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Abstract

Streptococcus gordonii and Streptococcus sanguinis are typically found among the normal oral micro-
biota but can also cause infective endocarditis. These organisms express cell surface serine-rich repeat
adhesins containing “Siglec-like” binding regions (SLBRs) that mediate attachment to a2-3-linked sialic
acids on human glycoproteins. Two known receptors for the Siglec-like adhesins are the salivary mucin
MG2/MUC7 and platelet GPlba, and the interaction of streptococci with these targets may contribute to
oral colonization and endocarditis, respectively. The SLBRs display a surprising diversity of preferences
for defined glycans, ranging from highly selective to broader specificity. In this report, we characterize
the glycoproteins in human plasma recognized by four SLBRs that prefer different «2-3 sialoglycan
structures. We found that the SLBRs recognize a surprisingly small subset of plasma proteins that are
extensively O-glycosylated. The preferred plasma protein ligands for a sialyl-T antigen-selective SLBR
are proteoglycan 4 (lubricin) and inter-alpha-trypsin inhibitor heavy chain H4. Conversely, the preferred
ligand for a 3’sialyllactosamine-selective SLBR is glycocalicin (the extracellular portion of platelet
GPIba). All four SLBRs recognize C1 inhibitor but detect distinctly different glycoforms of this key regula-
tor of the complement and kallikrein protease cascades. The four plasma ligands have potential roles in
thrombosis and inflammation, and each has been cited as a biomarker for one or more vascular or
other diseases. The combined results suggest that the interaction of Siglec-like adhesins with different
subsets of plasma glycoproteins could have a significant impact on the propensity of streptococci to
establish endocardial infections.
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Introduction cardiac valve surfaces. Endocardial infection is initiated when bacteria
Infective endocarditis (IE) is a life-threatening cardiovascular disease in the blood stream attach to a platelet—fibrin matrix on the surface of
in which microbes colonize and persist in platelet—fibrin thrombi on damaged cardiac valves (Sullam and Sande 1992; Fitzgerald et al.
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2006). The subsequent binding of circulating platelets and plasma
components to bacteria on infected valves, in conjunction with bacter-
ial growth, contributes to the progression of disease, resulting in
macroscopic endocardial lesions (vegetations) (Durack 1975; Rouzet
et al. 2008). Although the viridans group streptococci, which include
Streptococcus gordonii, Streptococcus sanguinis and Streptococcus
mitis, are a leading cause of IE, only a small number of streptococcal
adhesins that contribute to IE have been identified. Among the best
characterized are GspB and Hsa, two semi-conserved, serine-rich
repeat (SRR) glycoproteins of S. gordonii.

The SRR glycoproteins comprise a unique family of adhesins
expressed by streptococci and staphylococci and bind a wide range of
ligands, having a significant impact on colonization and virulence in a
variety of infections (Wu et al. 1998; Siboo et al. 2005; Samen et al.
2007; Rose et al. 2008; Xiong et al. 2008; Shivshankar et al. 2009;
van Sorge et al. 2009; Seo et al. 2012, 2013). Although the overall
domain organization of the SRR glycoproteins is conserved
(Figure 1), the ligand-binding regions are highly divergent and modu-
lar (Ramboarina et al. 2010; Pyburn et al. 2011; Schulte et al. 2014;
Yang et al. 2014). The “Siglec-like” binding regions (SLBRs) of the
SRR glycoproteins expressed by oral streptococci such as S. gordonii
and S. sanguinis bind sialylated carbohydrate epitopes on the human
salivary mucin MG2/MUC7, which likely contributes to colonization
of tooth surfaces by these bacterial species (Plummer and Douglas
2006; Takamatsu et al. 2006; Bensing, Khedri, et al. 2016). Upon the
entry of streptococci into the blood stream through lesions in the oral
epithelium, the Siglec-like SRR adhesins can also mediate attachment
to the same or similar sialylated glycans on red blood cells, extracellu-
lar matrix proteins or platelet GPIba (Takahashi et al. 1997, 2004;
Plummer et al. 2005; Deng et al. 2014; Bensing, Khedri, et al. 2016;
Haworth et al. 2017). The latter interaction has been shown to
enhance virulence within the endovascular space, thus contributing to
the pathogenesis of IE (Takahashi et al. 2006; Xiong et al. 2008;
Pyburn et al. 2011).

We have characterized extensively the structures and functions
of nearly a dozen SLBRs from a variety of oral and endocarditis
strains of streptococci. Binding to sialoglycans is dependent on a
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Fig. 1. Features of the SRR glycoprotein GspB. The upper portion of the fig-
ure indicates the conserved domain organization for the family of adhesins.
The ligand-binding regions are diverse and modular. The structural domains
of the ligand-binding region of the S. gordonii GspB are shown. The Siglec
and Unique domains are required for sialoglycan binding, and the conserved
YTRY motif residues are indicated in black. The function of the CnaA domain
is unknown. Many SLBRs lack a CnaA domain, and some have different
modules adjoining the Siglec and Unique domains.

conserved YTRY motif in the SLBRs, and high-resolution co-crystal
structures indicate that the threonine and arginine residues in this
motif make important contacts with sialic acid (Bensing,
Loukachevitch, et al. 2016; Bensing, Khedri, et al. 2016). However,
the overall amino acid sequences of the SLBRs can vary by over
50% (Bensing, Khedri, et al. 2016). When tested on microarrays
containing defined glycans, and in quantitative enzyme-linked
assays, we found that the ligand repertoires of the adhesins range
from being highly selective for a single type of sialylated trisacchar-
ide (e.g. sialyl-T antigen or 3’sialyllactosamine), to a broad set of
related sialoglycans that may include sialyl Lewis antigens (fucosy-
lated glycans) and sulfated glycans.

The SLBRs also show differences in binding to platelet GPIba,
with those that are selective for sTa displaying relatively low affinity
for GPIba and platelets as compared with SLBRs that recognize 3'SLn
(Bensing, Khedri, et al. 2016). This is perhaps not surprising since,
although sTa is a major glycan on the salivary mucin MG2/MUC?7, it
is a relatively minor glycan on GPIba (Korrel et al. 1984; Prakobphol
et al. 1998; Karlsson and Thomsson 2009). Paradoxically, the SLBRs
derived from IE strains of streptococci tend to be sTa-selective,
whereas SLBRs of oral streptococcal isolates more typically recognize
3’SLn or related glycans (Bensing, Khedri, et al. 2016). This suggests
there might be additional sialylated glycoprotein targets beyond
GPIba that either enhance the virulence of sTa-binding strains or
diminish the virulence of 3’SLn-binding strains.

