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ABSTRACT

Glycoside hydrolase family 31 (GH31) is a diversified family of anomer-retaining a-glycoside hydrolases,
such as a-glucosidase and a-xylosidase, among others. Recently, GH31 a-N-acetylgalactosaminidases
(Nag31s) have been identified to hydrolyze the core of mucin-type O-glycans and the crystal structure of
a gut bacterium Enterococcus faecalis Nag31 has been reported. However, the mechanisms of substrate
specificity and hydrolysis of Nag31s are not well investigated. Herein, we show that E. faecalis Nag31 has
the ability to release N-acetylgalactosamine (GalNAc) from O-glycoproteins, such as fetuin and mucin,
but has low activity against Tn antigen. Mutational analysis and crystal structures of the Michaelis
complexes reveal that residues of the active site work in concert with their conformational changes to act
on only a-N-acetylgalactosaminides. Docking simulations using GalNAc-attached peptides suggest that
the enzyme mainly recognizes GalNAc and side chains of Ser/Thr, but not strictly other peptide residues.
Moreover, quantum mechanics calculations indicate that the enzyme preferred p-nitrophenyl o-N-ace-
tylgalactosaminide to Tn antigen and that the hydrolysis progresses through a conformational itinerary,
4c; — 183 — 4Cy, in GalNAc of substrates. Our results provide novel insights into the diversification of the

sugar recognition and hydrolytic mechanisms of GH31 enzymes.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Glycoside hydrolases (GHs) are widely distributed in nature and
catalyze the hydrolysis of the glycosidic bonds of carbohydrates.
These enzymes are involved in various physiological processes,
including carbohydrate digestion, cell wall reconstruction, and
glycoconjugate synthesis. Based on their amino acid sequence ho-
mology and according to the CAZy database (http://www.cazy.org),
there are more than 160 GH families [1]. Their catalytic mecha-
nisms are largely divided into anomer-retaining and -inverting
mechanisms. These mechanisms usually employ a pair of carbox-
ylate residues, such as Asp or Glu, as catalysts (refer to CAZypedia,
http://www.cazypedia.org/ [2]). The retaining hydrolytic mecha-
nism, which is the Koshland double-replacement mechanism, is
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achieved in two steps (glycosylation and deglycosylation) via a
covalent glycosyl-enzyme intermediate (GEI) [3]. In contrast, the
inverting hydrolytic reaction proceeds through a single-
displacement mechanism, such that a nucleophilic water mole-
cule activated by a base catalyst attacks an anomeric carbon in
glycosides. Almost all steps in both reaction mechanisms progress
through oxocarbenium-ion-like transition states. Stereochemistry
of substrate sugars at subsite —1 (subsites were defined according
to Davies et al. [4]) are changed in each step during the hydrolytic
reaction by GHs. The changes, also referred to as conformational
itinerary, vary among substrate sugars and GHs [5]. An under-
standing of the conformational itineraries of GHs is important,
considering that mimics of transition states in each GH catalysis can
be utilized as inhibitors and probes [6].

GH family 31 (GH31) is one of the largest families, which
comprise GHs that are active on a-glycosidic linkages in carbohy-
drates. Many of the characterized GH31 enzymes are a-glucosi-
dases originating from prokaryotic and eukaryotic origins [7,8].
GH31 also contains exo-acting a-glycosidases, such as mannosyl-
oligosaccharide a-1,3-glucosidases [9], a-xylosidases [10,11], a-ga-
lactosidases  [12], sulfoquinovosidases [13], and a-N-
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Abbreviations

BSM bovine submaxillary mucin

GalNAc  N-acetylgalactosamine

GalNAco-pNP 4-nitrophenyl a-N-acetylgalactosaminide
GEI glycosyl-enzyme intermediate

GH glycoside hydrolase

GH31 glycoside hydrolase family 31

MC Michaelis complex

MES 2-(N-morpholino)ethanesulfonic acid
Nag 31 GH31 a-N-acetylgalactosaminidase
PC product complex

