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The oral microbiome is critical to human health and disease, yet the role that host

salivary proteins play in maintaining oral health is unclear. A highly expressed gene Significance

in human salivary glands encodes the lectin zymogen granule protein 16 homolog B

(ZG16B). Despite the abundance of this protein, its interaction partners in the oral There is an unmet need for
microbiome are unknown. ZG16B possesses a lectin fold, but whether it binds carbohy- strategies that uncover the roles
drates is unclear. We postulated that ZG16B would bind microbial glycans to mediate of human lectins in modulating
recognition of oral microbes. To this end, we developed a microbial glycan analysis host-microbe interactions in
probe (mGAP) strategy based on conjugating the recombinant protein to fluorescent complex physiological

or biotin reporter functionality. Applying the ZG16B-mGAP to dental plaque isolates
revealed that ZG16B predominantly binds to a limited set of oral microbes, including
Streptococcus mitis, Gemella haemolysans, and, most prominently, Streptococcus vestib-
ularis. S. vestibularis is a commensal bacterium widely distributed in healthy individ-

environments such as the mouth.
We have developed a microbial
glycan analysis probe (MGAP)

uals. ZG16B binds to S. vestibularis through the cell wall polysaccharides attached to from & PITERIEETIE CE] CaV|Fy
the peptidoglycan, indicating that the protein is a lectin. ZG16B slows the growth of lectin zymogen granu!e Sl
S. vestibularis with no cytotoxicity, suggesting that it regulates S. vestibularis abundance. 16B (ZG16B) and applied the
The mGAP probes also revealed that ZG16B interacts with the salivary mucin MUC?7. probe to interrogate the
Analysis of S. vestibularis and MUC7 with ZG16B using super-resolution microscopy interactions of ZG16B. ZG16B
supports ternary complex formation that can promote microbe clustering. Together, our binds to commensal bacteria
data suggest that ZG16B influences the compositional balance of the oral microbiome including Streptococcus

by capturing commensal microbes and regulating their growth using a mucin-assisted vestibularis through cell surface

clearance mechanism. glycoconjugates and regulates its

growth. ZG16B also recruits the
human soluble lectins | oral microbiota | microbial glycans | glycan analysis probe | salivary mucin MUC7 and induces

cell wall polysaccharides
poy the aggregation of S. vestibularis.

Our findings suggest that ZG16B
assists in maintaining
homeostasis in the oral
microbiome by capturing
selective commensal bacteria

The oral cavity, a primary site for host—microbe interactions, engages numerous factors
to promote the interplay between the host and the resident microbiome. Like the gut, the
oral cavity harbors complex microbiota. The complexity of the oral microbiome compo-
sition in each individual arises from the unique ecological niches offered by each surface
in the oral cavity. As the microbial population plays an active role in maintaining the

physiology, nutrient availability, and defense mechanisms supporting oral health, it is and preventing overgrowth by a
important to understand the molecular details of the interactions in the oral cavity required mucin-assisted clearance
for sorting and screening the complex oral microbiome (1, 2). mechanism.

Soluble lectins, the carbohydrate-binding proteins produced by host cells, are essential
components of innate immune defense against microorganisms (3—5). Lectins recognize
and distinguish bacterial cell wall glycoconjugates uniquely associated with different micro-
bial species. The majority of the studies on lectin—microbe interactions conducted to date
have used commercially available plant lectins (6, 7). However, the microbe-binding
properties of the human soluble lectins, including the C-type lectins, galectins, intelectins,  competing interest statement: 8.1 is cofounder and on
and L-type lectins (3, 8, 9), have not been adequately investigated due to the paucity of ~  the Board of Directors of AssayQuant Technologies.
suitable probes. Understanding the ligand specificity and recognition properties of human ~ This article is a PNAS Direct Submission.
lectins is extremely challenging due to the complexity of microbial glycomes (10), the low ~ Copyright © 2023 the Author(s). Published by PNAS.
binding affinity of small oligosaccharides and monosaccharides (K; - mM to uM range) I\?t'rslbiﬁgr']e,\‘fng;:rr': s:fi(:l_;Zgzzivirtff:sveuf:nn;? o
for the lectins (11, 12), and limited availability of the lectins. (CC BY-NC-ND).

An example of an understudied putative human lectin is zymogen granule protein "To whom correspondence may be addressed. Email:
16 homolog B (ZG16B). ZG16B is a monomeric salivary protein. The gene encoding Kiesslin@mit.edu or imper@mit.edu.
ZG16B is one of the most highly expressed in the oral cavity, with correspondingly high K‘t';:/r/tx\';wcgEgi'frgs/ﬁfg’gg;‘i ;gﬁ%fﬁ“é’? 0‘;’;');2;?
levels of protein secreted from the serous and seromucous acinar cells in the submandibular 2216304120/-/DCSupplemental.
and sublingual glands (13, 14). The protein is reported to bind to the oral microbes Published May 22, 2023.
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Staphylococcus aureus (15) and Streprococcus mutans (16) and, via
this binding, is proposed to regulate bacterial biofilm formation
on oral surfaces. However, the mechanism by which ZG16B rec-
ognizes microbes and its microbial binding specificity is unknown.
No lectin-like function has been described for this protein (13, 14).
Still, ZG16B adopts a beta-prism fold structure (17) that is similar
to the mannose-binding jacalin-related lectin BanLec (18).
However, the putative sugar-binding peptide motif (GXXXD) in
the binding loop of BanLec is altered to the QLLGIK sequence
in ZG16B, replacing the conserved aspartic acid with Lys177 (17).
ZG16B also features a positively charged patch comprising Lys87,
Argl31, and Lys147 adjacent to the putative sugar-binding site.
Thus, it is unclear whether ZG16B binds microbial glycans and,
if so, what organisms it engages. We postulated that deciphering
the recognition properties of ZG16B could provide valuable
insights into its function.

