microscope equipped
with a 63X oil objective and 405-nm, 488-nm, and 640-nm
lasers. Identical parameters were set for all the images taken.
Image preparation and analysis were performed using the ZEN
Lite microscope software (Zeiss).

Data availability

All data are contained within the manuscript.
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