Cellular and Molecular Life Sciences (2019) 76:4319-4340

https://doi.org/10.1007/500018-019-03115-3 Cellular and Molecular Life Sciences
ORIGINAL ARTICLE q
Check for
updates

Surface glycan-binding proteins are essential for cereal beta-glucan
utilization by the human gut symbiont Bacteroides ovatus

Kazune Tamura' - Matthew H. Foley? - Bernd R. Gardill? - Guillaume Dejean’ - Matthew Schnizlein? -

Constance M. E. Bahr® - A. Louise Creagh'* - Filip van Petegem? - Nicole M. Koropatkin3 - Harry Brumer'%>6

Received: 26 February 2019 / Revised: 3 April 2019 / Accepted: 23 April 2019 / Published online: 6 May 2019
© Springer Nature Switzerland AG 2019

Abstract

The human gut microbiota, which underpins nutrition and systemic health, is compositionally sensitive to the availability
of complex carbohydrates in the diet. The Bacteroidetes comprise a dominant phylum in the human gut microbiota whose
members thrive on dietary and endogenous glycans by employing a diversity of highly specific, multi-gene polysaccharide
utilization loci (PUL), which encode a variety of carbohydrases, transporters, and sensor/regulators. PULs invariably also
encode surface glycan-binding proteins (SGBPs) that play a central role in saccharide capture at the outer membrane. Here,
we present combined biophysical, structural, and in vivo characterization of the two SGBPs encoded by the Bacteroides
ovatus mixed-linkage B-glucan utilization locus (MLGUL), thereby elucidating their key roles in the metabolism of this
ubiquitous dietary cereal polysaccharide. In particular, molecular insight gained through several crystallographic complexes
of SGBP-A and SGBP-B with oligosaccharides reveals that unique shape complementarity of binding platforms underpins
specificity for the kinked MLG backbone vis-a-vis linear -glucans. Reverse-genetic analysis revealed that both the presence
and binding ability of the SusD homolog BoSGBP,; ;-A are essential for growth on MLG, whereas the divergent, multi-
domain BoSGBP,; -B is dispensable but may assist in oligosaccharide scavenging from the environment. The synthesis of
these data illuminates the critical role SGBPs play in concert with other MLGUL components, reveals new structure—func-
tion relationships among SGBPs, and provides fundamental knowledge to inform future (meta)genomic, biochemical, and
microbiological analyses of the human gut microbiota.
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Introduction

Trillions of microbial (mainly bacterial) cells make the
human gut microbiota one of the most complex and dynamic
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abundance of individual members of the human gut micro-
biota is driven by our diet, especially the influx of complex
polysaccharides into the large intestine [8—12]. Indeed, regu-
lar ingestion of plant polysaccharides is integral to maintain-
ing a healthy balance of microbes in our lower gastrointes-
tinal tract [13-15].

The human genome is remarkably bereft of genes encod-
ing carbohydrate-active enzymes (CAZymes) targeting
dietary glycans. As such, we are critically dependent on
members of the human gut microbiota to metabolize other-
wise indigestible “dietary fiber” [15, 16]. Of the dominant
bacterial phyla that comprise the microbiota, the Bacteroi-
detes in particular possess an enormous arsenal of CAZyme
genes [17], which are co-localized along with genes encod-
ing cognate surface glycan-binding proteins (SGBPs), TonB-
dependent transporters (TBDTs), and transcriptional regu-
lators into polysaccharide utilization loci (PULs) [18]. The
gene products of a single PUL work in concert to sense,
bind, cleave, and import a particular complex polysaccha-
ride. Reflecting the large natural diversity of complex gly-
cans encountered by the human gut microbiota, Bacteroi-
detes possess a plethora of PULs (e.g., 88 and 112 PULs
in Bacteroides thetaiotaomicron and B. ovatus, respectively
[19]), each of which is specifically upregulated by a target
polysaccharide [19]. The abundance and broad distribution
of PULs underscores their importance to human gut micro-
biota metabolism and, consequently, human nutrition and
health.

Mixed-linkage p-glucans (B(1,3)/p(1,4)-glucans, MLGs)
are abundant in cereal grains such as oats and barley
(Fig. 1a), and comprise a key group of human dietary gly-
cans with recognized healthful effects. For example, the ben-
efits of cereal-derived MLGs in ameliorating hypertension,
diabetes mellitus, cardiovascular diseases, and cholesterol
levels have been reported [15, 20-22]. Although the mecha-
nisms behind these health benefits are not fully understood,
the prebiotic activity of MLGs [23], a direct result of fer-
mentability by the human gut microbiota [24], is likely to
be a major factor.

We recently identified an MLG utilization locus
(MLGUL) in B. ovatus (Fig. 1b), syntenic homologs of
which enable select Bacteroides species in the human
gut microbiota to metabolize this cereal glycan, and bio-
chemically characterized its cognate glycoside hydrolases
(GHs). Structural enzymology detailed the high specificity
of the outer membrane GH16 endo-p-glucanase for MLG
and supported a concerted model in which polysaccharide
cleavage at the cell surface, oligosaccharide transport via
a SusC-like TBDT, and periplasmic hydrolysis by GH3
exo-PB-glucosidase enable complete MLG saccharification
to glucose (Fig. 1c). As part of this study, we also demon-
strated that MLGUL are essentially ubiquitous in human gut
metagenomes [25].
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This model also predicts the involvement of two cell
surface glycan-binding proteins (SGBPs) encoded by the
MLGUL (Fig. 1b) in the initial capture of the polysaccharide
at the cell surface as a prelude to backbone hydrolysis, and/
or facilitating product transport through the TBDT (Fig. 1c¢).
Indeed, previous studies have outlined these roles for SGBPs
in the archetypal starch utilization system (Sus) and other
PULSs [26-31], and SusC/SusD (TBDT/SGBP-A) homologs
are known to form an intimate structural association in the
membrane [32]. However, the molecular structures, sub-
strate specificities, and individual contributions to MLG
utilization are currently unknown for BoSGBPy; g-A (a
SusD homolog) and BoSGBP,; 5-B (a sequence-divergent
“SusE-positioned” gene product) from the MLGUL. Here,
we present the comprehensive biochemical, crystallographic,
and reverse-genetic characterization of these two SGBPs to
reveal the distinct roles they play in MLG metabolism by B.
ovatus in the context of the human gut microbiota.

Results

MLGUL SGBP are highly specific for mixed-linkage
B(1,3)/B(1,4)-glucans

Recombinant BoSGBPy; 5-A and BoSGBPy; 5-B were
produced in E. coli from constructs designed to exclude
the predicted signal peptide and N-terminal lipidation site
(Cys-1 of the mature protein; Fig S1). Carbohydrate binding
was first screened qualitatively against a library of soluble
polysaccharides (Fig. S2) by affinity gel electrophoresis
(AGE). As suggested by their context in the MLGUL, the
migration of both BoOSGBP); 5-A and BoSGBP,; ;-B was
strongly retarded in a gel containing barley mixed-linkage
B-glucan (bMLG, Fig. 2a). Qualitatively weaker interactions
with tamarind xyloglucan (XyG), konjac glucomannan, and
hydroxyethylcellulose were also observed (Fig. 2a), all of
which contain stretches of f(1,4)-linked backbone gluco-
syl residues (Fig. S2). No binding was observed to a range
of other polysaccharides, including diverse 3(1,3)-glucans,
mannans, xylans, dextran, ulvan, and anionic carboxym-
ethylcellulose (Fig. S3). Isothermal titration calorimetry
(ITC) confirmed the specific binding of both BoOSGBP,;; 5-A
and BoSGBP,; -B to bMLG (K, (4.41 +£0.65) x 10° M~!
and (1.04+0.1) x 10* M, respectively (Fig. S4, Table 1).
In comparison, the affinity of BoOSGBP,; ;-A for xyloglucan
was two orders of magnitude lower, while BoSGBP,;; 5-B
binding to xyloglucan was too weak to be quantified (Fig.
S4, Table 1).