One confounding issue in determining the role of sialoglycan bind-
ing in the pathogenesis of IE is that the spatial and temporal distribu-
tion of specific sialoglycan structures in human tissues is largely
unknown. This is especially true for O-linked glycans including sTa,
which are notoriously difficult to characterize. Plasma is potentially a
rich source of additional targets for the Siglec-like adhesins, as it con-
tains a number of sialylated proteins that could contribute to patho-
genesis, as well as minor amounts of glycoproteins shed from other
tissues. In this report, we identify plasma protein ligands for four
SLBRs that have different a2-3 sialoglycan repertoires. We show that
the SLBRs recognize different subsets of O-glycosylated plasma pro-
teins, or in some cases different glycoforms of the same plasma pro-
tein. The results support binding of the SLBRs to O-glycans rather
than N-glycans and indicate that the glycosylation of several plasma
proteins is much more extensive and heterogeneous than previously
reported. The findings have important implications not only for car-
diovascular infections by oral streptococci but also for the character-
ization of plasma protein biomarkers.

Results

The sTa- and 3'SLn-selective SLBRs recognize different
subsets of plasma glycoproteins

We previously reported the sialoglycan ligand preferences for seven
SLBRs, as well as the comparative binding to salivary MG2/MUC7
and platelet GPIba (Deng et al. 2014; Bensing, Khedri, et al. 2016).
Based on those results, we chose four SLBRs with distinctly different
binding properties (summarized in Figure 2) and examined whether
they show differential recognition of plasma glycoproteins. To iden-
tify potential ligands, the four SLBRs were first used as probes in
far-western (lectin) blotting of human plasma from a single donor
(Figure 3). The sTa-selective SLBR-B (derived from the SRR adhesin
GspB) interacted with two sialylated glycoproteins, with apparent
molecular masses of approximately 460 and 120 kDa. In compari-
son, the 3’SLn-preferring SLBR-N also recognized two plasma
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proteins, but with different apparent masses (150 and 100 kDa) com-
pared with those recognized by SLBR-B. The SLBR-H (derived from
the SRR adhesin Hsa), which can bind 3'SLn in addition to sTa,
recognized proteins of the same size as those recognized by SLBR-B
and SLBR-N but also showed relatively minor detection of several
other proteins ranging from 40 to 220 kDa. The SLBR-S binds neither
sTa nor 3'SLn and showed little or no affinity for more than 40 other
defined sialoglycans but is thought to prefer a di-sialylated glycan
based on comparative analysis of high-resolution crystal structures
(Deng et al. 2014; Loukachevitch et al. 2016). This SLBR showed
relatively weak reactivity with a single plasma protein of 150 kDa.
These patterns of plasma glycoprotein recognition were consistent
when using plasma from different donors, or when using a commer-
cial preparation of pooled human plasma, although the signal inten-
sity of the 120kDa protein detected with SLBR-B and SLBR-H
tended to vary (see below). Thus, the differences in binding to defined
tri- and tetrasaccharides are reflected in the recognition of distinctly
different subsets of plasma glycoproteins.

The preferential binding of SLBR-B to the 460 and 120 kDa pro-
teins, combined with the lack of binding by SLBR-N, suggested that
these plasma glycoproteins are decorated predominantly with sTa.
Conversely, the selective binding of SLBR-N (and not SLBR-B) to
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Fig. 2. Previously defined high-affinity ligands for four SLBRs. Streptococcal
strains and the SRR glycoproteins from which the SLBRs were derived are
indicated. The ligand preferences were determined using a custom micro-
array and by quantitative enzyme-linked assays (Deng et al. 2014; Bensing,
Khedri, et al. 2016). The 6-sulfo modification corresponds to HSO3 at carbon
6 of the GIcNAc residue. SLBR-S did not show high affinity for any of more
than 50 sialoglycans tested but is suspected to prefer a di-sialylated com-
pound (Deng et al. 2014; Loukachevitch et al. 2016). Monosaccharide sym-
bols follow the Symbol Nomenclature for Glycans system (Varki et al. 2015).
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the 150 kDa glycoprotein indicated that it may have more 3’SLn or
sLeX epitopes (see Figure 2). These findings were supported by the
pattern of reactivity seen when lectin blotting with Mal-I, Mal-II
and Jacalin. The results indicate that the SLBRs show different
degrees of selectivity and different specificities compared with each
other and with more common sialoglycan-recognizing lectins.

Affinity capture of sialylated plasma glycoproteins

We next sought to characterize in more detail the plasma proteins
recognized by each of the four streptococcal SLBRs, as well as the gly-
cans associated with those proteins. Initially, low-stringency wash
conditions were employed to enable capture of both high- and low-
affinity targets. The four SLBRs captured different subsets of plasma
proteins, as determined by Coomassie staining and by far-western
blotting (Figure 4). Each of the four SLBRs captured glycoproteins of
the size detected by far-western blotting of human plasma, as seen in
Figure 3. For example, SLBR-B captured 460 and 120 kDa glycopro-
teins (lower panel, lane 1). Surprisingly, the SLBR-B also captured
some of the 150 and 100 kDa glycoproteins, although the amount
was apparently lower compared with those captured by SLBR-H
(lane 3). Likewise, SLBR-N captured a 120 kDa sialoglycoprotein, in
addition to the expected 150 and 100 kDa proteins (lane 5), and
SLBR-S captured a 100kDa sialoglycoprotein, in addition to the
expected 150 kDa glycoprotein (lane 7). Neither SLBR-N nor SLBR-S
captured the 460 kDa glycoprotein. Thus, four different but overlap-
ping subsets of proteins from a single-donor plasma sample were
recognized and captured by the four SLBRs.

