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Mechanisticand StructuralInsightsinto the Specificity and
Biological Functions of BacterialSulfoglycosidases

Zhen Zhang,” Mochen Dong," Rémi Zallot,” George Michael Blackburn, Nini Wang, Chengjian Wang,

Lon%Chen, Patrick Baumann, Zuyan Wu, Zhongfu Wang, Haiming Fan, Christian Roth, Yi Jin,*
and Yuan He*
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ABSTRACT: Glycan sulfation is an importanL modification

supporting the functionalities of many proteins in biology. Exo- 6S-GlcNAcase
acting 6S-GIcNAcases from human microbiotaare glycosidases that °§1L
participate in the removal of 6-sulfo-GlcNAc from host glycans and &

thereby play an important role in human health and disease.
Nonetheless, mechanisms underlying their ability to recognize the
sulfate group remain poorly understood. Using structural and kinetic
analyses, we here reveal the catalytically important amino acids
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directly involved in the recognition and cleavage of 6S-GIcNAc, but Y

not of 6-phospho-GIcNAc, in Bbhll from Bifidobacterium bifidum, 9 S

Bt4394 from Bacteroides thetaiotaomicron, and SGL from Prevotella - \ oxazoline ﬁ oxazoline

spp. Thedefiningfeaturesoftheirsulfate recognitionmotifsunderpin E553Q~/" \\' Bbhil | |p33sn Bt4394

a genomic enzymological exploration of 6S-GlcNAcases to identify a
wider range of human health-associated bacterial species having 6S-GIcNAcase activity. Our data provide significant insights into
distinct molecular mechanisms of sulfated sugar recognition employed by 6S-GlcNAcases from both Gram-positive and Gram-
negative bacteria along with valuable information for the exploration of extensive interactions between microbiota and their host
glycans.

KEYWORDS: human microbiota, glycan sulfation, glycosyl hydrolase, N-acetyl-6-O-sulfo-p-glucosamine, oxazoline intermediate,
genomic enzymology

I INTRODUCTION compromised functionality of the mucus barrier, which is

Glycan sulfation is a major type of enzyme-catalyzed post-
glycosylation modification (PGM).* Sulfation has been found in
N- and O-glycans as well as in proteoglycans, including
glycosaminoglycans (GAGs), decorating N-acetylglucosamine
(6S-GIcNAC), N-acetylgalactosamine (6S-GalNAc and 4S-
GalNAc), galactose (3S-Gal, 4S-Gal, and 6S-Gal), and mannose
(6S-Man)?- (Figure 1a). Sulfated N-glycans on neuraminidase

andhemagglutininplayaroleintheantigenicityandelicitation
of innate immunity of influenza virus.* Human coronaviruses
bind to the sulfated N-glycans from the human lung.® Sulfation
of a-2,6-sialyl LacNAc affects its binding affinity to Siglec-2 in
the regulation of immune cell function.” The 6-sulfo sialyl Lewis
X glycan serves as a ligand for L-selectin in the targeting of
leukocyte homing to endothelial cells.® The negatively charged
sulfate group also plays a role in pathogenic/commensal
bacterial colonization during the bacterial adhesion to the
mucin O-glycans at various locations, such as the bronchial
airway,’ lung,®and ovary cyst.*° The level of sulfation can alter
the physicochemical properties of mucins!* which act as a
barrier between human microbiota and the epithelium. This is
evidenced by the association of sulfation pattern change witha

clinically linked to inflammatory bowel disease, colitis, Crohn’s
disease, carcinoma, and cystic fibrosis.®>-4
Because sulfated glycans have so many implications in various

biological processes, the identification and characterization of
the bacterial enzymes involved in desulfation are essential to
understanding the roles that bacteria play in these events.
Human microbiota are known to use either or both of the two
strategies to remove the sulfation: desulfation with sulfatases and
glycosidase action to remove a non-reducing end-sulfated sugar
by sulfoglycosidases. Exclusive sulfatase activity permits a wide
variety of human microbiotatoacquire uncapped glycans from
host sulfated glycans by using digestive carbohydrate-active
enzymes (CAZymes).**-1” By comparison, only a fewbacterial
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Figure 1. (a) Representative N-, O-, and proteoglycan units that have 8-linked 6S-GIcNAc as a building block. (b) Schematic representation of
strategies for 6S-GIcNAc extracellular desulfation froma Core 2 oligosaccharide by Gram-positive bacteriaand by Gram-negative bacteriain the
periplasm using either or both 6S-GIcNAc sulfatases and 6S-GIcNAcases. (c) Domain arrangement of GH20 6S-GlcNAcase enzymes Bbhll, Bt4394,
and SGL. All the three enzymes have a type | signal peptide (Sec/SP1). Bbhil also has an N-terminal F5/8 type C domain which is annotated as a
carbohydrate bindingdomain32 (CBD32), Ig-like domain (inorange), and TM-domain (GH20 catalyticdomainsin lightblue). (d) Comparison of
the fold and domain structures of Bt4394, Bbhll, and SGL characterized in this study, with SpHex (PDB: 1hp5, active sites highlighted by a red circle).

sulfoglycosidases have yet been reported, and they are
predominantly 6S-GIcNAcases, which are responsible for the
cleavage of terminal 6S-GIcNAc on oligosaccharides.
Bifidobacterium bifidum uses Bbhll, a 6S-GlcNAcase,®° and
can grow on mucin O-glycans as the sole nutrient source?>?*
(Figure 1b). Bacteroides thetaiotaomicron has sulfatase-encoding
gene clusters'®'"?2 that enable the intake of highly sulfated
GAGs as priority nutrients?® and also mucin O-glycans.*"* It
also has a putative 6S-GIcNAcase, Bt4394%° (Figure 1b).
Similarly, Prevotella Strain RS2 encodes sulfatases, such as
MdsA, 6 while italso has a periplasmic 6S-GIcNAcase, SGL, that
releases 6S-GIlcNAc from sulfomucin O-glycan (Figure 1b).?®
Recently, Bacteroides caccae and Phocaeicola dorei have also been
foundtoencode 6S-GlcNAcasesthat release 6S-GIcNAc from

N-glycans.® These bacteria are prominent members of human
microbiota. In addition, Niako3494 from a soil bacterium,
Niastella koreensis, has been reported to have the ability to
hydrolyze 6S-GIcNAc from high-throughput screening.?®
Despite the ever-increasing interest in characterizing new
bacterial 6S-GIcNAcases and in studying their action on the
host glycans, this task has been greatly hindered by a lack of
information on the recognition mode of the sulfate group
employed by 6S-GIcNAcases.