PCR Polymerase chain reaction

PDB Protein Data Bank

pNP para-nitrophenyl

QM quantum mechanics

TLC thin-layer chromatography

WT wild-type

acetylgalactosaminidases [14—16]. Since GH31 enzymes possess
the retaining hydrolytic mechanism, some of them can catalyze
transglycosylation with several a-glucosidic linkages on acceptor
substrates. An endo-acting dextranase and cycloalternan-degrading
enzyme are also found in GH31 [17—21]. Despite the variety of
substrate specificity, the conformational itinerary of sugar ring at
subsite —1 in GH31 enzymes was proposed to be 4C; — (*H3)! —
1S3 — (*H3)! — “C; by X-ray crystallographic analyses of the
Michaelis complexes (MCs) and covalent intermediates in several
GH31 enzymes [9—11,13,21,22]. All these enzymes are active on
substrates consisting of gluco- or xylo-configured sugars; however,
the conformational itinerary of GH31 enzymes that hydrolyze C4-
epimeric galacto-configured substrates, i.e., a-galactosidase and o-
N-acetylgalactosaminidase, are yet to be analyzed.
a-N-Acetylgalactosaminidases (EC 3.2.1.49) belonging to GH31
(Nag31s) family of enzymes were initially identified by screening
metagenomic DNA libraries from the human gut microbiome [14].
Nag31s from Bacteroides caccae and Phocaeicola plebeius (formerly
Bacteroides plebeius) hydrolyzed synthetic substrates, including 4-
nitrophenyl o-N-acetylgalactosaminide (GalNAca-pNP), and 4-
methylumbelliferyl «-N-acetylgalactosaminide and released N-
acetylgalactosamine (GalNAc) from an O-glycoprotein fetuin and O-
glycopeptide. Nag31s were also identified in the pathogen Clos-
tridium perfringens [14], the gut bacterium Enterococcus faecalis
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Table 1
Data collection and refinement statistics.

D455A/GalNAca-pNP

D455N/GalNAca-Ser

Data collection
Beamline
Wavelength (A)
Space group
Cell dimensions

a, b, c(A)
Resolution range (A)
Measured reflections

PF AR NW12A
1.0000
P21212,4

81.9, 83.4, 146.3
50—1.42 (1.50—1.42)
2,459,929

PF AR NW12A
1.0000
P2,212

82.7, 83.0, 148.6
50—1.63 (1.72—1.63)
1,669,991

Unique reflections 184,729 127,951
Completeness (%) 98.0 (94.7) 100 (100)
Redundancy 13.3 (13.5) 13.1 (12.1)
Mean I/a(I) 245 (2.7) 23.8 (2.6)
Rmerge 0.067 (1.044) 0.068 (0.961)
CCyp2 (0.766) (0.809)
Refinement statistics
Rwork/Rfree 0.174/0.196 0.177/0.200
RMSD
Bond lengths (A) 0.014 0.011
Bond angles (°) 1.726 1.629
Number of atoms
Protein 7124 7044
Ligand/lon 76 80
Water 792 558
Average B (A?)
Protein 23.5 28.8
Ligands 289 34.8
Water 274 31.8
Ramachandran plot
Favored (%) 96.6 96.6
Outliers (%) 0.2 0.3
Clashscore 3.61 2.01
MolProbity score 141 1.18
PDB codes 7F7Q 7F7R

Values for the highest resolution shells are given in parentheses.

[15], and the domestic silkworm Bombyx mori [16]. We previously
reported the crystal structure of the catalytic domain of Nag31 from
E. faecalis (EfNag31A) in apo form and in complex with GalNAc [15].
Based on the comparison of the structures, unlike other known
GH31 enzymes, the active site of EfNag31A was found to have two
distinct conformations: open and closed forms (Fig. 1). The catalytic
nucleophile Asp455 is located away from subsite —1 in the open
form (apo), while this residue gets closer to C1 atom of GalNAc in
the closed form (complex with GalNAc, hereafter WT/GalNAc).
However, the GalNAc molecule found in the complex structure
adopts a B-form and it remains unclear whether such conforma-
tional change in the active site occurs in the case of binding sub-
strates. In this study, we constructed and analyzed several mutants