We next examined whether the SLBR-captured plasma proteins
were decorated with N-glycans and whether N-glycans had a role in
SLBR binding. A portion of the captured glycoproteins were treated
with PNGase F (to release N-glycans) prior to electrophoresis and
then probed with SLBR-H. Treatment resulted in a shift in apparent
mass of the 150, 120 and 100kDa proteins, as compared with
untreated samples, indicating that N-glycans were released from
those proteins. However, PNGase F treatment did not eliminate
SLBR-H reactivity (Figure 4, lanes 2, 4, 6 and 8). De-N-glycosyla-
tion also had no effect on the binding of the other three SLBRs, as
measured by far-western blotting (data not shown). These results
support binding of the SLBRs to O-linked vs. N-linked glycans.

Identification of plasma glycoprotein ligands for the
SLBRs

In order to identify the sialylated plasma proteins directly recognized
by each of the four SLBRs, we repeated the protein capture experi-
ments several times, using moderately higher stringency conditions
to enrich for high affinity ligands. We also compared different
sources of plasma, to assess the reproducibility of our findings.
When using a commercial preparation of pooled human plasma, the
capture of sialylated glycoproteins was nearly identical to results
with single-donor plasma (Figure 4) as determined by far-western
blotting (Figure 5A). However, only the 120 and 100 kDa proteins
captured by SLBR-H were readily detected on the Coomassie-
stained gel (Figure 5B). We also examined the capture of proteins
from plasma of a second donor. Again, far-western blotting demon-
strated the capture of the expected glycoproteins (Figure 5C),
although a slightly different appearance of the stained proteins was
evident (Figure 5D vs. 5B). Thus, a relatively small number of plas-
ma protein ligands were reproducibly captured by the four SLBRs,
regardless of the plasma source and purification conditions.
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Fig. 3. Differential recognition of plasma glycoproteins by four SLBRs. SLBR
binding is compared with that of commercial lectins MAL-I (MI), MAL-II (MII)
and Jacalin (J). Lanes were loaded with 0.4 pL plasma (22 pg of total protein).
Proteins were separated on a 3-8% polyacrylamide gradient, transferred to
nitrocellulose and then probed with the indicated SLBR or lectin.
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Fig. 4. Affinity capture of plasma glycoproteins by immobilized SLBRs.
Proteins were captured from single-donor plasma under relatively low-
stringency conditions. Upper: Captured proteins were separated on a 4-12%
polyacrylamide gradient and stained with Coomassie. Lower: Captured
proteins + PNGaseF treatment were separated on a 3-8% polyacrylamide
gradient gel, transferred to nitrocellulose and then probed with the broad-
specificity SLBR-H.

To identify the ligands that were captured by each SLBR and
that were detected by far-western blotting, corresponding bands
were excised from Coomassie-stained gels, digested with trypsin and

analyzed by mass spectrometry (Table I). The most abundant pro-
tein detected in the 460 kDa region of proteins captured by SLBR-B
and SLBR-H was proteoglyan 4 (PRG4), a paralog of vitronectin
that contains a mucin-like core and is also known as lubricin, super-
ficial zone protein or megakaryocyte-stimulating factor (Estrella
et al. 2010). Western blot analysis of the SLBR-captured proteins vs.
whole plasma confirmed the binding of PRG4 by SLBR-B and -H
but not by SLBR-N or -S (Figure 6). Significant amounts of
ApoB100 were also found in this region. However, this latter pro-
tein is not reportedly O-glycosylated and was not detected by west-
ern blotting (data not shown), confirming minimal amounts
compared with PRG4.

The 150kDa region of proteins captured by SLBR-N had an
extremely low yield of tryptic peptides. The identified proteins
included ceruloplasmin, aminopeptidase N (also known as CD13)
and platelet GPIba. Although the latter two are membrane proteins,
fragments corresponding to the extracellular domains are known to
circulate in plasma. Accordingly, only peptides derived from the
extracellular domains of aminopeptidase N and GPIba were identi-
fied by mass spectrometry (Table I and data not shown). Of the
three proteins identified by mass spectrometry, only GPIba was also
detected by western blotting (Figure 6). In addition, the western blot
analysis indicated that GPIba was more readily captured by SLBR-
N and SLBR-S, as compared with SLBR-H and SLBR-B.

Inter-alpha-trypsin inhibitor heavy chain H4 (ITIH4) was the
most abundant protein identified in the 120 kDa region of proteins
captured by both SLBR-B and SLBR-H. Capture of ITIH4 by SLBR-
B and -H, but not -N or -S, was verified by western blotting
(Figure 6). Of note, the affinity-captured ITIH4 displayed a slightly
higher apparent mass compared with the ITIH4 in unfractionated
plasma. This suggests that minor, more extensively glycosylated
forms of ITIH4 were captured, as compared with the main glyco-
forms of ITIH4 in plasma.

The 100 kDa region of proteins captured by all four SLBRs con-
tained the C1 esterase inhibitor (C1-INH), also known as Serpin
G1, as well as relatively minor amounts of several other plasma pro-
teins. Western blot analysis confirmed the capture of C1-INH by
each of the SLBRs, but differences in electrophoretic mobility were
evident. This suggests that the SLBRs may recognize distinctly differ-
ent glycoforms of C1-INH.

The combined results indicate that PRG4 and ITIH4 are the
principal ligands for SLBR-B and SLBR-H, whereas glycocalicin (the
shed, extracellular portion of platelet GPIba) was most readily cap-
tured by SLBR-N and SLBR-S. All four SLBRs captured C1-INH,
but displaying different apparent molecular masses, suggestive of
different glycoforms of this protein. Thus, the different glycan pre-
ferences of the four SLBRs are manifested as binding to different
subsets of plasma glycoproteins and glycoforms.

O-glycan profiling of SLBR affinity-captured plasma
proteins

We also analyzed the O-glycans associated with the SLBR-captured
glycoproteins, using mass spectrometry of glycans released by
B-elimination (Table Il and Supplementary data, Tables S1-S11). For
SLBR-B, we characterized the glycans associated with the 460, 120
and 100 kDa protein regions shown in Figure 5D. The most abundant
O-glycans released from the 460kDa region were sialylated core 1
glycans (41% sTa and 32% di-sialylated T antigen). In the 120 and
100 kDa regions, sTa was again the most abundant glycan detected
(39 and 50%, respectively, of the released glycan population).
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Relatively minor amounts of other sialylated or fucosylated O-glycans,
including core 2 and other structures, were detected in each of the
three regions of proteins captured by SLBR-B (Supplementary data,
Tables S1-S3). These results confirm that the plasma proteins recog-
nized by SLBR-B display sTa as a major O-glycan and are consistent
with SLBR-B binding directly to sTa on these proteins.