Based on the conserved patterns of residues participating in
the so-called “substrate-assisted hydrolysis”, all 6S-GlcNAcases
identified to date belong to the glycosyl hydrolase 20 (GH20)

CAzy family, which also includes exo-acting 8-N-acetylglucosa-
minidases, 6-N-acetyl-galactosaminidase, and endo-acting lacto-



Bt4394, SGL, and Niako3494¢
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Table 1. Kinetic Parameters for the Hydrolysis of 4MU-6S-GlcNAc, 4MU-GlcNAc, and pNP-6P-GlcNAc by Wild-Type Bbhll,

Km (uM) Keat (571) Keat/ Km (1M1 relative activity (%) pH

Bbhll wild-type 16+1 44+1 (2.7 £0.8) x 10° 100 6.0

D552N 21402 (6.1£0.1) x 102 (2.9 £0.5) x 10* 11

E553Q 11401 0.11+0.03 (1.0 £0.0) x 10° 37

D463N 161 29.0+06 (1.8 £0.5) x 10° 66

H467F 5.2+0.6 2.9+0.0 (5.6 £0.0) x 10° 21

Y637F 06+0.1 (7.3£0.1) x 102 (1.2£0.1) x 10° 4.0

Q640D 122 +12 8.0+0.2 (6.6 +1.7) x 10* 24

Q640K 107 +11 11.4+0.3 (1.1£0.3) x 10° 4.1

W651F 31+3 243+05 (7.9 £2.0) x 10° 29

C656S 14.0+0.7 11.4+0.1 (8.1+1.4) x 10° 30

4MU-GIcNAC 907 + 150 1.04 +0.05 (1.1£0.3) x 10° 0.04

PNP-6P-GIcNAC 2489 +334 41+0.2 (1.6 £0.6) x 10 0.06 7.0
Bt4394 wild-type 39+4 25.8+0.7 (6.7 +1.6) x 10° 100 5.5

D335N 33238 (24£0.1) x 107 72427 0.001

E336Q 23103 0.11+0.01 (4.8 +4.0) x 10* 72

D266N 77+5 22.7+0.6 (2.9£1.2) x 10° 43.3

H270F 552 + 56 (1.06 +0.04) x 102 19.2+7.1 0.003

Y435F 1.0+0.1 (3.0£0.1) x 102 (2.9+0.8) x 10 43

Q431E 271.1£30.9 1.30 +0.04 (4.8 +1.3) x 10° 0.72

N437D 708 £ 86 126+0.6 (1.8+0.7) x 104 2.7

R438A 662 +93 9.4+05 (1.4 £0.5) x 10* 2.1

4AMU-GIcNAC 2183 + 189 29+01 (1.3+0.5) x 10° 0.19

PNP-6P-GIcNAC 2207 + 270 2701 (1.2+0.4) x10° 0.18 7.0
SGL wild-type 29+3 38+l (1.3+0.4) x10° 100 6.0

4MU-GIcNAC 2232 + 258 25+0.1 (1.1£0.4) x 10° 0.08

PNP-6P-GIcNAC 2591 + 234 15907 (6.1+3.0) x10° 0.5 7.0
Niako3494 wild-type 756 + 72 (2.8+0.1) x 1072 37+14 100 5.0

D196N 848 +131 (3.7£0.2) x 10 (4.4 £1.5) x 102 0.12

E197Q 438 + 46 (9.8+0.3) x 10 02+0.1 0.54

4MU-GIcNAC 1233+ 126 (4.6 £0.2) x 102 37+16 100

aActivities of their variants were measured using 4MU-6S-GIcNAc as a substrate.

N-biosidases. However, given the high holistic sequence
similarity among these enzymes, there is a great challenge in
theidentificationand prediction of new 6S-GIcNAcasessolely
via a bioinformatics approach, independent of the knowledge of
the sequence motifs for sulfate recognition that are distant in
sequence from the key catalytic residues.

Inthiswork, we have usedastructuralenzymology approach
to explore the molecular mechanism of 6S-GIcNAcase catalysis
with particular attention to the recognition of the 6’-sulfate, to
understand whether there are any common features of sulfate
recognitionamong the so faridentified 6S-GlcNAcases, and to
facilitate arationale exploration of this sub-family of enzymes
using a genomic enzymology approach. We selected an
extracellular 6S-GIcNAcase, Bbhll, from the Gram-positive
bacterium®®tocompare withputative 6S-GlcNAcases fromthe
Gram-negative bacteria, Bt4394,%° SGL,?® and Niako3494.%
The crystal structures and mutagenesis have revealed three
distinct sulfate binding motifs in Bbhll, Bt4394, and SGL, while
Niako3494 exhibited no 6S-GIcNAcase-specific activity, and no
evident sulfate binding residues were found in the crystal
structure. By exploring the specificity toward the sulfated
substrate 4-methylumbelliferyl 6-sulfo-2-acetamido-2-deoxy-6-
p-glucopyranoside (4AMU-6S-GIcNAc) and the phosphorylated

substrate p-nitrophenyl 6-phospho-2-acetamido-2-deoxy-6-p-

glucopyranoside (pNP-6P-GIcNAC) using kinetic analysis, it
became clear that the ability of these GH20 6S-GIcNAcases to
recognize the 6’-sulfate is specific, although the 6'-phosphate
might also appear to have the same tetrahedral geometry and
anionic charge at physiological pH. Independently, bioinfor-
matics investigation with Enzyme Function Initiative (EFI) web
tools (https://efi.igb.illinois.edu/) has mapped conserved
sulfate-recognizing sequence motifs within the GH20 family
and identified other members of human microbiota that have
6S-GIcNAcase capability. In light of the ever-increasing
important roles played by sulfated glycans in human health
and disease, a thorough mutagenic, structural, and bioinformatic
analysis provides here a systematic approach to study the
structural features that define this family of 6S-GIcNAc-acting
sulfoglycosidases and guides the search for novel 6S-
GlcNAcases. Knowledge of this family of enzymes is notonly