Herein, we describe microbial glycan analysis probes (mGAPs)
based on recombinant zymogen granule (ZG) proteins, ZG16B
and the related zymogen granule protein 16 homolog P (ZG16P)
(17, 19), the latter of which is found in the gastrointestinal (GI)
tract. We converted the ZG proteins into mGAPs by modification
with either biotin or a fluorophore. We used these probes to inves-
tigate the microbe-binding specificity of ZG16B by isolating bac-
teria from human oral biofilms. The data revealed that Streprococcus
vestibularis is the predominant microbe bound by ZG16B. We
then determined the bacterial cell wall components of the dental
plaque microbes that bind ZG16B. We also found that ZG16B
can mediate S. vestibularis aggregation and attenuate growth.
Interaction of ZG16B with the host salivary mucin MUC7 ampli-
fies this bacterial cell aggregation. Together, our data suggest that
ZG16B can preferentially capture and regulate the growth of dis-
tinct species of oral bacteria. Such interactions could maintain
homeostasis within the oral microbiome.

Results

Engineering ZG Lectins and Analysis of Interactions with Dental
Plaque Bacteria. We developed an experimental pipeline for
expression, purification, and sortase-mediated ligation (SML) to
deploy ZG lectins as mGAPs (Fig. 14). The probes were based
on ZG16B and ZG16P to enable comparative analysis (Fig. 1B).
These ZG lectins show distinct tissue-specific distributions:
ZG16B in the oral cavity and ZG16P in the GI tract (19). Albeit
genetically unrelated to ZG16B, ZG16P is an ideal control in
these studies because of its similar secretory behavior (19, 20) and
structural features (17, 21). The mGAPs represent the native lectin
sequences, excluding the secretory signal sequences and including
an additional C-terminal sortase motif (e.g. LPETG) and a His,
tag. The recombinant lectins (ZG16B and ZG16P) appear
monomeric and folded based on dynamic light scattering (DLS)
(SI Appendix, Fig. S1A4) and differential scanning fluorimetry
(DSF) (81 Appendix, Fig. S1B). Analysis of ZG16B (PDBID:
3AQG) and ZG16P (PDBID: 3APA) using the Protein Structure
and Interaction Analyzer (PSAIA) supports a monomeric state
in solution (SI Appendix, Materials and Methods section). The
engineered ZG16B and ZG16P can be readily functionalized at
the C-terminus with biotin- or sulfoCy5- (herein referred to as
Cy5) conjugated polyglycine peptides using a SML technique,
modified from the literature (Fig. 1 A and B) (22). SML provides
a versatile method for conjugating reporter groups to the
recombinant lectins.

To test the microbe-binding of ZG16B, we screened dental
plaques and tongue dorsal swabs from ten individuals using a colony
lift (23), followed by far-western blotting with Cy5-conjugated

https://doi.org/10.1073/pnas.2216304120

7G16B (ZG16B-Cy5) (Fig. 1C). We identified a total of 50 bacte-
rial isolates from the oral biofilms of four volunteers that were bound
by ZG16B-Cy5 but were not bound by the control lectin
ZG16P-Cy5 (Fig. 1 D and E and SI Appendix, Tables S1 and S2).
Among the bound isolates, most appeared to be facultative anaer-
obes and could be grown on blood agar plates, the original medium
used for isolation, and cultured in brain—heart infusion (BHI) broth.

After culturing 12 representative ZG16B-binding and two non-
binding strains, we used flow cytometry to quantify ZG16B inter-
actions (Fig. 1F). We confirmed bacterial isolate binding by
ZG16B with the lectin exhibiting a range of aflinities as suggested
by mean fluorescence intensity (Fig. 1F). Interestingly, the forward
scatter plots varied between some of the microbial isolates imply-
ing that ZG16B can bind different types of aggregates of dental
plaque microbes (SI Appendix, Fig. S1 C-F). The selected negative
control isolates failed to bind ZG16B-Cy5, indicating that ZG16B
interacts selectively with certain microbial species within the oral
microbiome (Fig. 1F).

We also used the ZG16B probe to visualize the bacterial isolates
via confocal microscopy (Fig. 1G). The positively bound isolates
appeared as individual cocci or small clusters of cocci (Fig. 1 G,
Upper). In contrast, the nonbinding microbes appeared as chains
of cocci (Fig. 1 G, Lower).

ZG16B Binds to Oral Commensals Including S. vestibularis. The
species and strain level identity of dental plaque isolates were
determined by sequencing the V3-V4 region of the 16S rRNA,
followed by whole genome shotgun sequencing. The 16S rRNA
sequencing revealed that most of the ZG16B-bound microbes
(a total of 50 bacterial isolates) were Streptococcus species in the
salivarius group, including Streprococcus salivarius, S. vestibularis,
and Streptococcus thermophilus (SI Appendix, Tables S1 and S2)
(24). The remainder belonged to the genus Gemella (SI Appendix,
Table S1). We chose 14 representative isolates from the first round
of donor screening, including positive and negative binders, for
whole genome shotgun sequencing to identify their strain level
identity. Seven of the twelve positive dental plaque isolates were
identified as three different strains of S. vestibularis (isolates 3—4,
7-9, and 11-12), whose genome sequences are closely related to
strain NCTC12167. Three are distinct Gemella haemolysans strains
related to the FDAARGOS 740 sequence (isolates 2, 6, and 10),
and one is a strain with sequence similarity to the Streprococcus
mitis group strain ChDC B345 (isolate 1). The isolates that do
not bind to ZG16B include Streptococcus oralis strains (isolates 5
and 14) related to strain SF100 (S Appendix, Tables S1 and S3).