For SLBR-H, the O-glycans associated with proteins in all four of
the mass regions indicated in Figure 5D were characterized (Table II
and Supplementary data, Tables S4-57). The most abundant glycan
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Fig. 5. Affinity capture of glycoproteins from pooled human plasma or single-
donor plasma, using moderately high stringency. Proteins captured from
pooled human plasma were separated by SDS PAGE, transferred to nitrocellu-
lose and probed with a combination of SLBR-H and SLBR-N (A), or were
stained with Coomassie (B). Proteins captured from single-donor plasma were
separated by SDS PAGE, transferred to nitrocellulose and then probed with
SLBR-H (C). The unfractionated plasma (P) is also shown. Alternatively, the
captured proteins were separated by SDS PAGE and then stained with
Coomassie (D). The regions of the gel that were excised and used for O-glycan
profiling and glycopeptide analysis are indicated with red brackets.

released from the 460 kDa region was a mono-sialylated core 2 penta-
saccharide (50%), with sTa being the second most abundant (24%).
The same two sialoglycans were the most abundant glycans released
from the 150 kDa region, although sTa was more abundant than the
core 2 pentasaccharide (42% vs. 9%). sTa was also the major O-gly-
can released from the 120 and 100 kDa regions (35 and 62% of the
total, respectively). The remainder of the O-glycans detected in the
120 and 100 kDa regions were again a mix of core 2 and more com-
plex sialylated or fucosylated glycans that were notably different from
those on the 120 and 100 kDa proteins captured by SLBR-B. These
results are consistent with sTa as a preferred ligand for SLBR-H but
do not exclude direct binding to other structures, such as the mono-
sialylated core 2 pentasaccharide. The results also suggest the capture
of different glycoproteins or protein glycoforms by SLBR-H vs.
SLBR-B.

For SLBR-N and -S, we characterized the O-glycans associated
with proteins in the 150 and 100 kDa regions. The 150 kDa glyco-
proteins, which did not stain with Coomassie but were readily
detected by far-western blotting, had an abundance of O-glycans,
which consisted mainly of core 2, and only a minor amount of any
core 1 glycans (Table III, Supplementary data, Tables S8 and S$10).
The most abundant O-glycan on the 100 kDa glycoproteins cap-
tured by SLBR-N and -S was the di-sialylated core 2 hexasaccharide

P B H N S
PRG4/ -q - 460 kDa
lubricin -

CD42b/

GPlba -‘ ~Tev R

- 150 kDa
ITIH4 ‘“

- 100 kDa
CH-INH | S gy * * 100 kDa

Fig. 6. Western blot analysis of plasma glycoproteins captured by four
SLBRs. The SLBR-captured plasma proteins, or unfractionated plasma from
which the glycoproteins were captured (P), were separated by electrophor-
esis on 3-8% polyacrylamide, transferred to nitrocellulose and then probed
with the indicated antibody. For each antibody, no signals were detected out-
side of the cropped regions.

Table I. Identification by mass spectrometry of SLBR-captured plasma glycoproteins

Glycoprotein SLBR Accession number Sequence coverage (%) Theoretical mass (kDa) Apparent mass range (kDa)
PRG4 B Q92954 22 151 460
H 26
GPIba® N P07359 15 72 140-150
ITIH4 B Q14624 67 103 120
H 69
C1-INH B POS15S 33 55 90-120
H 58
N 21
S 36

*The identified peptides span residues 25-503 of 562 and correspond to the extracellular domain.

220z Arenugad €z uo Jasn Aleiqr [eNBiQ ewioyed Aq G991005/109/8/82/2191HE/GOIAIB/W00 dno-olwspes.//:Sd)y Wolj PapeojumoQ



606

B A Bensing et al.

Table Il. Identification by mass spectrometry of major O-glycans on captured glycoproteins

SLBR/target Mass Composition Absolute Relative Putative structure
glycoprotein (NeuSAc-Hex-HexNAc-Fuc) abundance abundance (%)

B/460 674.24 1-1-1-0 1,596,976 41 core 1 sTa

B/120 674.24 1-1-1-0 104,747 39 core 1 sTa

B/100 674.24 1-1-1-0 292,375 50 core 1 sTa

H/460 1039.37 1-2-2-0 978,243 50 core 2 pentasaccharide
H/150 674.24 1-1-1-0 414,423 42 core 1 sTa

H/120 674.24 1-1-1-0 354,376 35 core 1 sTa

H/100 674.24 1-1-1-0 1,811,453 62 core 1 sTa

N/150 1330.47 2-2-2-0 1,584,866 58 core 2 hexasaccharide
N/100 1330.47 2-2-2-0 317,081 32 core 2 hexasaccharide
S/150 1330.47 2-2-2-0 1,220,413 34 core 2 hexasaccharide
S/100 1330.47 2-2-2-0 528,549 36 core 2 hexasaccharide

(32 and 36% of the O-glycan population, respectively). However,
the SLBR-N-captured population included 30% core 1 glycans
(21% sTa and 9% di-sialylated T antigen), whereas the SLBR-S-
captured proteins had just 3% core 1 glycans. These results indicate
that SLBR-N and -S have a strong preference for proteins bearing
sialylated core 2 glycans and are consistent with SLBR-N binding to
3'SLn, and with the possibility that SLBR-S may recognize a
di-sialylated core 2 glycan.

We also performed O-glycan profiling of proteins from a different
plasma sample, purified under slightly lower stringency conditions
(depicted in Figure 4). In general, those results corroborated the find-
ings described above, with more core 1 vs. core 2 glycans on proteins
captured by SLBR-B, nearly equal amounts of core 1 and core 2 gly-
cans on proteins captured by SLBR-H, and an abundance of core 2
but little or no core 1 structures in the SLBR-N- and SLBR-S-captured
samples (Supplementary data, Tables $12-17). The combined results
of O-glycan profiling of the SLBR-captured plasma proteins support
the previously defined preferences for each SLBR and indicate that
SLBR-N and SLBR-S recognize proteins decorated with core 2 gly-
cans, whereas SLBR-B preferentially binds proteins modified with the
mono-sialylated core 1 glycan sTa. The SLBR-H may prefer sTa but
can apparently recognize proteins with either type of O-glycan.