valuable in advancing our understanding of host-microbiota
interactions but could also allow these enzymes to be used or

evolved for practical applications, such as engineering natural
glycans (in collaboration with other GH enzymes) and aiding
glycomic identification of sulfo-sugars.?’
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Figure 2. Activesites of Bbhll and Bt4394 with 6S-NAG-oxazoline. 2F, - Fcmap contoured at 1.0 6(0.21and 0.27 e-/A3, respectively) for the 6S-
NAG-oxazoline intermediate incomplex with (a) Bbhllesssqgand (b) Bt4394psssn. (¢) H-bonding network around sugar and sulfate binding sitesin
Bbhll. 4’-OH could be recognized by R358 and E687 in both glucose and galactose. The catalytic loop is in an “open” conformation that is not
competent for catalysis (as D552 is 4.5 A distant from the oxazoline nitrogen), while Y637 isonly 2.9 A distant from the oxazoline oxygen. (d) H-
bonding network around sugar and sulfate binding sites in Bt4394. The catalytic loop is in a catalytically competent conformation. N335 is 2.9 A distant
from the oxazoline nitrogen, and Y435 is 2.7 A distant from the oxazoline oxygen (H-bonds between the ligand and protein in black dashes). (e,f)
Schematicrepresentationofthe H-bonding network withintheactive site between Bbhllesssgand 6S-NAG-oxazoline (e) and between Bt4394p33sn

and 6S-NAG-oxazoline (f).

J ResuLTs

Sulfate Recognition by Bbhll from Gram-Positive B.
bifidum. Bbhll orthologues from B. bifidum JCM7004 and
JCM1254 have been proposed as extracellular membrane-
bound 6S-GIcNAcases with a type | signal peptide (Figure

1c).1%28 We grew B. bifidum JCM1254 on anaerobic agar
supplementedwith1% (w/v)atypellporcinegastricmucinand
showed that B. bifidum JCM1254 whole cells hydrolyze 4AMU-
6S-GIcNAc (Figure S1), as well as liberate 6S-GIcNAc directly
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Figure 3. Schematic presentation of the catalytic mechanism of 6S-GIcNAcase in both Bbhll and Bt4394. Step 1: 2-acetamido-6-p-glucopyranose has
its NH coordinated by aspartate, itsamide oxygen aligned for C1 attack with inversion of stereochemistry, and the leaving oxygen of the glycosylic bond
coordinated to glutamic acid, leading to the formation of the cis-fused oxazoline ring. Following replacement of the leaving group by water, the reaction
proceeds in step 2 viadeprotonation of an incoming water and general acid catalysis of the amide nitrogen to open the intermediate oxazoline with

overall Cl-retention of configuration.

from gastric mucin O-glycans by LC-ESI-MS with a m/z of
300.08 (Figure S2c).

To enable detailed characterization, the Bbhll gene from B.
bifidum JCM1254 was cloned and overexpressed in E. coliasa
Hiss-tagged protein. Recombinant Bbhll shows 6S-GIlcNAcase
activity on a porcine gastric mucin glycan (Figure S2d) and
displays maximum activity at pH 6.0 toward 4MU-6S-GIcNAc in
a fluorometric kinetics assay (Figure S3r), which isappropriate
for an extracellular enzyme from B. bifidum that colonizes the
human intestine where the pH is 6-7.5.° Michaelis-Menten
parameters show that Bbhll has a substrate preference (using
kea/ K Values) of 2500-fold for sulfated 4MU-6S-GIcNAc over
that for 4AMU-GIcNAc (Figures S4 and S5 and Table 1),
substrates that differ only in the presence or absence of a 6-
sulfate motif.3° Compared to the wild-type Bbhll, the polarizing
residue D552N variant exhibits a 93-fold reduction in Kea/Kwm
and a ~7.6-fold decrease in Ky, whereas the general acid/base
(GAGB) residue E553Q variant only gives a 27-fold Kea/Kwm
reduction with a 14-fold Ky decrease (Table 1 and Figure S5).

We crystallized full-length Bbhllwr (1.75 A, Table S2) and
the GAGB variant Bbhllgsssqin theirapo formand solved their
structures by molecular replacement using Streptomyces plicatus
hexosaminidase (SpHEX, PDB: 1hp5) as the model. The
electron densities for the GH20 catalytic b domain and the
GH20 catalytic domain are clearly defined and show a (6/a)s-
barrel fold almost identical to that of SpHEX, a prototypical

GH20enzyme (Figure 1d). The Ig-like domain (residues 714-
856) isalso well ordered. In addition, we soaked the AMU-6S-

GIcNACc substrate into Bbhllgsssg apo form crystals to give a
complex (Bbhllgssag-6S-GIcNAc-oxazoline) that diffracted well
(1.67 A, Table S2). This structure showed a clear electron
density for the trapped 6S-NAG-oxazoline intermediate and
revealed its pyranose ring in a “C; conformation (Figure 2a).
The bidentate coordination to the 3'- and 4'-OH groups of the
6S-GlcNAc glycoside by R358 and E687 (Figure 2a,c,e)would
alsoallow4’-OH inanaxial configuration, which explainswhy
Bbhll also hydrolyzes 6S-GalNAc.?* Alignment of the 6S-NAG-
oxazoline structure with the thiazoline-containing structure of
SpHex (Figure S6a) shows the catalytic loop, containing GAGB
and polarizing residues, a catalytic diad, which is ina structurally
incompetentconformation, withE553Q10.5 Adistantfromthe
anomeric carbon, while D552 is 4.5 A distant from the oxazoline
ring nitrogen. This conformation has a water molecule bridging
the side chains of W607 and D590, which is H-bonded to the
backbone amide of E553Q (Figure 2c). This structure shows
thatthereactioncanproceedincrystalloforstep1(Figure3)asa
result of soaking the Bbhllgsssq crystal in a synthetic substrate
that hasa good C-1 leaving group (4MU pK, 7.8) and does not
depend on general acid catalysis.** Equally, the hydrolysis of this
bicyclic intermediate required in step 2 calls for both general
base and polarizing activities to deliver the final product of the
glycolytic reaction.