Following the observed weak binding toward the solu-
ble cellulose derivative hydroxyethyl cellulose (Fig. 2a),
pull-down assays were conducted to assess binding to
insoluble cellulose (B(1,4)-glucan) and P(1,4)-mannan.
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Fig. 1 Mixed-linkage glucan utilization locus (MLGUL). a Chemi-
cal structure of MLG targeted by this PUL, consisting of a linear
glucan chain of B(1,4)-linked cellotriosyl and cellotetraosyl units
separated by single B(1,3) bonds. b Genetic organization of the B.
ovatus MLGUL. ¢ Model of MLGUL machinery at the cell envelope
showing the concerted mechanism of MLG utilization. Protein prod-

ucts are colored analogously to the gene locus. HTCS, hybrid two-
component system sensor/regulator; GH, glycoside hydrolase, with
family number indicated; TBDT, TonB-depdendent transporter (SusC
homolog); SGBP, cell surface glycan-binding protein (SGBP-A is a
SusD homolog, SGBP-B is highly sequence divergent); BACOVA_n,
Bacteroides ovatus ATCC 8483 gene locus tag
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Fig.2 BoSGBP,; -A and BoSGBPy; 5-B binding analyses. a Affin-
ity electrophoresis gels against soluble polysaccharides that were
bound by BoSGBPy; -A and BoSGBPy; 5-B with BSA as a non-

Both BoSGBPy; 5-A and BoSGBPy; ;-B indeed bind crys-
talline cellulose (Avicel, Fig. 2b), whereas neither bound
insoluble f(1,4)-mannan (Fig. S2B). To quantify binding
affinities to crystalline cellulose, green fluorescent protein
(GFP) fusion proteins were produced to conduct depletion
binding-isotherm experiments. GFP-BoSGBP); 5-A and
GFP-BoSGBPy; 5-B bound Avicel with lower affinity (K,
(2.04+0.54) x 10*M~! and (8.52 +1.50) x 10° M, respec-
tively) compared to bMLG, but with higher affinity than
xyloglucan (Fig. S7, Table 1).

The GH16 endo-f-glucanase of the MLGUL
(BoGH16y,; . Fig. 1) specifically cleaves p(1,4) bonds of
glucosyl residues to which a p(1,3)-linked glucosyl resi-
due is attached, producing G4G3G and G4G4G3G as the
limit-hydrolysis products from MLG [25]. As such, these
would be the smallest mixed-linkage gluco-oligosaccharides
(MLGQOs) that could be encountered by the SGBPs. ITC
analysis, however, showed that neither BoOSGBP,;; 5-A nor
BoSGBP,; ¢-B bind these mixed-linkage trisaccharide and
tetrasaccharide products (Fig. S5, Table 1). Hence, longer
MLGOs were obtained by controlled hydrolysis of oat
MLG with BoGH16,;; , followed by fractionation with
size exclusion chromatography. The mixed-linkage hexa-
saccharide G4G3G4G4G3G (MLG6) and heptasaccharide
G4G4G3G4G4G3G (MLG7) were bound by BoSGBPy; -A
and BoSGBP,; ;-B with respective affinities ca. one order of
magnitude less than those for the full-length polysaccharide,
with marginally stronger binding observed for the heptasac-
charide for both SGBPs. (Fig. S5, Table 1).

Analogous to results for short MLGOs, neither SGBP
was able to bind the all-p(1,4)-linked cellotetraose and cel-
lopentaose (Fig. S5, Table 1). Reflecting the observed bind-
ing to insoluble cellulose and the apparent requirement for
longer oligosaccharides, both SGBPs quantifiably bound
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binding control in each gel. b SDS-PAGE gel of pull-down assay
against insoluble polysaccharide bound by BoSGBP;s-A and
BoSGBPy; 5-B with BSA as a non-binding control

cellohexaose (Fig. S6, Table 1). Notably, the affinity of
BoSGBP,; ;-A to cellohexaose was one order of magnitude
weaker (K, 10° M~!) than to the MLG hexa- and heptasac-
charides (K, 10* M), while the binding of BoSGBPy -B
to cellohexaose and these MLGOs was comparably weak
(K, 10° M~!, Table 1).

SGBP crystallography illuminates the molecular
basis of MLG specificity

To reveal the molecular basis of the substrate specificity
of the SGBPs in the context of their contribution to MLG
utilization by B. ovatus, we solved the three-dimensional
structure of these proteins in several unliganded and oli-
gosaccharide-complexed forms by X-ray crystallography
(Table 2).

BoSGBP, ¢-A is a canonical SusD homolog

The crystal structure of unliganded BoSGBPy; 5-A (1.50
A, Ry =15.8%, Ry =18.4%; Table 2) revealed a single
globular domain with a canonical “SusD-like” fold [27],
which is dominated by o helices (Fig. 3a). As in the amyl-
ose-binding SusD, a series of these o helices are organized
into four tetratricopeptide repeat (TPR) units that form a
super-helical fold along the convex surface of the protein.
The concave side of the TPR motif cradles the remainder of
the polypeptide chain comprising many loops and short o
helices, where the ligand binding site is found. This region
is variable among SusD homologs, thus providing a tun-
able platform optimized to discriminate cognate substrates
[26], e.g., starch [27], xyloglucan [29], mucin O-glycan [33],
sialic acid [34], laminarin/pustulan [35], and chitin [36].
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Table 2 Crystallographic data and refinement statistics table

BoSGBPy; ¢-A

BoSGBPy; g-A cel-

BoSGBPy; ¢-A

BoSGBPy; 5-B cel-

BoSGBPy; ;-B MLG7

(6E60) lohexaose (6DMF) MLG?7 (6E61) lohexaose (6E57) (6E9B)
Data collection

Beamline SSRL 9-2 APS 21-ID-G SSRL 9-2 APS 21-ID-F CLS 08B1-1
Wavelength (1) 0.979 0.979 0.979 0.979 0.979
Resolution range 37.25-1.50 (1.59- 49.60-2.40 (2.49— 39.65-2.51 (2.66— 78.34-2.71 (2.81- 34.33-3.15 (3.34-3.15)

(A) 1.50) 2.40) 2.51) 2.71)
Space group P2,2,2 P 6, P22, 2 P2,2,2 P2,2,2,
Unit cell

a, b, c(A) 47.351 89.484 228.845 228.845 86.977 93.137 156.438 243.652 155.621 241.102

121.104 246.517 155.589 76.059 74.884

a, B,y (°) 9090 90 9090 120 9090 90 9090 90 90 90 90
Total reflections 363,678 (57,305) 2,422,857 (206,443) 279,444 (34,379) 447,089 (44,223) 371,772 (58,717)
Unique reflections 81,232 (12,744) 283,613 (28,197) 43,053 (6405) 78,048 (7714) 50,094 (7894)
Redundancy 4.54.5) 8.5(7.3) 6.5(5.4) 5.7(5.7) 7.4(7.4)
Completeness (%) 97.6 (95.6) 99.94 (99.52) 98.6 (92.3) 97.74 (98.32) 99.8 (99.7)
l/ol 9.84 (1.49) 8.40 (1.11) 14.61 (3.51) 10.44 (2.42) 15.6 (1.73)
Wilson B-factor 14.5 34.87 28.7 50.08 90.3

(A%
R-meas 0.119 (0.975) 0.2396 (2.007) 0.12 (0.462) 0.1353 (0.914) 0.136 (1.277)
CC (1/2) 0.997 (0.605) 0.996 (0.58) 0.997 (0.887) 0.992 (0.7) 0.999 (0.651)
Molecules in AU 1 10 2 4 4

Refinement

R-work 0.1578 (0.309) 0.1850 (0.2850) 0.1727 (0.255) 0.1943 (0.2975) 0.221 (0.2724)
R-free 0.1839 (0.310) 0.2399 (0.3387) 0.2228 (0.310) 0.2382 (0.3568) 0.269 (0.3236)
Number of non-hydrogen atoms

All 4987 42441 8765 12333 11352

Macromolecules 4374 40685 8181 11933 11161

Ligands 16 812 164 260 123

Water 597 944 420 140 68
RMS deviations

Bond lengths A) 0012 0.01 0.005 0.009 0.01

Bond angles (°) 1.581 1.24 0.958 1.27 1.31
Ramachandran statistics

Favored (%) 98 96 97 95 87

Allowed (%) 2 3.8 3 4.4 11

Outliers (%) 0 0.2 0 0.6 2
Average B-factor (Az)