Identification of glycopeptides derived from the
affinity-captured plasma proteins

In order to confirm the covalent attachment of one or more of the lib-
erated O-glycans (Table II and Supplementary data, Tables S1-S17)
to specific plasma proteins, we next sought to characterize intact tryp-
tic glycopeptides derived from the SLBR-captured plasma proteins.
Duplicate samples of the 11 gel regions indicated in Table II, as well
as selected regions from the gel shown in Figure 4, were analyzed. No
tryptic glycopeptides were detectably released from the 150kDa
region of proteins captured by SLBR-N, or -S, or from the 100 kDa
region of proteins captured by SLBR-S, consistent with the possibility
that extensive glycosylation inhibited trypsinolysis, or that the pro-
teins themselves were protease inhibitors (e.g. C1-INH). Results for
the remaining regions are summarized in Table IIL. In brief, a number
of PRG4 glycopeptides were identified in the 460 kDa region of pro-
teins captured by SLBR-B and -H, with slight differences between the
two. The glycopeptides derived from PRG4 captured by SLBR-B
included sTa modification of $S325, T877 and T885, whereas those
captured by SLBR-H had sTa modification of T253, T332, T625,
T628, S881 and T885. There were further differences in the

occupancy and glycans linked to T332, T877, S881 and T8835, indica-
tive of both macro- and micro-heterogeneity in the plasma PRG4
population. The results indicate that different sub-populations (i.e.
glycoforms) of PRG4 were captured by SLBR-B and -H and support
the possibility that SLBR-B may recognize sTa in a different context,
as compared with SLBR-H.

The 120 kDa region captured by SLBR-B had either T antigen or
sTa on ITIH4 residues 634-644 and had a core 2 hexasaccharide
along with a fucosylated decasaccharide on residues 690-710.
The 120kDa region captured by SLBR-H had either sTa or the
di-sialylated core 2 hexasaccharide on ITIH4 residues 634-644. In
addition, either a core 2 hexasaccharide along with an octasaccharide
or a fucosylated decasaccharide was detected on ITIH4 residues
690-710. In previous glycopeptide analyses, only sTa or di-sialylated
T antigen modification of ITIH4 residue S640, the region spanning
residues 690-710 and the residues T722/T723 have been reported
(Figure 7). These results suggest that SLBR-B and SLBR-H captured
differently glycosylated populations of ITIH4, including minor glyco-
forms of the total ITTH4 present in human plasma. This is consistent
with the results shown in Figure 6, where the SLBR-captured ITIH4
displayed slightly higher apparent mass compared with bulk plasma.

For the 100 kDa regions, a C1-INH peptide spanning residues
45-52 and modified with sTa was identified in the SLBR-B captured
material, whereas the same C1-INH peptide was modified with a
core 2 hexasaccharide in the SLBR-N-captured band. In the SLBR-
H-captured samples, this C1-INH peptide was found to be modified
with either the core 2 hexasaccharide, nonsialylated T antigen or a
single HexNAc moiety. In some cases, S51 was determined to bear
the glycan modification. Although the sTa modification of C1-INH
residues T47 and T48 has been reported previously (discussed
below), modification of this region with a core 2 glycan, and modifi-
cation of S51, has not. Thus, the results of glycopeptide analysis
confirm the findings of protein ID by mass spectrometry and western
blotting of the captured proteins, which indicated PRG4 and ITIH4
as the primary ligands in the 460 and 120 kDa ranges of proteins
captured by SLBR-B and -H. Moreover, the results show that differ-
ent and previously unreported glycoforms of ITIH4 and C1-INH, as
well as PRG4, appeared to be captured by the SLBRs.

Discussion

The search for additional ligands for the Siglec-like streptococcal
adhesins produced several unexpected findings. First, the differences
in affinity of SLBRs for defined a2-3 sialoglycans result in their
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Table lll. Glycopeptide analysis of SLBR-captured plasma proteins

Captured glycoprotein Protein Accession Peptide® O-glycan

(SLBR/kDa) name number (NeuSAc-Hex-HexNAc-Fuc)

B/460 PRG4 Q92954 320-DLAPTSKV 1-1-1-0
327-VLAKPTPK 0-1-1-0
872-SPDESTPELSAEPTPK 1-1-1-0
872-SPDESTPELSAEPTPK 2-1-1-0, 2-1-1-0
872-SPDESTPELSAEPTPK 0-1-1-0
872-SPDESTPELSAEPTPK 1-1-1-0
872-SPDESTPELSAEPTPK 2-1-1-0
872-SPDESTPELSAEPTPK 2:2-2-0

H/460 PRG4 Q92954 252-ITTAKPNPINPR 1-1-1-0
327-VLAKPTPK 1-1-1-0
b EPAPTTPK- 1-1-1-0
623-KLTPTTPEK 1-1-1-0
623-KLTPTTPEK 1-1-1-0
872-SPDESTPELSAEPTPK 1-1-1-0, 1-1-1-0
872-SPDESTPELSAEPTPK 2-1-1-0
872-SPDESTPELSAEPTPK 2-2-2-0

B/120 ITIH4 Q14624 634-IPKPEASFSPR 0-1-1-0
634-IPKPEASFSPR 1-1-1-0
690-LAILPASAPPATSNPDPAVSR 2-2-2-0, 2-3-3-2

H/150 ITIH4 Q14624 634-IPKPEASFSPR 1-1-1-0

H/120 ITIH4 Q14624 634-IPKPEASFSPR 2-2-2-0
634-IPKPEASFSPR 1-1-1-0
690-LAILPASAPPATSNPDPAVSR 2-2-2-0, 2-3-3-0
690-LAILPASAPPATSNPDPAVSR 2-3-3:2
716-IEETTMTTQTPAPIQAPSAILPLPGQSVER 1-3-2-1