We used the genomic data of 13 representative isolates (exclud-
ing isolate 13, refer to SI Appendix, Materials and Methods section)
to generate a phylogenetic comparison (S Appendix, Table S1).
Genomic analysis of the streptococcal bacteria (Fig. 24) reveals
that most of the S. vestibularis isolates bound by ZG16B are more
closely related to each other than to other genome sequences of
members of the same species (Fig. 2C). The isolated member of
the S. mitis group (Fig. 2B), is phylogenetically different from S.
vestibularis. The isolated G. haemolysans are individual strains, as
evidenced by the differences in branch lengths in the tree
(SI Appendix, Fig. S2A). The phylogenetic comparison suggests
that ZG16B binds to specific species of bacteria, including S.
vestibularis, S. mitis, and G. haemolysans (Fig. 2 B and C and
SI Appendix, Fig. S2A) in the oral microbiome. The genomes of
the two S. oralis isolates, which were not recognized by ZG16B,
were distinct (8] Appendix, Fig. S2B).

The ZG16B-Cy5 probe did not bind to any S. mutans strains
tested (SI Appendix, Fig S1H), including strain UA159, which

causes dental caries and disease. Previous studies had suggested
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Fig. 1. Engineering labeled ZG16B and interactions with dental plaque bacteria (A) Schematic representation of gravity flow-based sortase-mediated ligation
(SML) used for conjugating biotin or fluorophore-labeled polyglycine peptide on the C-terminus of the recombinant lectins ZG16B and ZG16P. SrtA represents
the His-tagged sortase immobilized on the Ni-NTA beads. (B) Polyacrylamide gel electrophoresis (PAGE) and western blotting analysis of mMGAPs based on ZG16B
and ZG16P, produced by SML shown in A. (C) Schematic representation of the colony lift and far-western (lectin) blotting assay used for identifying oral biofilm
microbes bound by ZG16B-Cy5. (D) Dot blot analysis of the fourteen representative dental plaque isolates spotted at different ODgq, dilutions and probed with
200 nM ZG16B-Cy5 or ZG16P-Cy5. Mock designates control treatment lacking lectins. (F) Membranes were counterstained with Ponceau S to confirm the presence
of the bacteria immobilized on it. The (*) in panel D marks positive isolates with lower ZG16B-Cy5 fluorescence signal compared to the other isolates, which is
due to the lower concentration of bacteria on the blot as shown by the T in the Ponceau S stain of the blots in panel E. (F) Relative mean fluorescence intensity
(MFI) determined by flow cytometry is plotted as a bar graph, representing the signal obtained from ZG16B-Cy5 bound to dental plaque microbes in comparison
to the control signal from the Cy5-labeled streptavidin (SA). (G) Confocal microscopic images of ZG16B-binding (Upper) and nonbinding (Lower) dental plaque
microbes, stained with Syto BC dye and incubated with ZG16B-Cy5.
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Identification of ZG16B-bound and nonbound strain identity by streptococcal genome sequence comparisons. The genome sequences of ZG16B-bound

and nonbound bacterial isolates were compared to over six thousand publicly available (NCBI) and an additional set of 69 unpublished streptococcal genome
sequences using a pairwise k-mer composition-based distance matrix method for identification of oral biofilm isolate strain identity. (A) Cladogram that displays
the phylogeny of a subset of streptococcal genome sequences of species that commonly colonize the oral cavity. A pruned subtree of the (B) S. mitis and (C) S.
vestibularis subclades from A that display the location of ZG16B-bound isolate genome sequences within the clade. The genome names of the isolates bound
or not bound by ZG16B are marked by black-filled and open circles, respectively. The tree scales show the pairwise k-mer composition-based distance that is

used for each branch length.
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Fig. 3. ZG16B binds to the peptidoglycan (PG) of S. vestibularis and regulates the growth of the bacteria. (A) Anti-Hiss immunoblot for recombinant ZG16B,
unbound or absorbed at the insoluble peptidoglycan, extracted from S. vestibularis or nonbinding S. oralis. (B) Bar graph representation of the amount of ZG16B
absorbed in the peptidoglycan from three biological replicates of S. vestibularis or S. oralis, normalized to the lectin input amount. (C) Isobaric structures of
peptidoglycan fragments identified from the high-resolution mass spectrometry analysis on the mutanolysin-digested peptidoglycan from ZG16B-bound dental
plaque microbes. The negatively charged group indicated by the arrows is potentially involved in ZG16B binding. (D) Super-resolution images of S. vestibularis
grown with peptidoglycan marker fluorescent D-amino acid (HADA) and incubated with ZG16B-Cy5, showing the colocalization of ZG16B with peptidoglycan.
Growth curve of (E) S. vestibularis and (F) S. oralis in the presence and the absence of ZG16B or ZG16P at the MICs, of ZG16B (1.25 pg/mL). (G) Brightfield images
of S. vestibularis (Upper) and S. oralis (Lower) at 5 h of incubation with or without the recombinant lectins at 37 °C. The arrows highlight S. vestibularis aggregation
in the presence of ZG16B.
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an interaction between ZG16B and S. mutans strain UA159
(16). The authors found that a construct of the common salivary
protein 1 (CSP-1) (a synonym for human ZG16B) failed to
promote S. mutans aggregation and lacked significant bacteri-
cidal activity. However, in saliva with native CSP-1, S. mutans
showed adherence to an experimental salivary pellicle on
hydroxyapatite surfaces (16). S. mutans was absent in our screen
of oral biofilm bacteria, and flow cytometry analysis showed that
ZG16B-Cy5 probe did not bind to the typed S. mutans strains
(ST Appendix, Fig S1H), including pathogenic strain UA159.
Thus, the probes based on ZG16B show preferential binding to
oral commensals.