In the sulfate binding site within the sequence Q(X10)WAC
(sulfate binding residues in bold), two sulfonyl oxygens are
strongly coordinated directly, each by one H-bond each from the
side chains of Q640 and W651 (Figure 2a,c,e). The third
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Figure 4. (a) Overlay of active site structures of Bt4394psssn-6S-NAG-oxazoline intermediate complex and human HexA-NAG-thiazoline complex
(PDB: 2gk1) showing good alignment of N423 and R424 in the sulfate recognition motif of human HexA subunit-a with the sulfate recognition
residues N437 and R438 in Bt4394. (b) Overlay of structures of Bt4394p33sn-6S-NAG-0xazoline intermediate complex and apo SGL showing the
sulfate binding residues in SGL, C566, and R567, align well with N437 and R438 in Bt4394, and are within H-bonding distance to the sulfate group. (c)
MSA by T-coffeewith the default setting for Bt4394, human HexA a-subunit, F10-ORF19 and F3-ORF26, and SGL showing the predicted sulfate
binding residues (red) and the catalytic tyrosine that coordinates with the oxazoline ring oxygen (green).

sulfonyl oxygen is coordinated only indirectly via water
molecules to E687. To examine the contribution of these
residues inthe firstand second shells of the sulfate binding site,
we explored a range of amino acid mutations. Compared to
Bbhllwr, variants Q640D, Q640K, and W651F show increases
inKwof8-,7-,and 2-fold, with kea/Km reduced by 41-, 24-, and
3.4-fold, respectively (Table 1). This identifies them as
significant components of sulfate coordination and explains
why sulfation increases the substrate affinity (Kw) by 57-fold and
specificity by 2500-fold (kea/Km). Clearly, Q640 has a more
importantrole in sulfate recognition than W651. The observed
disulfidebondbetween C653and C656 inthe secondshell have
an impact to a lesser extent on the binding of the sulfate as the
variant C656S shows only ca. 3-fold reduction in catalytic
efficiency.

Sulfate Recognition by Bt4394 from Gram-Negative B.
thetaiotaomicron. Bt4394 has been proposed as being
responsible for 6S-GIcNAcase activity from the cell extract of
the Gram-negative bacterium B. thetaiotaomicron,?® with an
increase in Bt4394 gene expression in response to host gut
mucin glycans.?*While its N-terminal type I signal peptide has
beenusedto predict Bt4394 as a periplasmic enzyme® (Figure
1¢), no detailed characterization has yet been delivered. Because
some B. thetaiotaomicron proteins, originally thought to be
periplasmic, are in fact located on the cell surface!’” and the cellar
localization is directly linked to facilitate access of their
substrates to these enzymes, we tested the hydrolytic activity
of 6S-GIcNAc by a fluorometric assay with whole cell B.

thetaiotaomicron. We found that there was no 6S-GlcNAcase
activity toward 4MU-6S-GIcNAc (Figure S7). This provides
strong evidence that Bt4394 is indeed a periplasmic enzyme.
We next expressed the recombinant Hisg-tagged Bt4394 in E.
coli. Itdisplays aspecificity toward 4AMU-6S-GIcNAc that is 515-
foldhigherthanthatwith4MU-GIcNAc(Table 1), validating it
being a 6S-GIcNAcase. As no extra inhibitory effect on enzyme
activityresultsfromtheadditionof200mMNa,SO40rNa,SOs,
there appears to be no cooperative binding between NAG-
thiazoline and sulfate or sulfite (Figure S8a).**Recombinant
Bt4394with4MU-6S-GlcNAcasasubstrate hasanoptimal pH
5.5 (Figure S3s). Bt4394 has ket = 25.8 571, Km =39 uM, and

kea/Km = 6.7 x10° st M at pH 5.5 (Table 1 and Figure S9).
The catalytic residues are predicted to be D335 and E336. Our

datashowan8.5-foldincreasein Ky forthe D335N variantanda
17-fold decrease in Ky for the E336Q variant (Table 1).

To gain insights into the reactivity and recognition of the
sulfate motif, we first crystalized Bt4394wr and Bt4394pz3sn
variant proteins and solved their apo form structures at high
resolution (>1.6 A) by molecular replacement (Bt4394wr apo;
Table S2). After soaking the apo Bt4394ps3sn crystals in the
substrate 4MU-6S-GIcNAc (Figure 1d), the clear electron
density defines a *C; conformation for a trapped 6S-NAG-
oxazoline intermediate (2.05 A; Bt4394p33sn-6S-GIcNAC-
oxazoline; Figure 2b and Table S2). Although the rotameric
orientation of the 6S-GIcNAc-oxazoline residue is the same in
both Bbhil and Bt4394, it is evident that the Bt4394pa3sn-6S-
NAG-oxazoline complex has loop 332-339 in a catalytic
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conformationwhichplacesthe D335Nsidechainamidejust2.9
AfromN1inthe oxazolinering (Figure 2d), ashas beenseen in
GH20 6-N-acetylhexosaminidase from Streptomycescoelicolor
A3(ScHex,PDB:4c7g, Figure S10a) and other GH20s (Figure
S10b).%* The polarizing residue variant D335N carboxamide-
NH: group donates a H-bond to the oxazoline nitrogen in its
unprotonated form (pK,5.5),% and this clearly rationalizes the
formation and stability of the 6S-NAG-oxazoline complex
(Figure 2d,f). The carboxylate of the GAGB residue E336 forms
a H-bond with H270 (Figure 2d,f). We also obtained a
Bt4394\,1-6S-GIcNAc product complex structure (Table S2),
whichhas6S-GIlcNAcina®#Bconformation. Takenasawhole,
these data are consistent with a mechanism of “substrate-assisted
catalysis” with aconformational itinerary of “C; - *E* > B for

the intermediate hydrolysis half-reaction. A loop region of
residues 278-307 in Bt4394 structures forms a cleftand brings
Y228 closer to H452. In contrast, the same loop (478-511) in
Bbhilhasamoreopen position (Figure S11). Thissuggeststhat

the leaving group glycosides in the substrates of these two
enzymes may well be of significantly different sizes.