B/100 C1-INH P05155 45-VATTVISK 1-1-1-0
45-VATTVISK 1-1-1-0

H/100 C1-INH P05155 45-VATTVISK 1-1-1-0
45-VATTVISK 0-0-1-0
45-VATTVISK 0-1-1-0
45-VATTVISK 2220

N/100 C1-INH P05155 45-VATTVISK 2220

2The modification sites were determined only for glycopeptides obtained from the gel shown in Figure SD and are underlined; the glycopeptides lacking a glyco-

site determination were obtained from the gel shown in Figure 4.
"Multiple peptide repeats in the region spanning 403-840.

interaction with distinctly different subsets of sialylated plasma gly-
coproteins. This includes the recognition of entirely different pro-
teins and, in some cases, different glycoforms of the same protein.
Of more than 20 known O-glycosylated plasma proteins, some of
which are highly abundant, only one or two were found to be repro-
ducibly strong ligands for the SLBRs. The one exception is that the
broad-specificity SLBR-H binds at least four plasma ligands. A
second important finding is that the SLBR-captured proteins display
a rich assortment of O-glycans, as suggested by MS profiling of
released glycans, and confirmed in part by glycopeptide analysis.
This indicates that the target plasma proteins are much more exten-
sively and heterogeneously O-glycosylated than has been previously
reported. The latter finding may be significant in that each of the
plasma proteins recognized by the SLBRs (i.e. PRG4, GPIba, ITIH4
and C1-INH) has been cited as a biomarker for one or more human
diseases, including rheumatoid arthritis, chronic obstructive pul-
monary disease, obesity, type 2 diabetes, various cancers, stroke,
depression, hepatic fibrosis, thrombocytopenia, pre-eclampsia and
hereditary angioedema (Kawle et al. 2015; Lee, Feng, et al. 2015;
Lee, Chuang, et al. 2015; Geyer et al. 2016). Although the level of
each SLBR ligand has been correlated with disease, it is presently
unclear how changes in the extent of glycosylation may impact not

only the stability in plasma but also the function of the protein in
health or disease. A brief description of each ligand, and the known
roles in inflammation or thrombosis, will be provided before pre-
senting the possible contribution to IE.

The sTa-selective SLBR-B and the broader specificity SLBR-H
most readily and consistently captured PRG4 from various plasma
preparations. The product of the prg4 gene has been extensively
characterized as a mucin-like component of synovial fluid, com-
monly referred to as lubricin. The O-glycans are important for its
function as a friction-reducing lubricant on articular cartilage sur-
faces and prevent cell adhesion in synovial joints (Jay et al. 2001).
Recent reports have indicated that recombinant human lubricin can
modulate inflammatory responses via interaction with CD44 and
Toll-like receptors (Al-Sharif et al. 2015; Igbal et al. 2016). These
combined properties may explain why it is undergoing evaluation as
potential therapeutic for treatment of chronic and acute cartilage
damage (Larson et al. 2017; Waller et al. 2017). PRG4 has been
detected in tissues beyond synovial fluid, including blood. However,
the O-glycan composition of PRG4 has previously only been deter-
mined for the form isolated from synovial fluid. In an analysis of
acidic proteins extracted from joint fluid of rheumatoid arthritis and
osteoarthritis patients, PRG4 had 168 O-glycosylation sites in the
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Fig. 7. Glycopeptides of ITIH4 from serum vs. SLBR-enriched fractions from
plasma. ITIH4 is a 963-amino acid protein containing vault protein (VIT) and
von Willebrand factor type A (VWA) domains. Sites of N-glycosylation (N)
and kallikrein cleavage (R688/R699) are indicated. The bulk serum analysis
was done elsewhere (Chandler et al. 2014). Monosaccharide symbols follow
the Symbol Nomenclature for Glycans system (Varki et al. 2015).

central serine/threonine/proline-rich region, and the sites were
mainly modified with nonsialylated or mono-sialylated core 1 gly-
cans (Ali et al. 2014). Minor amounts of di-sialylated core 1- or
core 2-modified glycopeptides have also been detected, as well as
sulfated and fucosylated core 2 glycans, including sLeX epitopes (Jin
et al. 2012). Although the O-glycan composition of plasma PRG4
had not been characterized prior to this study, an increased sialic
acid content, as compared with the form in synovial fluid was noted
previously (Solka et al. 2016). The results presented here indicate
that plasma PRG4 is indeed laden with sialylated glycans, O-linked
to several residues that had not been identified as glycosylation sites
in synovial lubricin (i.e. S325, T625, T628, T877, S881 and T885).
This suggests that the source of plasma PRG4 is different from syn-
ovial lubricin. Although the function in plasma is unknown, PRG4
has been implicated in lipid metabolism, since levels are strongly
correlated with LDL, triglyceride and cholesterol levels (Geyer et al.
2016).

ITIH4 is another plasma component consistently captured by
SLBR-B and -H. ITIH4 is one of five inter-alpha-trypsin inhibitor
heavy chains, a family of acute-phase proteins involved in stabiliza-
tion of the extracellular matrix. However, ITIH4 is unlike other
ITIH proteins in that it lacks a consensus sequence for covalent link-
age to bikunin (the “light chain” peptide protease inhibitor) and
thus lacks trypsin-inhibitory activity. Instead, the C-terminal region
includes a bioactive peptide that is generated by kallikrein cleavage
(Figure 7). ITIH4 has five reported N-glycosylation sites, and at least
four confirmed O-glycosites (5640, S696, T701 and T709) modified
predominantly with simple core 1 glycans but with minor amounts

of more complex O-glycans (Chandler et al. 2014; Hoffmann et al.
2016). The fraction of plasma proteins captured by SLBR-B and -H
that was enriched for ITIH4 (i.e. the 120 kDa range) was laden with
sTa but also had a variety of core 2 and more complex O-glycans.
The linkage of at least some of the larger O-glycans to ITIH4 was
confirmed by glycopeptide analysis of the SLBR-captured proteins
(Table III and Figure 7). The ITIH4 captured by SLBR-H had at
least one glycopeptide different from the ITIH4 captured by SLBR-
B, and the total O-glycan composition indicated a slightly lower
percentage of sTa (35% vs. 39%). It is likely that the extent of gly-
cosylation affects the susceptibility to kallikrein cleavage, and thus
the potential activity of ITIH4.