Among the total 50 bacterial isolates identified as ZG16B bind-
ers, around 92% appeared to be in the S. salivarius group
(81 Appendix, Tables S1 and S2). ZG16B also showed binding to
the ATCC strain S. vestibularis NCTC 12166 (25) (SI Appendix,
Fig. S1G), phylogenetically close to the identified dental plaque
S. vestibularis strains (Fig. 2C), clearly indicating that ZG16B
interacts with S. wvestibularis species. We conducted 16S rRNA
sequencing on 25 bacterial isolates identified in our screen that
ZG16B did not bind (S7 Appendix, Table S3). With one exception,
these isolates did not belong to the S. salivarius group, supporting
that the preference of ZG16B for S. vestibularis was unbiased. Due
to the predominance of S. vestibularis over other species and the
better growth in suspension, we pursued further analysis of this
species.

The microbial species identified from the dental plaque iso-
lates are primarily commensals that inhabit the oral cavities and
upper respiratory tracts as early colonizers (1, 23). S. vestibularis
is a commensal species, although it was reported to cause infec-
tive endocarditis in a patient with coexisting S. oralis endocarditis
in a recent study (26, 27). The mGAP based on ZG16B binds
S. vestibularis but not S. oralis, although both belong to the
viridans group of streptococci that share several phylogenetic
features (24). These findings suggest that molecular features of
the cell surface of the microbes may underpin this lectin—microbe
interaction.

ZG16B Binds to the Peptidoglycan Layer of the Cell Wall of
Dental Plaque Microbes. The bacterial cell wall features various
glycoconjugates that could interact with ZG16B. Initial studies to
screen the ligand specificity of the functionalized ZG16B using
microbial glycan microarrays failed to yield a definitive ZG16B
binding partner (S/ Appendix, Fig. S3 A and B). This inability
to find ligands may reflect the composition of the microarrays,
which include isolated polysaccharides from mostly Gram-negative
bacteria and capsular polysaccharides from some strains of Gram-
positive bacteria (28). The current glycan arrays lack glycoconjugates
from oral streptococci. Therefore, a top—down approach was taken
to identify ZG16B binding partners from extracted cell wall glycans
of the dental plaque bacteria S. vestibularis and S. oralis.

The cell wall extracts were separated into peptidoglycan and
teichoic acid fractions (S/ Appendix, Fig. S3C) using standard pro-
cedures (29). Dot blot analysis of the fractions immobilized on a
nitrocellulose membrane probed with biotin-ZG16B qualitatively
showed the binding of ZG16B to the peptidoglycan isolated from
S. vestibularis (SI Appendix, Fig. S3D). However, the insolubility of
the peptidoglycan led to weak signals in protein-ligand binding
analyses, making quantitative analysis inconclusive. Therefore, to
assess lectin absorption to the insoluble peptidoglycan, recombinant
ZG16B was incubated with peptidoglycan isolated from S. vestib-
ularis and S. oralis. Almost 40% of the input recombinant ZG16B
was absorbed into the peptidoglycan extracted from S. vestibularis,
approximately five times more than that absorbed into the
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peptidoglycan of S. oralis (Fig. 3 A and B). Digestion of the pepti-
doglycan with mutanolysin from Strepromyces globisporus abrogated
the interaction between ZG16B and the peptidoglycan fraction
from S. vestibularis (SI Appendix, Fig. S3 Fand G), suggesting that
particular modifications of the peptidoglycan might be a key feature
of the lectin—microbe interaction. We also confirmed that the inter-
action of ZG16B with the microbes is not mediated by the cell
surface adhesins; formaldehyde treatment of the cells, which dena-
tures surface proteins, did not abrogate the lectin—microbe interac-
tions (SI Appendix, Fig. S3H).

Complementary confocal (SI Appendix, Fig. S3E) and super-
resolution microscopy (Fig. 3D) show that ZG16B localizes to the cell
wall of S. vestibularis. The microbes were grown with 3-[[(7-hydroxy-
2-ox0-2 H-1-benzopyran-3-yl)carbonyl]amino]-D-alanine hydrochlo-
ride (HADA), a fluorescent D-amino acid that is incorporated into
the peptide linker during peptidoglycan biosynthesis (30).
ZG16B-Cy5 (Fig. 3D) colocalized with the peptidoglycan marker
HADA. No such interaction was observed with the fluorescent
ZG16P (SI Appendix, Fig S3E). Additionally, ZG16B colocaliza-
tion was not observed with the nonbinder . oralis,
validating the high binding selectivity of ZG16B with the S. ves-
tibularis peptidoglycan.

The exact substructure of the S. vestibularis peptidoglycan that is
responsible for selective ZG16B binding is not yet known. We
observed that peptidoglycans extracted from S. oralis and S. vestib-
ularis are both resistant to hen egg lysozyme but not to bacterial
mutanolysin (S Appendix, Fig. S3F), suggesting that the peptido-
glycans from both oral streptococci include O-6-acylated
N-acetylmuramic acid (MurNAc) or N-deacylated MurNAc or
N-acetylglucosamine (GlcNAc) in the disaccharide repeat units
(31). We then considered modifications of the peptidoglycan
beyond the alternating GIcNAc/MurNAc glycan and peptide
cross-linkers. The peptidoglycan of streptococci is often covalently
modified with r-rthamnose (L-Rha)-rich cell wall polysaccharide
(RhaCWPS), linked at the C6-OH of MurNAc via a bridging
GlcNAc or glucosamine (GleNH,) (32-34). The cell wall polysac-
charide (CWPS) can serve as a functional replacement for wall
teichoic acid and mediate virulence, host adhesion, immune eva-
sion, and antimicrobial resistance (34). Strikingly, ovococcal bacte-
ria, including streptococci, display a wide range of structural
variations in their RhaCWPSs (32-34). The core repeating units
with L-Rha building blocks often incorporate hexose sugars (e.g.,
Glc and Gal) and differ in length and glycosidic linkage (32, 35).
Additionally, the side-chain substituents show extensive diversity in
composition ranging from simple mono- or disaccharides to com-
plex branched oligosaccharides comprising hexoses, HexNAcs, and
charged modifications such as glycerol-1-phosphate (Gro-P) (36).