In the sulfate binding site within the sequence of
Qu31IPYYIN437R438, One sulfonyl oxygen is coordinated directly
by two H-bonds from Q431 and R438 and a second oxygen
acceptsaH-bond fromN437 (Figure 2b,d,f). Thethird sulfonyl
oxygen is not protein-coordinated but only a water molecule.
The variants Q431E, N437D, and R438A show diminished
affinity by 7-, 18-, and 17-fold with corresponding reductions in
Kea/Km Of 139-, 37-, and 47-fold, respectively, thereby
demonstrating the importance of these three residues delivering
sulfate recognition by both H-bonding and electrostatic
interactions (Table 1). At long last, this result explains the 6S-
GlcNAcase activity of Tay-Sachs and Sandhoff disease-causing
human HexA subunit-o observed in an early study.*® Its N423
and R424 residues align perfectly with the sulfate binding
residues N437 and R438 in Bt4394 structure (Figure 4a). Our
resultsalso rationalize arecently reported 6S-GIlcNAcase activity
of F3-ORF26 from P. dorei, with the sulfate binding sequence
QFLYFSNPidentified by multiple sequencealignment (MSA)
(Figure S12).° Itis noteworthy that this recognition pattern for
Bt4394 contrasts directly with the requirement for an
indispensably conserved arginine in the sulfoquinovose hydro-
lase from the GH31 family for the recognition of the sulfonate
monoanion of sulfoquinovose diacylglycerol (SQDG).3":%

Sulfate Binding Site of SGL from Gram-Negative
Prevotella RS2.SGL, another 6S-GlcNAcase, shows a 1200-
fold higher specificity toward 4MU-6S-GIcNAc over 4AMU-
GIcNACc at optimal pH 6.0 (Table 1 and Figures S4t and S13)
but has alow similarity sequence GG Y ss4l Csg6Rs67 (Figure 4c)
at the sulfate binding region compared to Bt4394 and BbhllI
according to sequence alignment. Therefore, to strengthen our
identification of the key sulfate binding residues, we expressed
thesglgenerecombinantly and purified the protein, leadingtoa
2.7 A resolution crystal structure (Table S2). When overlaid
withthe 6S-NAG-oxazoline complexstructures of Bt4394 and
Bbhll, the apo-SGL structure showed that only residues C566
and R567 were able to donate two H-bonds to the sulfate. D560
aligns well with Q431 in Bt4394, but it is unlikely to be
protonated ortobewithinthe H-bonding distanceto participate
in sulfate binding (Figure 4b).

Niako3494 Is Not a Sulfoglycosidase. Niako3494 has
been reported to have 6S-GIcNAcase activity in a high-
throughput assay without detailed characterization,? although
itisonly defined asa““distant” member of the GH20 family. To

unlock the mystery of its sulfate binding ability, we cloned and
expressed the niako3494 gene. Our kinetic analysis identified
only weak activity with kea: = 0.028 57, Kp =756 uM, and Kea/
Km = 37 s M1 at pH 5.0 toward 4MU-6S-GIcNAc and a
similarweak specificity for 4AMU-GIcNAc (Table 1and Figure

S14). This is 105 orders of magnitude lower than other 6S-
GIcNAcases we have studied. This conflict with the published
data led us to crystalize and obtain a structure of Niako3494 at
2.27 A resolution (Table S2). Although Niako3494 has
conserved residues H122, D196, E197, W239, W277, and
W342 seen in the active site as other GH20 enzymes (Figure
S15),the “back-up”asparticacid (D463 for Bbhll and D266 for
Bt4394) has been replaced by N118 to abut onto the carboxyl
group of the polarizing aspartate (D196 for Niako3494, D552
for Bbhll, and D335 for Bt4394). Given that the asparagine
variants Bbhllpsssn and Bt4394p66n both retain half of their
activity relative to the wild-type enzymes (Table 1), the
complete inactivity of Niako3494 to 4MU-6S-GIcNAc and
4MU-GIcNAc must have a different origin. We see that the
activesite of Niako3494 ismore openand lacksresidues forthe
recognition of 3'- and 4’-OH of NAG (Figure S15a,b). This
suggeststhatitmay well have endo-glycosidase activity for larger
substrates and explains why niako3494 has poor exo-
hexaminidase activity toward 4MU-GIcNAc. We note that all
other 6S-GIcNAcases, including Bbhll and HexA, have the
conserved oxazoline-coordinating tyrosine near the sequence of
the sulfate binding motif, but in Niako3494, the equivalent
tyrosine Y279 comes into the active site from the opposite side
(Figure S15c¢). This is because it is located in the same loop as
the oxazoline-flanking W277 and may clash with the N-acetyl
group of NAG. More importantly, when compared to the
Bt4394 p33sn-6S-NAG-0xazoline complex structure, only two
residuesC301andS302arenearthesulfatebindingsite, though
they are still beyond the H-bonding range to engage sulfate
(Figure S15a,d). Taken together, these variations all explain why
Niako3494 is only a distant member of the GH20 family and
lacks sulfoglycosidase activity.

Sulfoglycosidases Are Not Phosphoglycosidases.
Phosphorylation on the 6’-position of GIcNAc (6P-GIcNAC)
hasbeenfoundtohavebiological relevancebutrarelyreported.
Thus, O-linked 6P-GIcNAc has been found on the synapse-
specific clathrinassembly protein AP180asaPGMtoincrease
the protein net negative charge and hydrophilicity in synaptic
vesicle endocytosis.***° Also, 6P-GIcNAc has also been found in
bovine colostrum and milk saccharides.***> While the
tetrahedral geometry and bond lengths are similar for phosphate
and sulfate monoesters, they differ in basicity. The GICNAc 6-
phosphate monoester has pKs2 ~ 6* and thus can be either
dianionicormonoanionicwithanacidic-OHgrouptodonatea
H-bond. A 6'-sulfate monoester isonly monoanionic above pH
1 and can only be a H-bond acceptor at physiological pH.