All 15.12 40.4 28.61 58.7 100.4

Macromolecules 14.88 40.2 29.86 58.6 100.5

Carbohydrate 50.05 30.36 74.15 74.2

ligands
Solvent 25.69 37.1 254 43.8 60.48

Co-crystallization of BoSGBPy;; g-A with cellohexa-
ose (2.40 A, Ryorc=18.5%, Rpee =24.0%; Table 2) and the
MLG heptasaccharide G4G4G3G4G4G3G (BoSGBPy; -A
MLG7: 2.51 A, Ryork=17.3%, Rpee=22.3%; Table 2)
clearly revealed this platform as the substrate-binding site.
Superposition of the two complexes with the unliganded
structure reveals that there are no major changes in global
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conformation or sidechain positioning upon substrate bind-
ing (Fig. S8). This is similar to the SGBP-A homolog of the
xyloglucan utilization locus (XyGUL) [23], but contrary to
SusD, in which two loops undergo a large conformational
change to enable a tyrosine sidechain to stack against the
a-glucan ligand [21]. Four surface-exposed aromatic resi-
dues (Y266, W77, W350, and W353) of BoSGBP); 5-A are
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Fig.3 BoSGBPy; 5-A crystal structure. a Overall structure of
BoSGBPy; 5-A in cartoon representation with the polypeptide color
ramped from blue to red (from N- to C-termini) and the transparent
surface shown in white. b Surface representation of the cellohexaose
complex with ligand shown in cyan and the aromatic residues that
form the binding platform shown in orange. Ten molecules are found
in the asymmetric unit, each displaying no significant protein struc-
tural differences from the others; chain E is shown as a representative.
¢ Surface representation of the MLG7 complex with ligand shown in
slate and the aromatic residues that form the binding platform shown
in orange. Two molecules are found in the asymmetric unit, each dis-
playing no significant structural difference from the other; chain A is
shown as a representative. d Close-up of the binding site of the cel-

Glc-2 w77

Glc-3 "Glc-4 Glc-5

lohexaose complex with interacting residues shown as opaque orange
sticks. Cellohexaose is colored cyan and potential hydrogen bond-
ing interactions are shown as black dashed lines (within 3.5 A of
the ligand). Omit map for the ligand (generated by Privateer [79]) is
shown contoured to 3o. e Close-up of the binding site of the MLG7
complex with interacting residues shown as opaque orange sticks.
MLGT7 is colored slate and potential hydrogen bonding interactions
are shown as black dashed lines (within 3.5 A of the ligand). Omit
map for the ligand is shown contoured to 3¢. f Affinity gel electro-
phoresis of binding platform site-directed mutants. g Overlay of cel-
lohexaose and MLG7 bound to the binding platform; cellohexaose is
shown in cyan and MLG7 in slate
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«Fig.4 BoSGBP,; ;-B crystal structure. a Overall structure of
BoSGBPy; 5-B in surface/cartoon representation with each domain
colored differently: domain A—blue, domain B—raspberry, domain
C—pale yellow, domain D—forest. A side view and a top view are
shown with the black line representing the imaginary axis around
which the domains wrap. The single interdomain proline is shown as
gray spheres and the aromatic sidechains comprising the binding plat-
form are shown as orange sticks. b Close-up of the binding site of
the cellohexaose complex with interacting residues shown as opaque
orange sticks. Cellohexaose is colored cyan and potential hydrogen
bonding interactions are shown as black dashed lines (within 3.5 A
of the ligand). Omit map for the ligand (generated by Privateer [79])
is shown contoured to 3c. Of the four molecules in the asymmetric
unit, data from chain A is shown a representative. ¢ Close-up of the
binding site of the MLG7 complex with interacting residues shown as
opaque orange sticks. MLG7 is colored slate and potential hydrogen
bonding interactions are shown as black dashed lines (within 3.5 A of
the ligand). Omit map for the ligand is shown contoured to 3¢. Of the
four molecules in the asymmetric unit, data from chain D are shown
as representative. d A single MLG7 ligand being shared between
two BoSGBPy; 5-B molecules belonging to neighboring asymmet-
ric units. The bottom molecule is colored according to secondary
structure (yellow B-strands, red a-helices, and green loops), the top
molecule from a different asymmetric unit is colored salmon, and the
ligand is colored slate. Omit map for the ligand is shown contoured
to 30. RE reducing end, NRE non-reducing end. An analogous orien-
tation was observed for the cellohexaose complex (not shown, PDB
ID 6ES57). e Affinity gel electrophoresis of individual BoOSGBP,; 5-B
domains and binding platform site-directed mutants. f Surface rep-
resentation of the binding platform of domain D in complex with
MLG?7. Aromatic sidechains comprising the binding platform are
colored orange and MLG?7 is colored slate

arranged in a linear fashion to constitute a long (ca. 36 A)
binding platform (Fig. 3b—e).

In the BoSGBPy; g-A:cellohexaose complex, elec-
tron density was observed for all six glucose residues in
nine of ten protein molecules in the asymmetric unit, with
five glucose residues observed in the remaining mole-
cule. All glucose residues were in the lowest energy *C,
(chair) conformation (Fig. 3b, d; Table S2). The reduc-
ing end glucose, Glec-1, displays an aromatic stacking
interaction [37, 38] with Y266 of the binding platform,
Glc-4 is positioned over W77, and the non-reducing end
glucose, Glc-6, stacks against W350 (Fig. 3b, d). In the
BoSGBP,; -A:G4G4G3G4G4G3G (MLG7) complex, all
seven glucosyl residues could be convincingly modeled into
the electron density in the *C, conformation in both mol-
ecules in the asymmetric unit (Fig. 3c, e; Table S2), with
the oligosaccharide chain oriented in the same direction.
In contrast to cellohexaose, G4G4G3G4G4G3G spans the
entire length of the binding platform with the sugar rings of
Glc-1, Glc-3, Gle-5, and Gle-7 stacking against the aromatic
side chains of Y266, W77, W350, and W353, respectively
(Fig. 3c, e). A limited number of potential hydrogen bond-
ing interactions were observed with both oligosaccharide
ligands. These hydrogen bonds are confined to one-half of
the binding platform flanked by Y266 and W77; no addi-
tional hydrogen bonding interactions are observed to either

ligand in the vicinity of W350 and W353 (Fig. 3d, e). Addi-
tionally, most heteroatom interatomic distances are greater
than 3.0 A, suggesting that these hydrogen bonds are moder-
ate/weak and mostly electrostatic [39].

The importance of each aromatic residue comprising
the binding platform is underscored by AGE analysis of
single site-directed mutants (W77A, Y266A, W350A, and
W353A). The two central tryptophan residues are critical as
both W77A and W350A variants independently fail to bind
bMLG and other p(1,4)-glucosyl-containing polysaccharides
(Fig. 3f, S9). The two flanking residues, Y266 and W350,
though not as critical as the central tryptophan residues, also
contribute to binding MLG as evidenced from the dimin-
ished binding relative to wild type when either is replaced
with an alanine. Although AGE analysis as performed here
is only semi-quantitative, the data suggest that W350 may
have a greater contribution to binding than Y266 (Fig. 3f).

BoSGBP, ¢-B is a novel extended, multimodular
MLG-binding protein

Distinct from BoSGBPy s-A, crystal structures
of BoSGBPy;5-B in complex with cellohexaose
(2.71A, R, =19.4%, Ry, =23.8%; Table 2) and
G4G4G3G4G4G3G (BoSGBPy;; o-B MLG7: 3.15 A,
Ryork=22.1%, Rpyee =26.9%, residues 12-399; Table 2)
reveal a multimodular architecture comprising four discrete
immunoglobulin (Ig)-like domains in an extended arrange-
ment: domain A (residues 22—133), domain B (residues
134-219), domain C (residues 220-309), and domain D
(residues 310—420) (Fig. 4a). Such multi-domain architec-
ture is typical of SGBPs, which are usually encoded directly
downstream of the corresponding SGBP-A (SusD homolog)
in PULs [18, 28-31], yet this architecture is difficult to
predict due to very low sequence similarity among these
proteins. Likewise, there is little tertiary structural homol-
ogy among these proteins, such that a Dali search [40, 41]
of the Protein Data Bank using the full-length structure or
individual domains failed to return any matches with other
SGBPs [28-30]; results were limited to unrelated proteins
with Z-scores less than 11.

The number of domains in these SGBPs is variable
[28-30], ranging from three in SusE [28] to six in the SGBP-
B from the heparin/heparan-sulfate PUL [30]. The four
domains of BoSGBPy; ;-B are arranged in a right-handed
helical configuration in which the domains are rotated 120°
around the central axis (three domains per helical turn such
that domains A and D overlap when looking down the axis;
Fig. 4a). Whereas the presence of a single proline residue in
each interdomain linker is a feature of the previously solved
SGBP-B structures [28-30], in BoSGBPy; 5-B a proline res-
idue was found only in the linker after domain A (Fig. 4a),
which may suggest reduced conformational rigidity vis-a-vis
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related SGBPs [29]. However, the identical domain arrange-
ment of all four molecules in the asymmetric unit (for both
cellohexaose and MLG7 complexes, Table S2) could be evi-
dence of a lack of conformational flexibility.