Currently, the details of the S. westibularis RhaCWPS are
unknown. However, characterization of the cell wall polysaccha-
rides from strains of S. salivarius (37, 38) and S. thermophilus
ST64987 (39, 40), the phylogenetically closest species in the sa/-
ivarius group, shows the presence of L-Rha with Glc and Gal as
the major components. Therefore, to assess the potential role of
the CWPS, we investigated different experimental conditions in
the ZG16B binding assays. ZG16B showed pH-dependent bind-
ing to S. vestibularis. Specifically, the interaction between ZG16B
and S. vestibularis was impaired when immobilized microbes were
probed with ZG16B-Cy5 or ZG16B-biotin and washed with
buffers below pH 6 (S Appendix, Fig. S31). A similar reduction
in binding was observed when whole cells, or extracted peptido-
glycan, were probed with ZG16B-biotin and then washed with a
buffer including 20 mM glycerol phosphate (Gro-P) (8] Appendix,
Fig. S3 Jand K). In contrast, when the wash buffers were supple-
mented with 20 mM L-lysine, binding was preserved, suggesting
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that the lectin might interact with the negatively charged Gro-P
on the peptidoglycan of the microbes.

To investigate CWPS modifications on the peptidoglycan that
might impact ZG16B binding, we performed high-resolution mass
spectrometric (HRMS) analysis on the peptidoglycan fragments
comparing the composition of ZG16B binder and nonbinder dental
plaque microbes (Fig. 3C and SI Appendix, Table S4 and Fig. S4).
We identified feasible isobaric fragments of the substructures of
peptidoglycan of ZG16B binders (S. vestibularis isolates 3, 4, 8, and
12 and G. haemolysans isolate 10). These substructures were detected
in both positive and negative electrospray ionization (ESI) modes
(SI Appendix, Fig. S4) within a mass accuracy of 10 ppm. We also
observed the presence of N-deacylated GIcNAc (GIcNH,) in the
disaccharide repeat units of the peptidoglycan, consistent with
mutanolysin digestion assays described above. Moreover, the iden-
tified masses indicate that a deacylated hexosamine, possibly a
GIcNH,, is appended to the C6-OH of MurNAc through a phos-
phodiester linkage (S/ Appendix, Fig. S4 Structures 1-3). Notably,
we can detect the mass peaks corresponding to isobaric structures
of fragments 4-7 (Fig. 3C and SI Appendix, Fig. S4 Structures 4-7)
that indicate the presence of a Gro-P cap at a HexNAc sugar adja-
cent to the linker GIcNH,,. The presence of the Gro-P moiety on
the polysaccharide side chains appended on the peptidoglycan of
the ZG16B binders is consistent with the findings from the
dot-blot-based lectin blotting assays, implying that the charged
group modification of the peptidoglycan plays a role in the binding
of ZG16B to S. vestibularis.

As mentioned previously, the presence of the linker GIcNH, is
indicative of the existence of a polysaccharide chain on S. veszib-
ularis peptidoglycan (32, 34). Under the current experimental
conditions, we were not able to detect masses corresponding to
complete CWPS attached to the peptidoglycan. The challenges
of full characterization can arise because the GIcNH,-1-phosphate
bond confers resistance to mild acid hydrolysis (41), the fragments
from partial digestion of the peptidoglycan by mutanolysin have
high molecular weight, or the resulting fragments are less effi-
ciently ionized.

A parallel analysis was carried out on the ZG16B nonbinders
(e.g., S. oralisisolate 5 and S. mutans UA159). In this case, a similar
peptidoglycan fragment with the Gro-P modification was not
detected under identical experimental conditions. The presence of
Gro-P modifications in the group A carbohydrate in Streptococcus
pyogenes (32, 34, 42, 43) and serotype ¢ carbohydrate in S. mutans
(32, 35, 36, 42) has been reported previously. We believe that the
accessibility of the CWPS-modifying groups to ZG16B is one deter-
mining factor in its specificity toward particular microbial species.
This analysis lays the groundwork for future characterization of the
complete structure of the CWPS of S. vestibularis and the minimum
glycan epitope necessary for ZG16B binding.

ZG16B Suppresses S. vestibularis Growth. Plant lectins can
exhibit antimicrobial activity through their interactions with
various glycoconjugates; antimicrobial roles for animal lectins
are less well characterized (44—46). To determine the effect of
ZG16B on S. vestibularis growth, the bacteria were cultured in
the presence of recombinant ZG16B or the nonbinding lectin
ZG16P. ZG16B prevented the outgrowth of S. vestibularis
(Fig. 3E and SI Appendix Fig. S54) with MICy, values of 2.5
to 1.25 pg/mL (8] Appendix Fig. S5A). In contrast, the lectin
had no influence S. oralis growth (Fig. 3F and SI Appendix Fig
S5B). Consistent with our previous observations, the related
lectin ZG16P had no influence on S. wvestibularis (Fig. 3E and
SI Appendix Fig. S5A) or S. oralis (Fig. 3F and SI Appendix
Fig. S5B) growth. We did not observe any significant growth
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suppression of the microbes at higher concentrations (-20 pg/
mL) of ZG16B, presumably due to aggregation of the lectin
upon incubation at 37 °C for 12 h, as supported by dynamic
light scattering (DLS) (SI Appendix, Fig. S5C).