w221

Open / closed

Fig. 1. Stereo view of the open and closed forms of EfGH31 active site. The active site residues in unliganded EfGH31 (PDB 6M76, pink) and in GalNAc-bound EfGH31 (PDB 6M77,
green) are shown as stick models, while their Co atoms are shown as spheres. The GaNAc molecule is indicated by yellow. Asp455 and Asp508 are the catalytic nucleophile and acid/

base, respectively.
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Fig. 2. Hydrolytic activity of EfGH31 toward various naturally occurring a-GalNAc-
containing carbohydrates. (A) Chemical structures of the glycosides tested. (B) TLC
analysis of hydrolytic reaction for GalNAcoa-pNP and natural o-GalNAc-containing
glycosides by EfGH31 with or without SpLac35A for 12 h. (C) TLC analysis of hydrolytic
reaction for O-glycoproteins (fetuin and BSM) by EfGH31 for 20 h with or without 20-h
pretreatment of exo-glycosidases (see Materials and Methods). Standard sugars are
also developed on TLC: GalNAc, N-acetylgalactosamine; Gal, galactose; GlcNAc, N-
acetylglucosamine; Neu5Ac, N-acetylneuraminic acid.
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of EfNag31A to investigate how the enzyme recognizes and hy-
drolyzes substrate sugars. The crystal structures of EfNag31A cat-
alytic domain (named EfGH31) in complex with two substrates
were determined. Combined with computational analysis, we
propose the substrate recognition mechanism and conformational
itinerary of Nag31s.

2. Materials and methods
2.1. Materials

GalNAco-pNP, Tn antigen (GalNAca-Ser), GalB(1—3)GalNAca-
Thr, and blood type A antigen triaose GalNAca(1—3)[Fuca(1-2)]Gal
were procured from Cayman Chemical (Ann Arbor, MI, USA), Dextra
Laboratories (Reading, UK), Tokyo Chemical Industry (Tokyo,
Japan), and Elicityl (Crolles, France), respectively. Fetuin from
bovine serum and mucin from bovine submaxillary glands (BSM)
were procured from Merck (Darmstadt, Germany). All other re-
agents were of analytical grade and were procured from FUJIFILM
Wako Pure Chemical Industry (Osaka, Japan) or Nacalai Tesque
(Kyoto, Japan), unless otherwise stated.

2.2. Construction and preparation of mutants

Site-directed mutagenesis was performed by inverse polymer-
ase chain reaction (PCR) with the desired primers (Table S1) and a
pET28a expression plasmid harboring the DNA that encodes the
catalytic domain of EfNag31A (residues 43—984 of total 1866,
EfGH31) [15] was used as a template. KOD-Plus-Neo DNA poly-
merase (Toyobo, Osaka Japan) was used for the PCR. All constructed
plasmids were confirmed by DNA sequencing. All recombinant
enzymes used in this study contained an N-terminal His tag
(MGSSHHHHHHSSGLVPRGSHM) and were expressed and purified
in the same manner as the recombinant wild-type (WT) EfGH31
described previously [15]. Protein purity was determined by SDS-
PAGE. Protein concentration was measured at 280 nm based on
theoretical molar absorption coefficients calculated using the
ExPASy ProtParam server (https://web.expasy.org/protparam/).