In the structure of BoSGBP,; ;-B co-crystallized with
cellohexaose, electron density was observed for five of
the expected six glucosyl residues, all in the favored *C,
conformation (Fig. 4b, Table S2). Oligosaccharide binding
was mediated by the following aromatic stacking interac-
tions: Glc-1 (reducing end) and Glc-2 with Y371, Glc-3,
and Glc-4 with W373, and Glc-5 (non-reducing end) with
W322. In the structure of BoSGBP); 5-B in complex with
G4G4G3G4G4G3G (MLG7), electron density was observed
for all seven glucosyl residues in the 4C1 conformation
(Fig. 4c, Table S2). Reducing end Glc-1 only makes con-
tact with a residue from a molecule in a neighboring asym-
metric unit (vide infra), Glc-2 and Glc-3 exhibit stacking
interaction with Y371, Glc-4 and Glc-5 with W372, Glc-6
with W322, and Glc-7 with Y362. As for BoOSGBPy; 5-A,
very few hydrogen bonding interactions were observed with
either oligosaccharide (Fig. 4b, c).

Notably, in the BoSGBPy; -B cellohexaose and
G4G4G3G4G4G3G (MLG7) complexes (Table 2), two out
of the four molecules in the asymmetric unit each bound
to a ligand that is shared with a molecule from a neigh-
boring asymmetric unit, such that each oligosaccharide is
sandwiched between two binding platforms presented on
the C-terminal domain D (Fig. 4d, S10). In the other two
molecules in the asymmetric unit that are not involved in
the ligand-sharing crystal contact, the density of the ligand
was very poor and no sugars were modeled. The molecules
that share a common ligand are symmetry related through
a twofold rotation operation about an axis orthogonal to the
length of the oligosaccharide ligand, straight through the
central Glc-4 of G4G4G3G4G4G3G (Fig. 4d). As such,
the binding platforms are oriented in opposite directions to
either side of the oligosaccharide chain, which suggests a
degree of plasticity in MLG recognition.

As suggested by the complexed structures, domain D
provides the only substrate-binding site in BoOSGBP); 5-B.
AGE analysis of the four domains produced independently
demonstrated that indeed only domain D binds bMLG
(Fig. 4e, S9). This feature is similar to the XyGUL SGBP-
B and the heparin/heparan-sulfate PUL SGBP, although in
the case of the latter, the binding platform spans two of the
distal C-terminal domains, D5 and D6 [29, 30]. In contrast,
the archetypal SusE and SusF SGBPs contain two and three
starch-binding sites, respectively, on individual domains and
thus represent the only SGBPs known to possess multiple
binding sites [28].

The B-sandwich fold of domain D comprises two sheets
of four and three antiparallel f-strands, with two of the con-
necting loops incorporating a-helices. The substrate-binding
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site is located above the smaller, top pB-sheet, although resi-
dues important for binding are all borne on loops connecting
the p-strands (Fig. 4d). The aromatic sidechains of Y371,
W372, W322, and Y362 constitute a ca. 28 A, flat bind-
ing platform (Fig. 4f). These aromatic residues are critical
for substrate binding, as demonstrated by AGE analysis:
Mutation of either of the central tryptophans (W322A and
W372A) completely abrogates binding, whereas mutation
of the tyrosines at the ends of the platform (Y362A and
Y371A) severely diminishes binding to bMLG, xyloglucan,
and hydroxyethylcellulose (Fig. 4e, S9).

SGBP-A and SGBP-B have distinct functions in vivo

With a firm understanding of substrate specificity and ter-
tiary structures of BoSGBP);; 5-A and BoSGBPy;; ;-B, we
then sought to determine how polysaccharide binding at the
cell surface contributes to the growth of B. ovatus on MLG.
Strains with in-frame deletions and binding site-deficient
alleles of both genes were generated by performing allelic
exchange in a Atdk strain of B. ovatus [27], which is sub-
sequently referred to as “wild type.” To monitor anaero-
bic growth, cells were first cultured overnight in minimal
medium (MM) containing glucose, then back-diluted 1:200
into parallel cultures containing glucose or glucan sub-
strate. Wild-type B. ovatus (Atdk) grows on high viscosity
MLG, while cells in which the complete MLGUL (Fig. 1)
was deleted (AMLGUL) do not, which confirmed that the
MLGUL is essential and solely responsible for growth on
this p-glucan (Fig. 5a, b) [25].

The BoSGBP,; ;-A single-gene knock-out (ASGBPy; -
A) likewise cannot grow on MLG. This finding is consist-
ent with the essential role of the SGBP-A (SusD) homologs
for the uptake of starch via the Sus of B. thetaiotaomicron
and the uptake of xyloglucan via the XyGUL of B. ovatus
[29, 42]. In both the Sus and the XyGUL, an allele encod-
ing a glycan-binding-deficient version of the native protein
(SusD* and SGBPy,-A*, respectively) restored growth on
the cognate substrate [29, 42]. However, when the binding-
deficient BoSGBP,;; ;-A* allele (a W77A/W350A double
mutant) was exchanged into the ABoSGBP); 5-A back-
ground to restore the MLGUL genetic structure, growth
was not observed on MLG (Fig. 5a, b). These data indicate
that glycan-binding activity is essential to BoOSGBPy;; 5-A
function for growth on MLG, and furthermore suggests the
importance to glycan import that is distinct from homologs
in the Sus and XyGUL.

While BoSGBP,;; 5-A must be both present and func-
tional for growth on MLG, BoSGBP,; 5-B is not required.
Deletion of BoSGBP,,; ;-B results in a longer lag before
entering exponential phase on MLG compared to wild type,
but does not affect the specific growth rate (Fig. 5a, b, e, f).
In light of this result and based on previous experience, we
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were concerned that the BoOSGBP,; ;~B gene deletion might
affect transcription of the MLGUL. Our previous work on
the Sus of B. thetaiotaomicron indicated that deletion of the
gene encoding the SGBP SusF decreases the transcription
of the downstream susG, which encodes the essential, cell
surface amylase. We therefore created a Cys21-Ala mutant
to mis-traffic BoOSGBPy; g-B to the periplasm by remov-
ing the N-terminal lipidation site of the mature protein [28,
43], while retaining the overall MLGUL genetic structure.
Indeed, cells expressing BOSGBPMLG-BC21A grow similarly
to wild-type cells on MLG, suggesting that the lag seen for
ABoSGBP,; -B is likely due to a negative impact on tran-
scription of other MLGUL genes. Correspondingly, qPCR
on B. ovatus ABoSGBPy; 5-B and BoSGBP,; o-B“*!4
strains grown to mid-exponential phase on MLG revealed a
1000-fold decrease in the TBDT transcript in the knock-out
versus the wild-type and BoSGBP) -B®!# strains (Fig.
S11). The magnitude of this defect was surprising because
all cells were harvested at the same O.D.¢, (after the lag
growth defect of the knock-out had passed), but clearly
indicates the BoSGBP,,; ;-B deletion influences overall tran-
script stability (Fig. 1b, S11). Moreover, this observation
also suggests that sustained upregulation of this PUL is not
required to support wild-type level growth rates on MLG, as
long as sufficient amounts of MLGUL components eventu-
ally populate the cell surface and periplasm (Fig. 5f).

A key question regarding the MLGUL and related Sus-
like systems is the size of the transported oligosaccharide.
Our biochemical data demonstrate that the BoSGBPy; 5-A
and BoSGBP,; ¢-B proteins preferentially bind oligosac-
charides with degree of polymerization > 6 and, in particu-
lar, do not bind the limit-digest products of BoGH16y
(Fig. S4, S5; Table 1). To mimic the likely MLG fragments
that are transported by a putative TBDT/BoSGBP,;; -A(/
BoSGBP,; -B) complex, MLG was partially digested by
recombinant BoGH16y;  in vitro to generate a profile of
oligosaccharides that span a broad range of lengths (Fig.
S13). Control experiments revealed that although a B.
ovatus AGH16 mutant cannot grow on the native MLG
polysaccharide, it does grow similarly to wild type on this
mixture, thereby demonstrating competent uptake through
the TBDT/BoSGBPy;; g-A complex (Fig. 6, S14). Under-
scoring the essential role of the BoSGBPy; s-A in cap-
turing longer oligosaccharides, the ABoSGBP,;; g-A and
BoSGBP,;; o-A* mutants cannot grow on the MLG digest
(Fig. 6a, b). This phenotype is identical to that observed
on native MLG polysaccharide (Fig. 5). Interestingly, the
mistrafficked BoSGBPy; o-B“*!'* mutant displays a longer
lag time compared to the wild type, regardless of the pres-
ence of BoGH16y i, although specific growth rates were
similar (Fig. 6d—f).