The observed bacteriostatic effect of ZG16B may be due to its
ability to aggregate cells. To test this hypothesis, we used bright-
field imaging to visualize the impact of the lectin on bacterial cells.
S. vestibularis grown for 5 h (near the end of the log phase) aggre-
gated in the presence of ZG16B (Fig. 3G), while neither ZG16B
nor ZG16P aggregated S. oralis (Fig. 3G).

ZG16B Recruits Salivary Mucin MUC7 onto S. vestibularis. The
binding of lectins to microbial cell surface glycoconjugates often
arises from multivalent interactions; however, ZG16B appears to
be a monomeric lectin in solution. We postulated that in a native
environment, such as the oral cavity, ZG16B might function as
part of a multicomponent salivary agglutination complex. To test
this hypothesis, we assessed the interaction of ZG16B with other
salivary proteins by lectin blot analysis. Two donor saliva samples
from submandibular/sublingual (SMSL) glands were separated
by gel electrophoresis (SI Appendix, Fig. S6A), transferred to
a nitrocellulose membrane, and probed with mGAPs based
on ZG16B. ZG16B-Cy5 showed weak binding (SI Appendix,
Fig. S6B, lane 1) to a target at 150 kDa, which corresponds to
the low M, salivary mucin MUC7 (Fig. 44, lanes 1 and 4) (47).
Interestingly, a multivalent arrangement of the lectin generated
from biotinylated ZG16B precomplexed with streptavidin-
conjugated alkaline phosphatase (Fig. 44, lanes 2 and 5, Fig. 4B)
or Cy5 (SI Appendix, Fig. S6B, lane 2), bound more avidly to
MUCY7, suggesting that multivalent interactions promote ZG16B
to MUCY. Control experiments where the salivary protein blots
were probed with precomplexed ZG16P-biotin (Fig. 44, lanes 3
and 6 and SI Appendix, Fig. S6B, lane 3) did not show a lectin—
mucin interaction in a monovalent or multivalent presentation.
Furthermore, ZG16B maintained its binding specificity to MUC7
that was extracted and enriched from saliva samples (S Appendix,
Figs. S6 C'and D). No binding to the other major salivary mucin
MUCS5B was detected (SI Appendix, Fig. S6D).

The binding specificity of ZG16B for MUC7 relative to
MUCSB may arise from the differences in the glycosylation of
these two mucins. The abundance of sialic acid glycans is higher
on MUCY7 than on MUCS5B with extended branched sialylation
on core glycan structures (SI Appendix, Fig. SGE) (47-51).
Moreover, the two mucins share only a few oligosaccharide
sequences. The glycan profile on MUCY7 is more conserved than
MUCS5B in individuals, while MUC5B shows intra-individual
variation in glycosylation (52, 53). To assess whether the interac-
tion between ZG16B and MUCY7 is mediated by the O-linked
glycans, the SMSL saliva fractions from two individuals were
treated with sodium periodate to oxidize cis-diol of the MUC7
glycans (54). The samples were probed with biotinylated lectins,
precomplexed with streptavidin-Cy5 on a nitrocellulose mem-
brane. For both saliva samples, periodate treatment completely
abrogated the interaction between ZG16B and MUC7
(SI Appendix, Fig. S6F), suggesting that the lectin-mucin inter-
action is mediated by mucin carbohydrate residues sensitive to
sodium periodate (e.g., sialic acids). Furthermore, the binding of
ZG16B and MUCY was partially lost upon treatment of the saliva
sample with a2-3,6,8 neuraminidase or with both neuraminidase
and O-glycosidase (S Appendix, Fig. S6G), supporting that the
terminal sialic acids of the O-glycans of MUC7 may act as the
binding ligands of ZG16B in the lectin—mucin interaction.

The ability of ZG16B to bind different glycan sequences in
MUCT7 and bacterial cell wall polysaccharides can be rationalized
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Fig.4. ZG16B interactions with MUC7 and S. vestibularis. (A) Interaction of ZG16B with salivary mucin MUC7 detected by far-western blot analysis of two salivary
samples probed for biotinylated lectins that were precomplexed with alkaline phosphatase-conjugated streptavidin (SA-AP). The presence of MUC7 in the
saliva samples was detected by probing with an anti-MUC7 antibody. (B) Schematic representation of the molecular level interaction between the MUC7 and
biotinylated ZG16B, complexed with SA-AP for colorimetric detection. (C) Super-resolution images of Syto BC stained S. vestibularis in the presence of ZG16B-Cy5
and mucin (MUC7 or MUC5B)-enriched samples probed with Alexafluor 555. (D) The average size distribution of the microbial clusters of S. vestibularis in the
presence and absence of MUC7- or MUC5B-rich samples was calculated from the image analysis using Fiji software. On average, 100 particles were chosen from
six regions of interest from each sample shown in S/ Appendix, Fig S4C. (E) Schematic representation of the potential biological role of ZG16B in the oral cavity.
ZG16B can capture and aggregate the S. vestibularis on the pellicle and influence homeostasis by this mechanism and also through mucus-assisted clearance
by recruiting oral mucin MUC7.
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based on the structural features (17). ZG16B has a basic patch
comprising Lys 87, Arg131, and Lys147, which could serve as the
binding site for the sialic acid—rich O-glycans of MUC7, leaving
the sugar-binding loop available for engaging the microbial
CWPS. In this model, lysine 177 is poised to neutralize any neg-
ative charge in the CWPS. To support the two-binding-site model,
we tested for ternary complex formation between ZG16B, MUC7,
and S. vestibularis. We used confocal laser scanning (S Appendix,
Fig. S6 H-/) and super-resolution microscopy (Fig. 4C) to assess
different complexes. S. vestibularis was incubated with ZG16B-Cy5,
a MUC7-enriched sample, or both. MUC7 localized to
S. vestibularis in the presence of ZG16B only, while ZG16B main-
tained binding to the microbes in the presence and absence of
MUCY7. Both ZG16B and MUCY7 colocalized to the surface of
S. vestibularis (Fig. 4C and SI Appendix, Table S5 and Fig. S6
Hand ), consistent with the formation of a ternary complex between
the lectin, the mucin, and the microbes. In the future, the molecular
details of the two proposed sugar-binding sites of ZG16B can be
studied in detail. Ternary complex formation was not observed with
nonbinding S. oralis (SI Appendix, Fig. S61) or the nonbinding mucin
MUCSB (Fig. 4C and SI Appendix, Fig. S6 H and ).