In contrast to SLBR-B, the 3'SLn-preferring SLBR-N most read-
ily captured GPIba. This heavily sialylated platelet membrane pro-
tein is the well-characterized receptor for von Willebrand factor,
which is exposed on the subendothelium at regions of vascular dam-
age. GPIba is known to be shed from activated platelets and is
therefore considered to be a marker of platelet activation. The
GPIbo-enriched fraction of plasma proteins captured by SLBR-N
and SLBR-S contained an abundance of the di-sialylated core 2 hex-
asaccharide. This structure was reported as the major O-glycan on
GPIba extracted from platelets, although minor amounts of mono-
or di-sialyted core 1 were also noted (Korrel et al. 1984). The
150 kDa region of proteins captured by SLBR-H had an abundance
of sTa, which suggests that a population of plasma GPIba might be
different from platelet GPIba. Because we were unable to liberate
any GPIba glycopeptides and one ITIH4 glycopeptide was detected
in the 150 kDa region (Table III), at least some of the sTa in the
SLBR-H sample could derive from ITIH4. Moreover, the minimal
capture by SLBR-H and especially SLBR-B is consistent with little or
no sTa on plasma GPIba. Therefore, it is not yet possible to deter-
mine whether the plasma GPIba has a broader variety of glycoforms
as compared with GPIba in platelet membranes.

C1-INH was captured by all four streptococcal SLBRs. C1-INH
is a member of the Serine protease inhibitor (serpin) family known
as Serpin G1 and has long been used for the diagnosis and treatment
of hereditary angioedema. C1-INH has been extensively character-
ized for its role in inhibition of complement, coagulation and
fibrinolytic pathways. In addition to the complement pathway pro-
teins Clr and Cls, it can inhibit the activity of kallikrein and coagu-
lation factor XIla. C1-INH is known to be extensively glycosylated,
with estimates up to ~50% carbohydrate content by mass, including
six N-linked and at least nine (but possibly as many as 26) O-linked
glycans. The reported O-glycosylated residues include S31, T47,
T48, S63, S64, T67, T71, T72 and T76, but additional evidence
indicated that up to 17 additional serine and threonine residues may
bear O-glycan modifications, and that these residues are most often
modified with sTa (Stavenhagen et al. 2017). Of note, Ghannam
et al. found that the removal of simple O-glycans from C1-INH
affected the interaction with the contact-phase protease kallikrein
but not with the complement protease Cls (Ghannam et al. 2016).
Thus, the O-glycans impart pathway-specific functions.

Our results are consistent with the recent findings that C1-INH
can display extreme glycoform heterogeneity. Direct linkage of sTa
or the core 2 hexasaccharide to C1-INH residue S51 was supported
by glycopeptide analysis (Table III). To our knowledge, this repre-
sents a novel C1-INH O-glycosite and novel glycopeptides. In add-
ition, the profile of O-glycans released from the 100 kDa region
(C1-INH fraction) of proteins captured by the four SLBRs indicated
more core 2 vs. core 1 on the SLBR-S- vs. -N-captured C1-INH, and
especially compared with the C1-INH captured by SLBR-H and -B
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(roughly 12:1 vs. 2:1 or 1:3, respectively). Based in part on western
blot analysis (Figure 6), we suspect the C1-INH fraction captured by
SLBR-N and SLBR-S likely spans the 100-120 kDa regions. The
identification of additional C1-INH glycopeptides will help to
resolve this issue.

It is presently unclear whether the SLBR-captured glycoforms of
C1-INH represent minor populations of the total plasma C1-INH, or
glycoforms that are abundant but not readily detected using standard
analytical methods (i.e. not amenable to typical purification, proteoly-
sis or ionization strategies). The ability to detect different glycoforms
of C1-INH renders the SLBRs potentially valuable tools for defining
specific sialoglycan modifications on this important biomarker and
therapeutic, as well as for other glycoprotein biomarkers. The SLBRs
could also be useful for the large-scale affinity purification of different
glycoforms of C1-INH, in order to assess the functional consequences
of different O-glycan modifications on C1-INH activity.

Regarding the role of the Siglec-like streptococcal adhesins in the
pathogenesis of IE, we anticipate that the interaction of blood-borne
streptococci with one or more of the newly identified ligands may tip
the balance from clearance of the microbes to persistence in a cardiac
valve niche. Each of the plasma ligands has a known or putative role
in coagulation or thrombolysis, and the interaction of streptococci
with any of the four targets could potentially impact these processes.
One possibility is that the interaction of sTa-binding streptococcal
strains with PRG4 or ITHI4 may augment the colonization of plate-
let—fibrin thrombi on cardiac valve surfaces. Alternatively, binding of
strains to plasma GPIba could prevent attachment to platelets that
have deposited on damaged cardiac valves, thereby mitigating infec-
tion. It is also possible that sequestration of different forms of C1-INH
could impact the formation and dissolution of infected thrombi, and
thus the survival of streptococci within mature macroscopic lesions.

Materials and methods

Reagents

Dulbecco’s phosphate-buffered saline (DPBS), horseradish peroxidase-
conjugated streptavidin and horseradish peroxidase-conjugated anti-
bodies were purchased from Sigma (St. Louis, MO). Biotinylated lec-
tins were from Vector Laboratories (Burlingame, CA). Glutathione
Sepharose was from GE Healthcare (Uppsala, Sweden). Rabbit poly-
clonal anti-GST, polyacrylamide gradient gels, electrophoretic running
and transfer buffers, LDS sample buffer and SimplyBlue SafeStain
were from Life Technologies (Carlsbad, CA).

GST-SLBR expression and purification

The recombinant SLBRs used in these studies have been described
previously as GST-GspBgrAcnaA (SLBR-B), GST-Hsagr (SLBR-H),
GST-NCTC10712gx (SLBR-N) and GST-SrpAgx (SLBR-S) (Bensing,
Loukachevitch, et al. 2016; Bensing, Khedri, et al. 2016). The GST-
SLBR fusion proteins were expressed in Escherichia coli strain BL21
and purified using glutathione Sepharose as described previously
(Bensing, Khedri, et al. 2016). For use in affinity capture experi-
ments, the purified GST-SLBRs were not eluted from the glutathione
Sepharose, but instead the resin-bound SLBRs were stored at —20°C
in DPBS.