We therefore explored whether the 6S-GIcNAcases in the
present study may also be 6P-GIcNAcases. To this end, the
activities of Bbhll, Bt4394, and SGL for a 6’-phosphate substrate
were tested at pH 7.0 using pNP-6P-GIcNAc synthesized
chemoenzymatically (Scheme S1). We selected pH 7.0 to ensure
that the 6’-phosphate group was predominantly dianionic and
wouldnotactasaH-bonddonor. Ourdatadelivered specificity
constants kea/Km with 6P-GIcNAc of the same order of
magnitude as for GIcNAc and 3 orders of magnitude lower
thanfor6S-GIcNAc(TablelandFigure S16),therebyshowing
that binding to a 6’-phosphate monoester is not effective,
notwithstanding its greater negative charges.
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Figure 5. (a) Mapping the known 6S-GIlcNAcases (Bt4394, Bbhll, SGL, human HexA, F3-ORF26, and F10-ORF19) and other GH20 enzymes
(SpHex and Niako3494) (in ) on the UniRef90 SSN for just the GH20 catalytic domain (Protein Family PF00728). (b) Flowchart to show, with
16977 Uniprot GH20 catalyticdomainsequences,anincreased AST from 75t0 130isneeded toseparatethe subclustersasshownin (a), whereby the
five subclusters represented by the five characterized 6S-GlcNacases can be positively assigned, guided by the structurally confirmed sulfate binding
motif sequences. This action initially identified 4 hits for the BbhlI cluster and 13 hits for the Bt4394 cluster. Hence, a comprehensive search of
unannotatedgenesbelongingto GH20in UniprotwasmadewithHMMER, whichexpandedthenumberofsequencesofBbhlland Bt4394 clustersto
42 and 48, respectively. MSA refinement for the expanded Bbhll and Bt4394 clusters was performed to ensure that all the sequences included were
intactand satisfied thecriteriaidentified by our mutagenicandstructural analysis. Thisreduced the final numbers of sequences of Bbhiland Bt4394
clustersto 40 and 46, respectively. Organism taxonomy (class level) is also depicted. (c) CGFP for the clusters that embrace organisms encoding
Bt4394 and Bbhll orthologues: heatmaps representing the quantification of sequences from SSN clusters per metagenome are available. The
metagenomesare grouped according tobody sitesso thattrends/consensus can be easily discerned acrossthe six body sites. Thetrendisclear: while
Bbhll itself is isolated from human gut bacteria Bifidobacterium bifidum, Bbhll orthologues are found more abundant in the tongue dorsum and other
oral cavity locations, implying that these organisms take advantage of the sulfoglycans in the human diet or participate in oral homeostasis.

Identification of More 6S-GlcNAcases Using the
Genomic Enzymology Approach. GH20 proteins have a
wide variety of module and domain organizations for fulling
their cellular functions.* The high sequence similarity between
the GH20 catalytic domain-containing enzymes presents a
practical challenge to identify putative 6S-GlcNAcase without
the knowledge of the sequence motifs for sulfate recognition
which are not close to the catalytic residues the in sequence. In
our study, using 3D structure and mutagenesis analysis, we
identified the sulfate binding motif of Bbhll to be Q(X10) WAC
and that of Bt4394 to be QIPYYINR (SGL with YYICR)
(Figure 4). This information allows us to search for additional
6S-GlcNAcases with the sulfate binding motifs within the GH20
family across species using the genomic enzymology approach.
By using the EFI web tools, we first generated sequence

similarity networks (SSNs) of GH20 family proteins for
PF00728 using the Protein families database Pfam.*® The
GH20 catalytic domain is often found to be associated with
other domains, whose functions are not always understood.*’
Colornodesonthe SSN based on the length of the polypeptides
reveal the huge length variability within the family and illustrate
high domain fusion occurrences with varying identities (Figure
S17).

It is noteworthy that sequences with high similarity overa
longer sequence portion tend to have a higher BLAST score.
Thus, the high sequence similarity in GH20 catalytic domains
and the diversity of the domain fusion pattern of the GH20
familybothaffectthe BLAST scoreaswellasthe SSN patterns,
making itdifficultto identify GH20 enzymeswith shortsulfate
binding motif sequences. To deconstrain the effect of pairwise
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sequence similarity calculation from those fused domains, we
generatedarefined SSN forPF00728withonlythe GH20Pfam-
defined domain for each sequence. This refined SSN focused
only on the primary sequence elements that contain GH20
catalytic domains (Figure S18). A subsequent increase of the
alignment score threshold (AST) from low (AST value 57
corresponding to +35% ID, Figure S17b) to high (AST 75,
+40% ID, Figure S18a) separated clusters of Bt4394 and SGL%
from clusters of Bbhil and human lysosomal HexA.*® To
segregate more similar sequences of SGL and Bt4394, we had to
applyanincrease in AST from 84 to 130 (Figures 5aand S18b-
d). Subsequently, a MSA for UniRef90 representative sequences
from the Bt4394 and Bbhll clusters identified the absolute
conservation of residues for catalysis (Figure 5b). These two
clusters were then used to search against the Uniprot database
using the HMMER server (https://www.ebi.ac.uk/Tools/
hmmer/) for additional sequences that may not have been
initially annotated as GH20 protein family members in Pfam.
This approach expanded the two putative 6S-GIcNAcase
orthologousgroupsto46and40sequencesusing therespective
structural guided criteriawith high confidence after excluding
truncated and experimentally unsupported sequences (Figures
5b and S19 and S20). For example, this approach identified a
recently discovered 6S-GlcNAcase F10-ORF19 from B. caccae
with an identical sulfate binding sequence to Bt4394
(QIPYYINR).® Both orthologous groups also include 6S-
GlcNAcases from previously unidentified species that are
associated with human health. Moreover, this approach has
demonstrated that it can be used to identify more putative
enzymes for other GH families with “high domain fusion” but
with short motifs, such as sulfate binding motif sequences in
Bbhll and Bt4394 in this study. SGL, however, is a unique
sequence in our network.