Bacteroides ovatus is unable to grow on insoluble cel-
lulose as a sole carbon source [19]. However, because the
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MLGUL-encoded SGBPs have weak affinity for cello-oligo-
saccharides, we wanted to explore the contribution of these
proteins to growth. Wild-type cells fail to grow on cellopen-
taose as the sole carbon source (Fig. 5¢), yet the addition of
0.5 mg/mL MLG to upregulate MLGUL [19] enables growth
on cellopentaose to a cell density greater than that achiev-
able on 0.5 mg/ml MLG alone (Fig. 5d, S12). These results
are concordant with the observation that the HTCS of the
MLGUL (Fig. 1) is not activated by cello-oligosaccharides
[19]. The addition of 0.5 mg/mL MLG does not support
growth on cellopentaose in the AMLGUL strain, demonstrat-
ing that growth on cello-oligosaccharides is indeed depend-
ent on MLGUL expression (Fig. 5d). Approximately, 10%
of the MLG structure is composed of longer regions (d.p.
5-9) of p(1,4)-glucosyl residues lacking B(1,3) kinks [44,
45] and the ability to utilize cellopentaose via the MLGUL
undoubtedly is a consequence of the known catalytic prom-
iscuity of the GH3 exo-p-glucosidase for both $(1,3)/p(1,4)-
mixed-linkage gluco-oligosaccharides and all-p(1,4)-linked
gluco-oligosaccharides [25].

Discussion

SGBPs are an important class of PUL components that
effect target glycan capture at the outer membrane surface
for backbone cleavage and import (Fig. 1). All PULs encode
at least one SGBP: a SusD homolog, SGBP-A, which forms
a functional complex with a partner TBDT [29, 32, 42].
Indeed, the tandem TBDT/SGBP-A (susC/susD homolog)
pair is a signature feature that can be used to identify
PULs in sequenced genomes [46]. As exemplified by the
BoSGBP,; g-A structures reported here (Fig. 3), SGBP-A
homologs are single-domain globular proteins built upon
prominent tetratricopeptide repeats (TPRs), as first revealed
by the structure of SusD from the starch utilization system
[27, 29, 33, 35, 36]. Recent crystallography of two SGBP-
A/TBDT homologs demonstrated that SGBPs-A associate
closely with the extracellular side of the TBDTs, forming a
“pedal bin” lid [32].

Although this structural arrangement might suggest a
role in recognizing and directing cognate substrates into the
transporter [32], previous studies on the Sus and XyGUL
using non-binding SGBP-A* mutants in vivo have failed
to demonstrate that substrate binding is a prerequisite for
growth [29, 42]. In these systems, the expression of addi-
tional SGBPs (i.e., SusE, BOSGBPXYG-B) have been shown
to supplement the loss of substrate binding by SusD and
BoSGBPXyG-A deletion, respectively [29, 42, 47]. Dele-
tion of the corresponding SGBP-A in these systems does
cripple growth on the cognate substrates, consistent with
the critical structural role in complex formation with the
TBDT. Here, we showed that either complete removal of the
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BoSGBP);; -A from the cell surface (by gene knock-out,
ASGBP-A) or abrogation of its ability to bind substrate (by
removing crucial amino acid sidechains, SGBP-A*) prevents
MLG utilization by B. ovatus (Fig. 5). Thus, the present
study is, to our knowledge, the first to demonstrate directly
an essential role of substrate binding by an SGBP-A (SusD)
homolog, which extends beyond the obvious requirement for
its physical presence at the cell surface [29, 32, 42].

Additional SGBP(s) can also be encoded proximal to
SGBP-A homologs in PULs (usually immediately down-
stream), although these proteins generally have such low
sequence similarity and tertiary structural homology that
they cannot be confidently identified as SGBPs by bioin-
formatic approaches. Of the functionally characterized rep-
resentatives, the archetypal Sus system contains two such
SGBPs (SusE and SusF) [28], whereas the XyGUL [29],
heparin/heparan-sulfate PUL [30], xylan PULs (PUL-XylL
and PUL-XyIS) [31], and the MLGUL studied here contain
only one additional SGBP (denoted “SGBP-B” or “SusE-
positioned” in the literature). As exemplified by the struc-
tures of BoSGBP,; 5-B (Fig. 4), these proteins generally
comprise a multi-domain “beads-on-a-string” arrangement
that presents a critical carbohydrate-binding site on the
C-terminal domain most distal to the N-terminal membrane-
anchoring lipid.

Vis-a-vis BoOSGBP,; g-A, the role of the BoSGBP; -B
is less easily deduced in the context of the MLG utilization
system encoded by the MLGUL. BoSGBP,; ;-B is dispen-
sable for growth on MLG and is not able to compensate for
the BoOSGBP,;; -A* mutant (Fig. 5). Although it is clearly
highly specific for MLG, the affinity of BoSGBP,; 5-B for
the cognate polysaccharide of the MLGUL is ca. tenfold
lower than that of BoSGBPy; g-A. This comparatively
weaker binding is consistent with XyGUL SGBPs, but in the
case of the Sus SGBPs, SusD (SGBP-A) and SusE (SGBP-
B) have comparable affinities toward a-cyclodextrin while
SusF (SGBP-C) has lower affinity [27-29]. In vivo, SGBP-
B-like proteins have been shown to play multiple roles dur-
ing glycan capture. For example, the SGBP SusE influences
the lengths of malto-oligosaccharide that can be taken up by
the TBDT of the starch utilization system, SusC [47], while
both SusE and SusF appear to offset the diffusion barrier at
the cell surface established by the capsular polysaccharide,
thereby aiding in starch capture [42].

The slight, but reproducible increase in growth lag on
pre-digested MLG (Fig. 6) suggests that BoSGBP,;; ;-B
functions in the capture of medium-length MLGOs, possibly
including those in the extracellular environment that are not
generated proximal to the cell surface by the BoGH16, .
This could allow B. ovatus to access MLGOs liberated from
neighboring species. Indeed, work studying cooperative
growth between Bacteroides species and other members
of the microbiota on xylans, inulin, and dietary pectins has
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demonstrated that members of this genus benefit from the
uptake of oligosaccharides released by neighbors [48, 49].
These studies have primarily focused on the roles of glycosi-
dases in the communal breakdown of polysaccharides; how-
ever, the potential contributions of glycan-binding proteins
in these processes remain uncharacterized.

Our structural studies of BoSGBP,; ;-B revealed an
additional aspect of MLG recognition that suggests a more
complex interplay of molecular interactions at the cell sur-
face than previously observed for this class of proteins. Spe-
cifically, the observation of bi-directional ligand recognition
(Fig. 4d) in crystallo implies the possibility of avidity effect
through dual binding of one MLG chain from the opposite
faces of the polysaccharide. This binding mode may be bio-
logically relevant: when the symmetry operation bisecting
the ligand is applied to the entire BOSGBP,; 5-B molecule,
both N-termini (through which the protein is anchored to
the outer cell membrane via a canonical Cys lipidation
site [50]) are orientated in the same direction (Fig. S10).
BoSGBPy; -B does not dimerize on its own in solution,
as determined by size exclusion chromatography (data not
shown), and there is minimal direct contact between the two
symmetry-related protein molecules in crystallo. Unfortu-
nately, ITC analysis was unable to resolve the binding stoi-
chiometry within the limits of the current data (Table 1).
However, we also note that no ligand density is observed in
protein molecules that do not participate in this sandwich
interaction.