Far-western and lectin blotting of human plasma

Pooled citrated human plasma was purchased from Innovative
Research (Novi, MI), and single-donor plasma was prepared from
citrated whole blood obtained from individual donors. Plasma was

diluted 1:10 into TE buffer (10 mM Tris, 1 mM EDTA, pH 8), com-
bined with LDS sample buffer and loaded (5 pL) to wells of 3-8%
polyacrylamide gradient gels. Following electrophoresis, proteins
were transferred to BioTraceNT nitrocellulose (Pall Corporation,
Pensacola, FL) and probed with GST-SLBRs as described (Bensing,
Khedri, et al. 2016). When probed with biotinylated lectins, mem-
branes were treated with Synthetic Block (Invitrogen) in DPBS prior
to addition of biotinylated Jacaliny MAL-I or MAL-II at a final con-
centration of 0.2 pg/mL. After incubation for 1 h at RT, membranes
were washed three times with DPBS and then incubated with horse-
radish peroxidase-conjugated streptavidin at 0.05 pg/mL in 1x
Blocking Reagent (Roche Diagnostics, Indianapolis, IN) in DPBS.
Membranes were again rinsed three times with DPBS and then devel-
oped with SuperSignal West Pico (Thermo Scientific, Rockford, IL).

Affinity capture of plasma glycoproteins

One milliliter of plasma was diluted 1:10 in TE buffer, filtered through
a 0.45-uM membrane and combined with approximately 500 pg GST-
SLBR immobilized on 100 pL glutathione Sepharose. After tumbling
2h at 4°C, the resin was washed three times with 3mL TE (for
Figure 4) or TE plus 150 mM NaCl (for Figures 5 and 6). The affinity-
captured proteins were held on ice prior to further processing.

Removal of N-glycans from affinity-captured plasma
glycoproteins

The SLBR-captured proteins were treated with PNGaseF (New
England Blolabs, Ipswich, MA) as recommended by the manufacturer.
In brief, 25 pL of resin carrying 125 pg GST-SLBR and captured plas-
ma proteins was suspended in 25 pL of denaturing buffer (5% SDS,
0.4 M DTT), held at 100°C for 10 min, cooled to RT, combined with
25 pL NP-40 (2% in 0.1 M sodium phosphate, pH 7.5) and incubated
with or without 2500 units PNGaseF for 1 h at 37°C.

Identification of captured plasma glycoproteins

The resin-bound GST-SLBRs and affinity-captured plasma proteins
were co-eluted into LDS sample buffer supplemented with DTT
(50 mM final concentration), separated by electrophoresis in 4-12%
polyacrylamide gradient gels and then stained with SimplyBlue
SafeStain. Selected protein bands were excised from the gel and sub-
mitted for protein identification by nanoflow LC-MS/MS of tryptic
digests (MSBioworks, Ann Arbor, MI). Western blot analysis was
then used to confirm the capture of the most abundant proteins
identified by MS. Five microliters of the captured proteins in LDS
sample buffer (approximately 14 pg total combined proteins) were
separated by electrophoresis in 3-8% polyacrylamide gradient gels
and then transferred to BioTraceNT. Membranes were blocked for
1h at RT in 1 x Blocking Reagent in DPBS and then incubated with
the indicated mouse or rabbit antibodies for 1 h. Membranes were
washed three times with DPBS and then incubated for 1h at RT
with horseradish peroxidase-conjugated anti-mouse or anti-rabbit
antibodies diluted 1:20,000 in DPBS. Membranes were again rinsed
three times with DPBS and then developed with SuperSignal West
Pico (Thermo Scientific).

O-glycan profiling and O-glycopeptide analysis

Excised gel slices were minced, treated by four cycles of rinsing
with 100 mM ammonium bicarbonate and dehydration in 100%
acetonitrile and then dried to completion in a vacuum evaporator.
For the analysis of O-glycans linked to the 100 and 120kDa
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glycoproteins captured under relatively low stringency (Figure 4),
the gel pieces were immersed in a mixture of 100 mM NaOH and
2M NaBHy and incubated at 45°C for 18 h to release the O-gly-
cans. The supernatant was collected and placed on ice, and the
remaining gel pieces were washed with water and sonicated for
30 min to extract the remaining O-glycans. The initial and secondary
extracts were combined and acidified to pH 4-6 by dropwise addition
of 10% acetic acid. For the glycoproteins captured under higher strin-
gency (Figure 5D), N-glycans were first released from the samples by
treatment with PNGaseF for 18 h at 37°C, and the secondary extrac-
tion of O-glycans was facilitated with a solution of 60% acetonitrile,
5% formic acid in water. The O-glycan samples were then enriched
using porous graphitized carbon cartridges (Agilent, Santa Clara, CA)
and dried prior to analysis by mass spectrometry.

For the O-glycopeptide analysis, 1 pg of trypsin was added to
the dehydrated gel pieces and samples were incubated at 37°C for
18 h. After the removal of the supernatant, the gel pieces were soni-
cated in a solution of 5% formic acid, 60% acetonitrile for 30 min
for complete extraction of O-glycopeptides. Any N-glycans were
then released using 2 pL of PNGase F, and the glycopeptide samples
were dried prior to mass spectrometry.

Both the O-glycans and the O-glycopeptides were analyzed using
an Agilent 1200 Series HPLC system coupled to an Agilent 6520
Quadrupole Time-of-Flight mass spectrometer. The O-glycans were
separated with porous graphitized carbon stationary phase (250 A,
5 pm) and identified by their tandem MS spectra, using MassHunter
Qualitative Analysis B.07.00 and referring to a mammalian O-glycan
library. Short polymers of hexose were omitted from the O-glycan
profile tables. The O-glycopeptides were separated with Zorbax C18
stationary phase (300 A, 5 um), and the data collected for the O-glyco-
peptides were searched against the human proteome database and an
in-house established O-glycan library with Byonic™ software (Protein
Metrics, San Carlos, CA).

Supplementary data

Supplementary data are available at Glycobiology online.
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