Subsequently, we usedtheclustersof Bbhlland Bt4394asan
entry point for a chemically guided functional profiling (CGFP)
search® in order to evaluate the occurrence of members of the
defined orthologous group in the Human Microbiome Project
(HMP) metagenome. Interestingly, both orthologue groupsare
foundtobe presentinthebuccal mucosa, supragingival plaque,
and gut-associated metagenomes (Figure 5c¢), in accordance
with the identified known habitat of the species to which they
belong to. More interestingly, Gram-positive bacteria that
encode Bbhll orthologues, for example, Actinomyces sp. Oral and
Actinomycesgraevenitzii, are found to be more abundantin the
tongue dorsum and other oral cavity locations, which could be
an implication of these organisms taking advantage of the
sulfoglycans in the human diet or participating the oral
homeostasis by changing the 6S-GIcNAc-containing glycans

Eromsiilfeecins that coat the oral surface, such as MUC5B#:50

I DISCUSSION

The 6-sulfate adjunct on GIcNAc is contributed by three types of
human GlcNAc-6-O-sulfotransferases (GICNAc6STs-CHT2,
CHT4, and CHT5) and it serves diverse roles in biological
processes.>%* The characterization of exo-acting 6S-GIcNA-
casesexpressed by prominent human microbes isan important
step forward to advance our understanding of the complex
relationship between these bacteria and their human host. We
present here the first structural enzymology study on three
GH20 family 6S-GIcNAcases that hydrolyze 6S-GIcNAc: Bbhll
from a Gram-positive B. Bifidum JCM1254, Bt4394 from a

Prevotella RS2. The crystal structures of these three enzymes
show different structural features that correlate with their
different cellular localizations: Bbhll can access larger mucin
complexes extracellularly, whereas Bt4394 and SGL are more
competent on oligosaccharide substrates as periplasmic
enzymes. The visible Ig-like domain in Bbhll may fulfill a
structural anchor by providing the correct spatial organization of
the associated GH20 catalytic module.>> This potentially
enables the membrane-anchored Bbhll to extend beyond the
cell wall peptidoglycan to within the optimal distance for
engaging target macromolecular substrates such as the mucin
glycans.® For B. thetaiotaomicron, it is known that numerous
sulfatases in its periplasm can facilitate desulfation under
operonic regulation.'® Previously identified periplasmic sulfa-
tases include those that can desulfate a monosaccharide 6S-
GIcNAC, such as Bt4656 (Kea/Km=1.1x103s uM at pH
6.0),%" or 6S-GIcNAc at the non-reducing end of a glycan, for
example, Bt1628 and Bt3177 (Keat/Km=0.43 x 103s™t uM at
pH 8.0).1"?2 However, these rates are 3 orders of magnitude
slower than that of the glycosidase Bt4394 identified in our study
(Keat/Km = 0.67 st uM* at pH 5.5). Such a huge activity
difference indicatesthatB. thetaiotaomicron may utilize operonic
regulation induced by different 6S-GIcNAc-containing oligo-
saccharides to process the glycan substrates they access. B.
thetaiotaomicron may also rely more effectively on the 6S-
GlcNAcaseactivity of Bt4394 rather than on other sulfatasesto
desulfate 6S-GlcNAc-containing mucin oligosaccharides.
The well-established catalytic mechanism of GH20 enzymes
involves a substrate-assisted mechanism (Figure 3).5852 A
polarizing aspartate is always anionic and steers and promotes
the nucleophilic attack of the carbonyl oxygen of the 2-
acetamido group®® while a neighboring glutamic acid (catalytic
diad) provides general acid catalysis for the leaving group leaving
to form an intermediate oxazoline. In a second step, a water is
activated forattack on C1lusinggeneral base catalysis provided
by the same glutamate, resulting in net retention of
configuration at C1. For 6S-GIcNAcases, the specific catalysis
originates from the tight binding and hexose orientation of the
sulfated substrate in the recognition site. The catalytic loop
containing the Glu-Asp diad has been observed to adapt flexible
conformations (Figures S6 and S10). We are now able, for the
first time, to compare directly the intermediate structures
formed for these two GH20 6S-GIcNAcases, namely, Bbhll in a
catalytically incompetent conformation and Bt4394 in an active
conformation. The direct W409-E391 interaction seen in the
Bt4394p33sn-6S-NAG-0xazoline intermediate structuredelivers
the important closure of the essential catalytic loop through the
formation ofadirect H-bond from the E336 backbone amide to

E391, whichisnotthe caseinthe Bbhllgssag-6S-NAG-0xazoline

Gram-negative bacterium B. thetaiotaomicron, and SGL from
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intermediate structure. Moreover, the conserved
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catalytically important histidine (HZ67 from BbhiTand
H270 from Bt4394) has been proposed, quantum
mechanically, to modulate the pK.s of the catalytic
Glu-Asp diad by oscillating between them

inaGH20 family endo Lacto-N-biosidase LnbB.®* The unaltered

position of histidine with different catalytic loop
conformations observed in our two 6S-oxazoline
intermediate structures has provided another possibility
for this histidine to achieve the same interaction and
modulation of the catalytic diad by dynamic
movements of the catalytic loop (Figure 2¢,d). This is
further exemplified by the 3000-fold difference in the
activities of His-to-Phe variants relative to the wild-type
enzymes. Bbhll has amore flexible catalytic loop, so that
Bbhllhserze maintains 21% of wild-type activity,
whereas Bt4394 has a more rigid and



Research Article

ordered catalytic loop, thus its H270 hasa more important role
in modulating the catalytic diad during turnover. This analysis is
supported by the residual 0.003% activity for Bt439470r
(Table 1 and Figure S21).