2.3. Enzymatic assay and kinetic study

For substrate specificity assay, reaction mixtures containing a
substrate (3.5 mM for GalNAca-pNP or 10 mM for others), 20 mM 2-
(N-morpholino)ethanesulfonic acid (MES)—NaOH buffer (pH 6.0),
and 100 pg/mL EfGH31 were incubated at 37 °C for 12 h. Strepto-
coccus pneumoniae B-galactosidase 35A (SpLac35A, NZYTech, Lis-
bon, Portugal) was also incubated with GalP(1—3)GalNAco-Thr,
which was used as a substrate. For fetuin and BSM, 4 mg of the
glycoproteins were pre-treated with 10 pg/mL SpLac35A, 500 unit/
mL of Clostridium perfringens neuraminidase (New England Biolabs,
Ipswich, MA, USA), 50 unit/mL of Streptomyces plicatus p-N-ace-
tylhexosaminidase f (New England Biolabs), and 20 mM MES-NaOH
buffer (pH 6.0) in 1 mL of the reaction mixture at 30 °C for 20 h. The
reaction mixtures were concentrated by centrifugal evaporation
and the glycoproteins were precipitated twice with 80% ethanol to
remove the released sugars. The precipitate was dissolved in buffer
and incubated with 100 pg/mL EfGH31 at 30 °C for 20 h, followed by
centrifugation to remove proteins, and the supernatant was
concentrated by centrifugal evaporation. Reaction products were
monitored by thin-layer chromatography (TLC) on Silica Gel 60
plates (Merck) with a developing solvent of 1-butanol/acetic acid/
water (2:1:1 by volume) and visualized using diphenylamine/ani-
line/phosphoric acid reagent [23].

For kinetic assay of EfGH31 mutants, GalNAca-pNP was used as a
substrate and the reaction condition was the same as described
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previously [20], except for enzyme concentrations: W221N,
470 nM; Y386A, 940 nM; Y386F, 940 nM; D455A, 3.8 uM; D455N,
3.8 uM; V456A, 94 nM; L492R, 940 nM; D508N, 3.8 uM; I542F,
470 nM; and W570A, 470 nM. Kinetic parameters were calculated
by fitting to the Michaelis—Menten equation using non-linear
regression analysis by KaleidaGraph software (Synergy Software,
Reading PA, USA).

2.4. Structural analysis

D455A and D455N (16 mg/mL) were crystallized at 20 °C using
the hanging-drop vapor diffusion method, where 1.0 pL of protein
solution was mixed with an equal volume of a crystallization
reservoir solution. Their crystals appeared in the same condition as
WT EfGH31 [15]. Crystals of D455A and D455N were soaked with
reservoir solutions containing 10 mM GalNAca-pNP (for 1 h) and
10 mM GalNAca-Ser (for 5 min), respectively. All crystals were
cryoprotected with the reservoir solution supplemented with
ethylene glycol at a final concentration of 20% (v/v) and then flash-
frozen in liquid nitrogen. Diffraction data were collected at AR-
NW12A beamline (Photon Factory, Tsukuba, Japan). Data were
processed using XDS [24]. Structures were solved by molecular
replacement method using MOLREP [25] in CCP4 program suite
[26] using the coordinate of native EfFGH31 (PDB 6M76) as a search
model. Refinement and manual model building were performed
with REFMACS5 [27] and COOT [28], respectively. The data collection
and refinement statistics are summarized in Table 1. Molecular
docking simulations were performed using AutoDock 4.2.6 [29]
using the coordinate of the closed form of EfGH31 (WT/GalNAc,
PDB 6M77). GalNAc-attached peptide ligands were prepared from
the coordinates of PDB 5T5L and 5T5P. Molecular images were
prepared with PyMOL (Schrodinger LLC, New York, NY, USA).

2.5. Circular dichroism spectroscopy

Circular dichroism (CD) spectra were obtained for the recom-
binant enzymes (0.1 mg/mL in 10 mM sodium phosphate buffer, pH
7.0) using a 1-mm path-length quartz cell in a ]J-820 spec-
tropolarimeter (JASCO Co., Tokyo, Japan) at room temperature. Four
spectra from 190 to 260 nm were taken at a scanning speed of
50 nm/min and averaged for each sample.