Together, biochemical, structural, and microbiological
data for BoSGBPy; 5-A and BoSGBPy; -B suggest that
the external recognition machinery for MLG acquisition
is tailored for the capture of longer oligo/polysaccharides,
rather than the limit-digest products (tri- and tetrasaccha-
rides) generated by BoGH16 of the MLGUL [25]. Other
PUL-encoded SGBP systems similarly target longer partial
digest saccharides: XyGUL SGBPs display stronger affin-
ity toward xyloglucan oligosaccharides with a backbone of
eight Glc residues or more, versus limit-digest oligosaccha-
rides with Glc, backbones [29]; xylan PUL SGBPs bind
xylo-oligosaccharides with affinities that increase with chain
length [31]; and the substrate-binding affinity of the hepa-
rin/heparan-sulfate PUL SGBP-B likewise increases with
oligosaccharide degree of polymerization [30]. Preferential
targeting and transport of longer oligosaccharides pre- and
post-hydrolysis by the vanguard endo-glycanase encoded by
a PUL is anticipated to be an effective strategy for Bacte-
roides species to rapidly acquire multiple glucose equiva-
lents with minimal loss in a competitive environment.

The present study also provides specific molecular insight
into the selectivity of the SGBPs of the MLGUL for mixed-
linkage B(1,3)/p(1,4)-glucans from cereal grains over all-
B(1,4)-glucans, i.e., cellulose and cello-oligosaccharides. Nota-
bly, B. ovatus does not grow on crystalline cellulose [19] and
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exhibits a significant growth lag on soluble cello-oligosaccha-
rides ([19] and Fig. 5e). Comparison of the MLGO and cello-
oligosaccharide complex structures of both BoSGBPy; 5-A
and BoSGBP,; -B (Figs. 3, 4) reveals that shape complemen-
tarity of the glycan with the binding platforms rationalizes the
primary specificity for MLG (Fig. 2; Table 1).

On one hand, the faces of the aromatic platform residues
are angled with respect to each other in both SGBPs (Figs. 3d,
e, g, 4b, c, f), which complements the twisted conformation
that f-glucans natively adopt in solution [51]. In comparison,
canonical cellulose-binding modules (“type A” CBMs) gen-
erally present aromatic sidechains in a flat, co-linear arrange-
ment that matches the planar cellulose crystal [52]. On the
other hand, the non-linear topology of the binding surface of
both SGBPs is complementary to the intrinsically bent shape
of the MLG chain. In the case of BoOSGBPy; 5-A, this ena-
bles optimal interaction with all four aromatic sidechains of
the binding platform, which is then unavailable to the strictly
linear B(1,4)-linked cello-oligosaccharides (Fig. 3b, c). In the
case of BoOSGBPy; 5-B., an inherent curvature of the binding
surface likewise complements the twist of the MLG chain.
(Figure 4f). Similar conformation-dependent specificity was
observed for the archetypal SGBP-A homolog, SusD, which
bound cyclodextrins with higher affinity than linear malto-
oligosaccharides, due to an arced binding platform evolved
to fit the natural helical conformation of amylose [27]. Thus,
although both BoSGBP,;; 5-A and BoSGBPy; ;-B broadly
recognize polysaccharides containing contiguous B(1,4)-linked
glucosyl residues, they do so with significantly lower affinity
than for MLG (Figs. 2, S6; Table 1). We anticipate that future
structural studies may reveal contrary specificity determinants
in SGBPs that predominantly bind cellulose [53-55].

Although BoSGBPy; 5-A and BoSGBP,; ;-B exhibit
some degree of off-target affinity vis-a-vis the cognate sub-
strate of the MLGUL, this is unlikely to be evolutionarily
disadvantageous in the context of the human gut where a
diverse array of dietary glycans is present. Indeed, as one
component of the plant cell wall, MLG is generally found
associated with cellulose and other hemicelluloses [56], such
that non-specific binding may improve bacterial adhesion
to insoluble particles. Additionally, in the context of the gut
ecosystem, the ability to scavenge the products of possible
para-crystalline cellulose degradation may allow B. ovatus to
compete for an additional, privileged nutrient niche, as many
gut species lack the ability to utilize cello-oligosaccharides
larger than cellobiose [19, 57, 58].

Conclusion

Effective manipulation of the gut microbiota for therapeu-
tic purposes—a topic of growing recent interest—will be
significantly informed by a holistic understanding of the

metabolism of the microbiota, including the mechanisms
of complex dietary polysaccharide utilization which fuel
this ecosystem [12, 15, 23, 59]. The present study reveals
the essential roles that two SGBPs play in cereal f-glucan
utilization by working in concert with the glycoside hydro-
lases and TBDT of the MLGUL from the human symbiont
B. ovatus. On one hand, this study contributes directly to
the currently limited but growing pool of structure—func-
tion relationships among SGBPs. On the other, the identifi-
cation of syntenic MLGUL in other members of the human
gut microbiota indicates that this data may be extrapo-
lated more broadly in metagenomic analyses [25, 43, 60].
Expanding our knowledge of the interplay of SGBP and
other PUL components is a critical step toward develop-
ing novel strategies to manipulate microbial communities
[61-63] in the human gut and beyond.

Methods
Substrates and polysaccharides

Polysaccharides Barley beta-glucan (high viscosity),
yeast beta-glucan, curdlan, tamarind xyloglucan, konjac
glucomannan, carob galactomannan, wheat arabinoxy-
lan, beechwood xylan were purchased from Megazyme
International (Bray, Ireland). Laminarin (from Laminaria
digitata) was purchased from Sigma Aldrich (St. Louis,
MO, USA). Carboxymethyl cellulose was purchased from
Acros Organics (Morris Plains, NJ, USA). Hydroxyethyl
cellulose was purchased from Amresco (Solon, OH, USA).
Xanthan gum was purchased from Spectrum (New Brun-
swick, NJ, USA). Ulvan (from Ulva sp.) was purchased
from Elicityl (Crolles, France).

Oligosaccharides Cellobiose (G4G) was purchased
from Acros Organics. Cellotriose (G4G4G), cellotetraose
(G4G4G4G), cellopentaose (G4G4G4G4G), cellohexaose
(G4G4G4G4G4G), laminaribiose (G3G), laminaritriose
(G3G3G), laminaritetraose (G3G3G3G), laminaripentaose
(G3G3G3G3G), mixed-linkage glucotriose A (G3G4QG),
mixed-linkage glucotriose B (G4G3G), mixed-linkage
glucotetraose A (G3G4G4G), mixed-linkage glucotetra-
ose B (G4G4G3G), and mixed-linkage glucotetraose C
(G4G3G4G) were purchased from Megazyme. Gentiobiose
(G6G) was purchased from Carbosynth (Compton, UK).
MLG partial digest mixture, mixed-linkage hexasaccha-
ride (MLG6), and mixed-linkage heptasaccharide (MLG7)
were produced in-house as described by McGregor et al.
[64] using BoGH16y;  [25] in 50 mM sodium phosphate,
pH 7.0.
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Cloning, expression, and purification
of recombinant proteins

Gene sequences were obtained from B. ovatus ATCC 8483
genome available on the Integrated Microbial Genomes
database from the Joint Genome Institute. PCR primers were
synthesized by Integrated DNA technologies.

Cloning Open reading frames encoding BACOVA_02743
and BACOVA_02744 were amplified by PCR using Q5
high fidelity polymerase (NEB) with appropriate primers
(Table S1) and genomic B. ovatus DNA as template. All
primers were designed to amplify constructs truncated to
exclude predicted signal peptides (prediction by SignalP 4.1
[65, 66]) and N-terminal lipidation cysteine residues (predic-
tion by LipoP 1.0 [67]). Ndel and Xhol restriction sites were
included in the forward and reverse primers for subsequent
digestion (all restriction enzymes from NEB) and ligation
(T4 ligase from Thermo Scientific) into the pET28 vector.
Both constructs were designed to harbor an N-terminal
his¢-tag fusion in the translated recombinant peptide. The
gene encoding sSfGFP was fused to their N-termini by restric-
tion enzyme-based cloning using a BamHI site between
the sftGFP and BACOVA_02743 or BACOVA_02744, and
Nhel and Xhol to the corresponding sites on the pET28 vec-
tor. Site-directed mutant constructs were generated using
the QuikChange II site-directed mutagenesis kit (Agilent)
according to the manufacturer’s instructions. Oligonucleo-
tides used in this study are listed in Table S1. Successful
generation of clones and mutants were verified by Sanger
sequencing (Genewiz).

Expression Plasmids harboring the gene of interest
were transformed into chemically competent E. coli BL21
(DE3) and cultured in lysogeny broth (LB) containing
50 pg/mL kanamycin. Cells were grown on a large scale
at 37 °C until mid-logarithmic growth phase was reached
(0.D.450=0.4-0.6) at which point expression was induced
by addition of isopropyl p-p-thiogalactopyranoside (IPTG)
to a final concentration of 0.5 mM and temperature was low-
ered to 16 °C. Induction of recombinant protein production
continued overnight, after which the cells were collected by
centrifugation at 4000g for 20 min.