Moreover, in seeking to co-crystalize NAG-thiazoline-bound
Bt4394 (the ICso value for NAG-thiazoline is 166.6 uM, Figure
S8) with sodium sulfite, we obtained a crystal diffracting at 1.47

with a clear electron density of a pyramidal SO species
coordinated to O6’ in the sulfate binding site, partially
overlapping with that of the NAG-thiazoline 6’-OH group.
Our refined model showed an elongated covalent bond with an
S-06' distance of 1.69 A, which is 0.15 A longer than the S-
06’ bond in Bt4394-6S-GIcNAc and Bt4394ps3asn-6S-NAG-
oxazoline structures of comparable resolution. This serendip-

itously observed sulfinylation reaction may result from
condensation of 6’-OH onto a proximate sulfite in the well-
ordered sulfate binding site (Figure S22). Such in situ
sulfinylation may prove to be a useful structural biology tool
for the future identification of potential sulfate binding sites in
sulfoglycosidases.

We have identified here the distinct sulfate binding motifs
from Bt4394, SGL, and Bbhll by our use of structural analysis.
Based on our experimental results, SSN and CGFP analyses have
led us to a novel identification of species with potential 6S-
GIcNAcase activities on N- and O-glycans from Gram-negative
and Gram-positive bacteria, including oral cavity microbes. The
clear distinction between Gram-negative and Gram-positive
bacteria will provide a means of securely annotating 6S-
GlIcNAcases. Assignment of the function of these enzymes in
glycandesulfationalsoaidsintheidentification of newglycan-
desulfating microbes and can lead to the discovery of new
sulfoglycan-degrading pathways.

It is noteworthy that the structural definition of the sulfate
binding motif is necessary for areliable assignment. We surveyed
the general features of molecular recognition of a 6’-sulfate
group for 19 different CAZy protein structures (Table S3). Of
these, only nine use a cationic amino acid to coordinate the
sulfate (fiveviaarginineandtwobyalysine). Thisisbecausethe
sulfuryloxygensin R-OSQ,~haverelatively small netnegative
electron density compared to that on phosphoryl monoesters,
with the result that enzymes that bind sulfate-containing
carbohydrate substratesdonothaveahighdemandfor cationic,
H-bond donating residues such as arginine or lysine. They rather
recruit “soft”, neutral H-bond donors (cysteine, tyrosine,
asparagine, glutamine, tryptophan, and water) to coordinate
the sulfuryl oxygens (Table S3). This contrasts with the
recognition of passive phosphate-containing carbohydrate
substrates, for example, glucose 6-phosphate and 1-phosphate,
that is regularly achieved by “hard”” H-bond donors (arginine
and lysine cations) to match the much higher charge density on
the phosphoryl oxygens®+®® Our result in demonstrating the
ultimate specificity of 6S-GIcNAcases over 6P-GIcNAcases is a
clear and powerful manifestation of this analysis.

The conserved tyrosine in the active site of GH20 enzymes
orientates the nucleophilic oxygen for stereoelectronic for-
mation of the oxazoline and, equally, assists C-O bond breaking
in the second, hydrolytic step.*%¢ Mutation of this tyrosine to
phenylalanine in Bbhll (Y637F) and Bt4394 (Y435F) leads to
ca. 25-fold reduction of activity (Table 1). Furthermore, itis
strikingthatinall the three 6S-GlcNAcases characterized here,
thiskey tyrosine (Y637 in Bbhll, Y435in Bt4394, and Y564 in
SGL) is located in the sulfate binding loop. As this tyrosine is
indispensable for substrate-assisted catalysis in GH20,%" the

sulfate binding motif in the 6S-GlcNAcases must have emerged
around this tyrosine to satisfy both the need for including
residues with long H-bonding donating side chains and/or
positive charges to recognize the sulfate, while not causing steric
hindrance with the tyrosine. Clearly, our analysis calls for a more
detailed investigation by further bioinformatics and phyloge-
netic studies.

Independent of mucin, sulfated GICNAC species are present in
humanmilkoligosaccharides (HMO) and high molecular mass
GAGs, such as heparin/heparan sulfate, keratan sulfate, and
chondroitin/dermatan sulfate, all of which are important in
animal tissues.'?8-0 Although we have tested Bt4394 and
Bbhll activity only with commercially available mucin O-
glycans, we can expect that these enzymes play a role in the
catabolism of other sulfo-sugars to facilitate access of human
microbiotatoawide variety of glycan sources. Thisisbased on
the observation that these enzymes hydrolyze 6S-GIcNAc from
both the synthetic and natural substrates and their structures
show no recognition in their +1 binding site, thus offering an
advantage for these enzymes to be used as engineered
biosynthesis catalysts for glycosyl transfer, as demonstrated by
others.”>"2 In light of the important roles of sulfo-sugars in
human health, we believe that the findings reported here not
only deliver structural and mechanistic insights into three
representatives of 6S-GIcNAcase but also provide valuable
information to explore the extensive interactions between
microbiota and the host glycans and their involvements in the
development of human disease.

| EXPERIMENTAL SECTION

Fulldetailsofallexperimental proceduresusedare describedin
Supporting Information Materials and Methods. Coordinates
havebeendepositedinProtein Data Bank with accession codes
6YXZand 6214 forthe Bbhll native enzyme and 6S-GIcNAc-
oxazoline complex, respectively; 7DUP, 7DVB, and 7DVA for
the Bt4394 native enzyme, 6S-GlcNAc-oxazoline complex and
6S-GlcNAc product complex, respectively; and 8BAL and 8BBL
forthe Niako3494 and SGL native apo-proteins, respectively.
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The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acscatal.2c05405.

Experimental procedures; oligonucleotides, data collec-
tion and refinement statistics, and complex structures;
identification of cellular localizations, detection of
released 6S-GIcNAc, standard curves of AMU, Michae-
lis-Menten plots, structures of the 6S-NAG-oxazoline
intermediate complexes, inhibition of recombinant
Bt4394, structures of the oxazoline intermediate com-
plexes, structure comparison of Bbhll with Bt4394, MSA,
active site of Niako3494, sequences with 6S-GIcNAcase
activity, GH20 domain sequences, comparison of the
flexibility, observed NAG thiazoline-SO, species, MS
spectrum, *H NMR spectrum, *3C NMR spectrum, and
3P NMR spectrum; and MS and NMR spectra (PDF)
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