The ZG16B-MUCY7 interaction is likely to be physiologically
important as the low M, mucin MUC7 lacks a terminal
cysteine-rich domain, making it unable to form a polymeric
gel-like structure that shapes the protective layer on the oral cavity
surfaces (55). Indeed, S. vestibularis exposed to ZG16B and
MUCY formed larger clusters of bacteria with an average cluster
size three-fold larger than that of the lectin or the mucin alone
(Fig. 4D and SI Appendix, Table S6 and Fig. S6H). In contrast,
the presence of MUC5B with ZG16B failed to increase microbe
clustering, indicating that enhanced microbial clustering occurs
only during the recruitment of MUC7 on S. vestibularis by
ZG16B. Although we may have anticipated ZG16B to precomplex
with MUCY7 to provide a multivalent scaffold to bind to bacteria,
what we observed was that ZG16B binding to bacteria results in
a multivalent interaction to which MUCY7 then binds and provides
a cross-linking scaffold for further agglutination.

Discussion

The oral cavity is a “front line” interface for host—microbe inter-
actions. With its diverse microbiota, the host oral cavity must
maintain the diversity of commensal species and limit overgrowth
resulting in dysbiosis and disease (1, 14). Currently, limited infor-
mation is available on the roles of ZG16B, an abundant protein
in the oral proteome with a lectin fold. That ZG16B is highly
expressed in mature salivary glands and not in the fetal glands
suggests its significance in shaping the oral immune responses to
the microbial environment during the developmental differenti-
ation of salivary glands (14). Our goal was to investigate the func-
tional significance of ZG16B.

In the present study, by converting ZG16B into a functional
mGAPD, we identified target bacteria in the oral microbiota. Our
data indicate that ZG16B can distinguish between the oral viri-
dans group streptococci and binds mainly to S. vestibularis (25)
and G. haemolysans (56), but not S. oralis (57). Moreover, we did
not observe binding to an S. mutans strain (16), indicating that
this oral protein recognizes a subset of species in the microbiome.
Although belonging to the same genus, the streptococci recognized
are in different phylogenic groups (24), and these groups exhibit
some biochemical differences in cell wall composition (24, 58).

We analyzed the cell envelope components that ZG16B binds
to and found it interacts with CWPS appended to the peptido-
glycan. The diversity in the chemical composition of CWPS
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widens the serotype variations among different groups of strepto-
cocci. The specificity of ZG16B for S. vestibularis appears to be
mediated mainly by substructures of the CWPS, which are cova-
lently linked to the peptidoglycan. That ZG16B distinguishes
chemical differences in peptidoglycan constitution from different
oral streptococci makes it an excellent peptidoglycan-binding
probe to rapidly identify specific microbes. The presence of the
Gro-P modifications on CWPS has been reported previously (36)
for some ZG16B nonbinder streptococci, e.g., S. mutans, but not
for S. vestibularis. Therefore, the position and orientation of the
negatively charged group on the CWPS may have a role in the
lectin specificity for a particular microbe. Our research lays the
foundation and the rationale for further assessment of the com-
plete structure of the CWPS of S. vestibularis to understand the
precise features that drive lectin binding.

Our data suggest that ZG16B might act as “crowd control” for
the oral microbes it recognizes. In vitro, ZG16B is bacteriostatic
toward the oral commensal S. vestibularis, a feature that would
allow the maintenance of this species in the oral cavity while con-
trolling its growth. The observed aggregation among S. vestibularis
in the presence of ZG16B may arise due to the charge neutraliza-
tion on the microbial cell surface upon lectin binding. It is also
possible that the presence of ZG16B could induce stress among
the microbes and cause the bacteria to autoaggregate by expressing
proteins or other glycans that result in aggregation.

The identification of ZG16B as a lectin led us to examine its
interactions with oral mucins. We found that ZG16B binds to
the salivary mucin MUC7 and forms a ternary complex with S.
vestibularis. It is intriguing that the monomeric ZG16B can form
a ternary complex with microbes and the mucin glycoprotein.
‘These data support the hypothesis that the binding sites for micro-
bial glycan determinant and mucin O-glycans on ZG16B are
different. That ZG16B possesses basic amino acid residues in both
primary and secondary binding sites (17) implies that it may use
the lysine in the sugar-binding site for the negatively charged
groups on the CWPS and the basic patch for binding to the sialic
acids on the mucin glycopolymers.

The binding of ZG16B to the salivary mucin MUC7 gives
information on the biological role of the lectin in its native
environment. Enhanced S. westibularis aggregation through
ZG16B-MUCY interactions may influence bacterial load on
oral cavity surfaces (Fig. 4E). As MUC7 was reported to bind a
diverse range of oral streptococci and non-Streptococcus microbes
in the oral cavity (55), ZG16B may serve as the specificity handle
for targeting commensals such as S. vestibularis. The recruitment
of commensals to mucins may also assist in a mucus-assisted
clearance system, a known mechanism for the removal of bacteria
from the body (59). Finally, the ZG16B-MUCY7 findings pro-
vide an intriguing model of host factor synergy in host—microbe
interactions. We show that ternary complex formation is
strengthened by multivalent interactions between the mucin and
lectin, and these multivalent interactions are enabled by the
immobilization of ZG16B through binding to the microbial cell
surface.