Purification The harvested cell pellet was resuspended in
binding buffer (20 mM sodium phosphate pH 7.4, 500 mM
sodium chloride, 20 mM imidazole) and lysed using a
Sonic Dismembrator F550 Ultrasonic Homogenizer (Fisher
Scientific). Cell debris was pelleted by centrifugation at
15,000 rpm for 45 min and the supernatant was loaded onto a
2 mL HisTrap IMAC FF nickel-nitrilotriacetic acid column
(GE Healthcare), a nickel-based matrix, using a BioLogic
FPLC system (BioRad). After washing with 10 column vol-
umes of binding buffer, hisq-tagged protein was eluted using
a linear gradient of 0-100% elution buffer (20 mM sodium
phosphate pH 7.4, 500 mM sodium chloride, 500 mM
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imidazole) over 10 column volumes. Fractions were moni-
tored by A,q, and eluted protein fractions were pooled and
buffer exchanged into 50 mM sodium phosphate pH 7.0
using Vivaspin centrifugal filters (GE Healthcare). After
concentrating, aliquots were flash frozen in liquid nitrogen
and stored at — 80 °C. Protein purity was determined by
SDS-PAGE analysis and mass was confirmed by intact pro-
tein mass spectrometry on a Waters Xevo Q—-TOF with nano-
ACQUITY UPLC system (data not shown), as described
previously [68]. Protein concentrations were determined
by spectrophotometry on an Epoch Microplate Spectro-
photometer (BioTek) using the following molar extinc-
tion coefficients: 106690 M~!cm™' for BACOVA_02743,
and 51340 M~!ecm™' for BACOVA_02744. Typical yields
were around 50 mg for BoSGBPy; g-A and 40 mg for
BoSGBP,; -B from 1 L of LB culture.

Selenomethionine protein production and purification For
selenomethionine-substituted BoSGBP,; ;-B the pET28-
BoSGBP,; -B plasmid was transformed into Rosetta (DE3)
pLysS E. coli and plated onto LB supplemented with kana-
mycin (50 ug/mL) and chloramphenicol (20 ug/mL). After
16 h of growth at 37 °C, colonies were harvested from the
plates and used to inoculate 100 mL of M9 minimal media
supplemented with kanamycin (30 pg/mL) and chloram-
phenicol (20 pg/mL) and grown at 37 °C for 16 h. This over-
night culture was used to inoculate a 2 L baffled flask con-
taining 1 L of Molecular Dimensions SelenoMet Premade
Medium supplemented with 50 mL of the recommended
sterile nutrient mix, chloramphenicol, and kanamycin. Cul-
tures were grown at 37 °C to an O.D.¢,,~ 0.45 before adjust-
ing the temperature to 20 °C, and supplementing each flask
with 100 mg each of L-lysine, L-threonine, L-phenylalanine,
and 50 mg each of rL-leucine, L-isoleucine, L-valine, and
L-selenomethionine [69]. After 20 additional minutes of
growth, the cells were induced with 0.5 mM IPTG, and cul-
tures were grown for an additional 48 h. For the purification
of selenomethionine-substituted protein, cells were thawed
and lysed via sonication in His-Buffer (25 mM NaH,PO,,
500 mM NacCl, 20 mM imidazole pH 7.5) and purified via
immobilized nickel affinity chromatography (His-Trap, GE
Healthcare) using a gradient of 20-300 mM imidazole,
according to the manufacturer’s instructions. The fractions
were inspected for purity via SDS-PAGE, then pooled and
dialyzed against 20 mM HEPES and 100 mM NaCl (pH
7.0) and concentrated using Vivaspin 15 (10,000 MWCO)
centrifugal concentrators (Vivaproducts, Inc.).

Affinity gel electrophoresis

Qualitative assessment of binding was carried out on the
following soluble substrates: barley p-glucan, laminarin,
yeast B-glucan, curdlan, xyloglucan, glucomannan, galac-
tomannan, xylan, arabinoxylan, xanthan gum, dextran,
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carboxymethylcellulose, and hydroxyethylcellulose. Native
polyacrylamide gels consisting of 10% (w/v) acrylamide in
40 mM Tris—HCI at pH 8.8 were prepared. The final con-
centration of 0.05% or 0.1% (w/v) substrate (or water for
control) was added to the gel solution prior to polymeriza-
tion. 5 pg of BOSGBPy;; 5-A and BoOSGBPy; -B, along with
bovine serum albumin (BSA) as a non-interacting negative
control, were loaded on the gels and subjected to electro-
phoresis under non-denaturing conditions at 100 V for 3 h
at room temperature. Proteins were visualized by staining
with Coomassie Brilliant Blue.

Isothermal titration calorimetry

All isothermal titration calorimetry (ITC) experiments
were performed using a MicroCal VP-ITC titration calo-
rimeter calibrated to 25 °C. All titrations were performed
in 50 mM sodium phosphate, pH 7.0, with the exception
of BoSGBPy; 5-B with bMLG, which was performed
in 10 mM HEPES pH 7.0. Proteins (20-100 uM) were
placed in the sample cell and a first injection of 2 pL was
performed followed by 24 subsequent injections of 10 puL
of 2.5-4.0 mg/mL polysaccharide or 1-2 mM oligosac-
charides (see Figs. S3—S5 for exact compositions of each
protein—ligand pair). The solution was stirred at 280 rpm
and the resulting heat of reaction was recorded. Data were
analyzed using the OriginPro graphing software. K, values
were calculated on a molar basis from MLG polysaccharide
concentrations in g/L. by assuming a hexasaccharide binding
motif, based on crystal complex structures with MLGOs. K,
values were calculated on a molar basis from XyG polysac-
charide concentrations in g/L by assuming a Glcg-backbone
(XyGO dimer) oligosaccharide binding motif.

Insoluble polysaccharide binding assay

Qualitative assessment of binding to insoluble polysaccha-
rides, cellulose, and mannan was carried out by a pull-down
assay. 10 mg of substrate and 100 pg of protein were mixed
in 200 pL of 50 mM sodium phosphate, pH 7.0. After incu-
bation at 4 °C for 4 h with end-over-end rotation, the sam-
ples were centrifuged at 16,000g for 5 min. The supernatant
containing unbound protein was collected, and the pellet was
washed three times with 200 pL of 50 mM sodium phos-
phate, pH 7.0. Bound protein was released from the substrate
by resuspending the pellet in 200 pL of 1x SDS running
buffer and heating to 80 °C for 10 min. Eluted bound pro-
tein was collected by centrifugation and both fractions were
subjected to SDS-PAGE. BSA was used as a non-binding
negative control.

Quantitative assessment of binding to cellulose was
conducted by depletion isotherm. 10 mg/mL Avicel,
5.9-140.4 pg of GFP_BoSBGP-A or 4.1-196.8 ng of

GFP_BoSGBP,, - B, and 0.1 mg/mL BSA were mixed in
1 mL of 50 mM sodium phosphate pH 7.0. After incuba-
tion at 4 °C for 4 h with end-over-end rotation, the samples
were centrifuged at 16,000g for 5 min and the supernatant
was collected. Concentration of unbound GFP-fused protein
was determined by fluorescence using an Infinite M 1000 Pro
multifunction plate reader (Tecan Ltd.) with an excitation fil-
ter of 485 nm and an emission filter of 510 nm. Fluorescence
measurement of the same concentration range of GFP-fused
protein in the absence of Avicel was determined to construct
a standard curve of total protein and unbound protein was
subtracted to determine the concentration of bound protein.
OriginPro graphing software was used to fit the isotherms
to the equation [PC] =[FP][PC],,,./(K4+ [FP]), where PC
represents the concentration of protein bound to Avicel
and FP represents the concentration of free protein in the
supernatant.

X-ray crystallography

Selenomethionine-substituted BoSGBP,; -B protein crys-
tals with cellohexaose were obtained directly from the Sal-
tRx crystallization screen (Hampton Research) via hang-
ing drop vapor diffusion at room temperature. The protein
(21.1 mg/ml with 10 mM cellohexaose) was mixed 1:1 with
a crystallization solution comprising 1.8 M ammonium
phosphate monobasic and 0.1 M sodium acetate trihydrate,
pH 4.6. The selenomethionine-substituted BoSGBP);; ;-B
crystals were flash frozen in a cryoprotectant comprising
mother liquor supplemented with 20% ethylene glycol and
X-ray data were collected at the Life Sciences Collaborative
Access Team (LSCAT) beamline 21-ID-F of the Advanced
Photon Source (APS) at Argonne National Laboratory. X-ray
data were processed in HKL.2000 [70] and scaled with Sca-
lepack [70]. Phasing via the anomalous selenium signal was
performed in AutoSol [71] from the Phenix package [72],
followed by partial refinement in phenix.refine [73] for use
with the native protein data collected for BoSGBP,;; 5-B.
Crystals of BoSGBP,;; 5-A with cellohexaose were
obtained directly from Crystal Strategy Screen I (Molecular
dimensions) via hanging drop vapor diffusion at room tem-
perature. The protein (14.9 mg/mL with 10 mM cellohexa-
ose) was mixed 1:1 with the crystallization solution compris-
ing 0.2 M MgCl,, 0.1 M Tris acetate, pH 8.5, 25% PEG 2000
monomethylether. Native crystals of BoSGBP,; 5-B were
obtained directly from JCSG Plus screen (Molecular dimen-
sions) via hanging drop vapor diffusion at room temperature.
BoSGBPy; -B (20.1 mg/mL with 10 mM cellohexaose) was
mixed 1:1 with the crystallization solution comprising 0.8 M
NaH,PO,, 0.8 M KH,PO,, and 0.1 M sodium HEPES, pH
7.5. All crystals were flash frozen in a cryoprotectant com-
prising mother liquor supplemented with 20% ethylene gly-
col and X-ray data were collected at the LSCAT beamline
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21-ID-G of the APS at Argonne National Laboratory.
X-ray data for BOSGBP); 5-A were processed in HKL2000
and scaled with Scalepack, while the X-ray data for
BoSGBP,; 5-B were processed and scaled in DIALS/Xia2
[74, 75]. Molecular replacement was performed in Phaser
[76] from the Phenix package using the homologous SGBP-
A structure 6DK?2 as the search model for BoSGBP,;; 5-A
with cellohexaose, and the partially refined selenomethio-
nine-substituted model of BoSGBP,; 5-B was used with the
native data collected for BoSGBP,; ;-B with cellohexaose.
The native BoOSGBP);; 5-A and BoSGBPy; 5-B structures
with cellohexaose were refined in Refmac5 [77], with alter-
nate rounds of manual model building in Coot [78]. Valida-
tion of the carbohydrates was performed with Privateer [79],
and validation of the model fit with Phenix.validate [72].
Initial sitting drop crystal screens for unliganded
BoSGBP,; 5-A at 21.7 mg/mL, BoSGBP,; -A at 20.3 mg/
mL with 6.6 mM MLG7, and BoSGBP,; ;-B at 20.4 mg/
mL with 6.3 mM MLG7 were set up using a Phoenix robot
(Art Robbin). Crystals of unliganded BoSGBPy;; 5-A were
obtained at room temperature in the JSCS + screen (Qiagen)
condition H1: 0.2 M MgCl,, 0.1 M Bis—Tris, pH 5.5, 25%
(w/v) PEG 3350. Crystals of BoSGBP,;; 5-A co-crystal-
lized with MLG7 were obtained at room temperature in the
Classics II screen (Qiagen) condition G12: 0.2 M MgCl,,
0.1 M HEPES pH 7.5, 25% (w/v) PEG 3350. Crystals of
BoSGBP,; g-B co-crystallized with MLG7 were obtained at
room temperature in the JCSG + screen (Qiagen) condition
A6: 0.2 M Li,SO,, 0.1 M phosphate-citrate, pH 4.2, 20%
(w/v) PEG 1000. For all three initial hits, crystals were read-
ily reproduced by hand in larger hanging drops by screening
around the condition varying the buffer pH in one dimension
and PEG concentration in the other. The crystals obtained
from these optimizations were used for data collection by
flash freezing in cryoprotectant comprising mother liquor
supplemented with 25% ethylene glycol. X-ray data for unli-
ganded BoSGBP);; 5-A and MLG7-bound BoSGBP,;; 5-A
were collected at the Stanford Synchrotron Radiation Light-
source (SSRL) beamline 9-2. X-ray data for MLG7-bound
BoSGBP,; ;-B at the Canadian Macromolecular Crystal-
lography Facility (CMCF) beamline 08B1-1 at the Canadian
Light Source (CLS). All three data sets were indexed and
integrated using XDS [80]. BoSGBP,; -A structures (unli-
ganded and MLG7-bound) were determined by molecular
replacement in Phaser from the CCP4i2 package [81, 82]
using the cellohexaose-bound BoSGBPy; 5-A structure
(with the ligand and waters removed) as the search model,
and refined in Refmac5 with alternate rounds of manual
model building in Coot. MLG7-bound BoSGBPy; ;-B struc-
ture was determined by molecular replacement in Molrep
[83] using the cellohexaose-bound BoSGBP); 5-B (with the
ligand and waters removed) structure as the search model,
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and refined in Buster [84] with alternate rounds of manual
model building in Coot.

B. ovatus genetics and anaerobic growth study

Bacterial strains and culture conditions For these experi-
ments and to generate all of the mutant MLGUL strains
used in these experiments, the B. ovatus ATCC-8483 Atdk
(ABACOVA_03071) strain was employed to facilitate allelic
exchange, as previously described [27, 28]. For clarity we
refer to the Atdk strain as wild type, as this parent strain
retains a wild-type MLGUL. Mutations were generated
using the counter-selectable allelic exchange vector pEx-
change-tdk as previously described [27]. Oligonucleotides
used in this study are listed in Table S1.

Bacteroides ovatus was cultured in a 37 °C Coy anaerobic
chamber (5% H,/10% CO,/85% N,) from freezer stocks into
tryptone—yeast extract—glucose (TYG) medium and grown
for 24 h, to an O.D.4y,~ 1.0. The following day cells were
back-diluted 1:100 into Bacteroides minimal media (MM)
including 5 mg ml™! glucose (Sigma) as noted and grown
overnight (16 h). For kinetic growth experiments in a plate
reader, MM-glucose grown cells were back-diluted 1:200
into MM with the experimental carbohydrate, and in paral-
lel to MM with glucose. Thus, both glucose controls and
experimental MLG and oligosaccharide grown cultures were
started at the same initial O.D.4q, in the plate reader. Kinetic
growth experiments were performed at 37 °C in 96-well
plates and O.D.4,, were recorded every 10-30 min. All plate
reader growth experiments were performed in three repli-
cates and the averages are reported in each figure. However,
all biological experiments were repeated at least twice to
verify consistent growth phenotypes from day to day.

Quantitative RT-PCR (gRT-PCR) B. ovatus strains were
cultured in 5 mL of MM containing 5 mg/mL glucose or
MLG. Duplicate bacterial cultures were arrested at mid-log
phase (0.D.,~ 0.8) with RNAprotect (Qiagen), then stored
at — 80 °C overnight, before purification with RNeasy kit
(Qiagen). RNA purity was assessed spectrophotometrically,
and 1 pg of RNA was used immediately for reverse tran-
scription (QuantiTect Reverse Transcription kit, Qiagen).
RT-qPCR was performed in a 96-well plate on a LightCycler
480 System (Roche) with FastStart Essential DNA Green
Master (Roche) using the standard primer. Reactions were
carried out in 10 pL, consisting of 5 pL of SYBR Green
mix, 20 ng of cDNA, and 1 pM (MLGUL TBDT gene
Bacova_02742) or 0.125 pM (16S ribosomal RNA) primer
mix. Reaction conditions were 95 °C for 600 s, followed
by 45 cycles of 95 °C for 10 s, 55 °C for 10 s, 72 °C for
10s. C, values (cycle at which an amplification signal is first
detected) were calculated using a LightCycler 480 SW 1.5.
Data were normalized to 16S rRNA transcript levels, and a
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change in expression level was calculated as a fold change
compared with MM—glucose cultures.

Accession numbers

All coordinates and structure factors have been deposited
in the Protein Data Bank (PDB) with accession codes as
follows: 6E60 (BoSGBP,;; -A), 6DMF (BoSGBP; 5-A
cellohexaose complex), 6E61 (BoSGBPyy; o-A MLG7 com-
plex), 6E57 (BoSGBP,,; 5-B cellohexaose complex), 6E9B
(BoSGBPy;; s-B MLG7 complex).
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