By converting the oral lectin ZG16B into an mGAD, we suc-
cessfully confirm the formation of a relevant ZG16B complex
by identifying its target microbe and binding protein partner.
The strategy presented here provides the proof of concept for
applying human lectin-based probes to discover host—microbe
interactions in complex environments. Such probes can also
provide insight into the roles of other mediators in the environ-
ment, in this case, MUC7, which actively participates in the
lectin—microbe interactions. Finally, the remarkable specificity
of the ZG16B mGAP for a small subset of organisms promises
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to be the foundation for a class of probes with unique
glycan-binding specificities for bacterial sugar profiling. Future
studies using the ZG16B-mGAP with a broader set of both
healthy and diseased subjects will provide insights into the range
of microbes bound by ZG16B, potentially revealing the signifi-
cance of the lectin in oral health and disease. Based on this
foundation and the strategy presented, it is likely that the devel-
opment of additional mGAPs will provide valuable insights into
the common features of the human soluble lectins regarding
their binding specificities to different microbes or glycoproteins
and shaping host—microbe interactions.

Materials and Methods

Detailed descriptions of the following standard procedures are provided in the
SI Appendix: Construction of strains and plasmids for expression and purifica-
tion of ZG16B and ZG16P; procedures for SMLof ZG16B and ZG16P to generate
Cy5 and biotin ligated mGAPs; collection of human oral biofilms according to
the study approved by the University at Buffalo Human Subjects IRB (study #
030-505616) with informed consent obtained from all human participants; cul-
ture and isolation of bacteria from mixed-species oral biofilms and screening for
bacteria bound to ZG16B-Cy5 by replica plating and flow cytometry (S/Appendix,
Fig. S1 and Tables S1and S2); 16S rRNA (SI Appendix, Tables S1-S3) and whole
genome sequencing (SI Appendix, Table S1, data from whole genome sequencing
results submitted under the BioProject number PRINA880893 (60); bacterial
isolate species and strain identification based on whole genome comparisons
(81 Appendix, Fig. S2); confocal microscopy of dental plaque microbes in the
presence of ZG16B and MUC7; determination of MICs, of ZG16B and brightfield
imaging of live cells; lectin absorption to peptidoglycan assay; lectin blotting on
salivary mucins; extraction and fractionation of the cell wall capsule from dental
plaque isolates; peptidoglycan digestion and turbidity assay; dot blot analysis and
biolayer interferometry; DLS and nDSF of ZG16B and ZG16P; screening of pre-
complexed ZG16B on microbial glycan array; and PSAIA analysis of ZG proteins.

Super-Resolution Microscopy. The cells were grown overnight in BHI medium
with 200 pM HADA (R&D Systems) at 37 °C, without shaking. Cells were then fixed
and stained with ZG16B-Cy5 following the same protocol used in the confocal
microscopy of the dental plaque microbes in the presence of ZG16B- and MUC7-
rich saliva samples. For analysis by microscopy, stained cells were pelleted and
suspended in PBS supplemented with 1% w/v DABCO (1,4-diazabicyclo[2.2.2]
octane) (Sigma-Aldrich) as an antifading reagent. Each sample was spotted onto a
glass-bottomed microwell dish (MatTek corporation # P35G-1.5-14-C), allowed to
settle overnight, and covered with a precooled 1% (w/v) agarose pad. Images were
collected on an Applied Precision DeltaVision-OMXv4 Super-Resolution Microscope
(60x/1.42 NA oil immersion lens, sequential imaging on two SCMOS cameras).
Structured illumination microscopy (SIM) reconstruction and warp-based image
alignments were performed with Applied Precision softWoRx. Multicolor Image
alignments were calculated from an Applied Precision grid test slide, checked with
TetraSpeck beads (0.1 pm, Molecular Probes), and verified with an Argo-SIM test

1. B.W.Cross, S.Ruhl, Glycan recognition at the saliva-Oral microbiome interface. Cell. Immunol. 333,
19-33(2018).

2. S-M.Heo, S.Ruhl, F. A. Scannapieco, Implications of salivary protein binding to commensal and
pathogenic bacteria. J. Oral Biosci. 55, 169-174 (2013).

3. U.Holmskov, S.Thiel, J. C. Jensenius, Collectins and ficolins: Humoral lectins of the innate immune
defense. Annu. Rev. Immunol. 21, 547-578 (2003).

4. V.Garlatti et al., Structural insights into the innate immune recognition specificities of L- and H-
ficolins. EMBO J. 26, 623-633 (2007).

5. K. Drickamer, M. E.Taylor, Biology of animal lectins. Annu. Rev. Cell. Biol. 9, 237-264 (1993).

6. J.C.Manimala, T.A. Roach, Z. Li, J. C. Gildersleeve, High-throughput carbohydrate microarray
analysis of 24 lectins. Angew. Chem. Int. Ed. Engl. 45, 3607-3610 (2006).

7. Y.Zhang, Q.Li, L. G. Rodriguez, J. C. Gildersleeve, An array-based method to identify multivalent
inhibitors. J. Am. Chem. Soc. 132, 9653-9662 (2010).

8. G.R.Vasta, Roles of galectins in infection. Nat. Rev. Microbiol. 7, 424-438 (2009).

9. D.A.Wesener, A. Dugan, L. L. Kiessling, Recognition of microbial glycans by soluble human lectins.
Curr. Opin. Struct. Biol. 44,168-178 (2017).

10.  B.Imperiali, Bacterial carbohydrate diversity—A brave new world. Curr. Opin. Chem. Biol. 53, 1-8(2019).

11. A Kussrow et al., Measurement of monovalent and polyvalent carbohydrate—lectin binding by
back-scattering interferometry. Anal. Chem. 81, 4889-4897 (2009).

https://doi.org/10.1073/pnas.2216304120
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