2.6. Full-QM cluster model calculations

Starting from the available coordinates in PDB 6M77 [15], two
models of the active site of the GH31 enzyme were constructed by
adding p-nitrophenyl (GH31pNP model, Fig. S1A) and neutral
serine (GH31Ser model, Fig. S1B) at the a position of the C1 of the
GalNAc ring. The GH31Ser model is formed by 270 atoms, including

Table 2
Kinetic parameters for the hydrolysis of GaINAca-pNP by EfGH31 and its mutants.
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the substrate, three crystallographic water (one of them is required
for the deglycosylation step of the hydrolysis), protonated catalytic
acid-base (A/B) agent (Asp455), non-protonated catalytic nucleo-
philic (Nuc) agent (Asp508), two non-truncated amino acids
(Asp384 and Tyr386), and ten truncated amino acids (Trp221,
Lys453, Leu492, Trp505, Asp538, Ile542, Phe543, Met567 and
Trp570). The GH31pNP model is formed by 271 atoms that only
differ from the first model in the exchange of the +1 molecule. In
both models, the position of 16 atoms of the truncated residues
remains fixed in order to maintain the original topology of the
enzymatic cavity. The models have a total charge of —3.

All calculations were performed using quantum mechanics
(QM) Turbomole 7.4 code [30,31]. The functional and basis set used
to construct the electronic density of the model was PBE/def2-SVP
[32,33]. A conductor-like screening model (COSMO) [34] was
implemented to mimic the solvent effect of an enzymatic envi-
ronment (e = 10). The energies and geometries along the reaction
coordinate(s) were obtained from scan calculations with an opti-
mization threshold criterion of 107® a.u. (the transition states
presented in this work are considered as transition state-like).

3. Results and discussion
3.1. Substrate specificity on natural glycosides

B. caccae and P. plebeius Nag31 proteins (BcGH31 and BpGH31)
exhibited activity that resulted in the release of GalNAc from fetuin
and O-glycopeptide [14], whereas EfGH31 activity had been pre-
viously investigated using only the synthetic substrate GalNAca-
pNP [15]. We determined whether naturally occurring sugars
containing an o-GalNAc residue were hydrolyzed by EfGH31
(Fig. 2A). Interestingly, GalNAca-Ser was a poor substrate for
EfGH31 compared with GalNAca-pNP, since most GalNAca-Ser was
retained despite the overnight incubation (Fig. 2B). Galf(1—3)Gal-
NAce-Thr and blood A antigen were not hydrolyzed, but incubation
together with B-1,3-galactosidase from Streptococcus pneumoniae
B-galactosidase 35A (SpLac35A) enabled EfGH31 to release a trace
of GalNAc from GalB(1—3)GalNAco-Thr. Similarly, BcGH31, BpGH31,
and a lepidopteran xenolog BmNag31 were reported not to hy-
drolyze blood A antigen. Afterward, we investigated the activity of
EfGH31 toward O-glycoproteins (Fig. 2C). No product was observed
when fetuin was treated with only EfGH31, whereas fetuin pre-
treated with SpLac35A and neuraminidase resulted in the release
of GalNAc. This result supports the previous study where bacterial
Nag31s removed O-linked GalNAc from Ser or Thr residue in fetuin
[14]. Furthermore, EfGH31 released GalNAc from BSM, regardless of
pretreatment with SpLac35A, B-N-acetylhexosaminidase, and
neuraminidase. The activity toward mucin had not ever been re-
ported in the other Nag31s. The difference in the reactivity toward

Enzyme keat (s°1) Kin (uM) keat/Kn (s mM ™) Relative Keat/Km (%)
EfGH31 (WT) [15] 654 + 0.12 158 + 12 41 100
W221N 3.79 + 0.35 (3.86 + 0.50) x 10° 1.0 24
Y386A (5.06 + 0.72) x 1072 (2.36 + 0.53) x 103 0.021 0.051
Y386F (851 = 0.04) x 102 60.0 + 1.9 1.4 34
D455A (nucleophile) (1.00 = 0.02) x 1072 734+ 10.3 0.14 034
D455N (nucleophile) (239 = 0.03) x 1073 232 +36 0.10 024
V456A 1.40 + 0.03 101 + 10 14 34
L492R (1.75 + 0.03) x 102 794 + 6.3 022 0.54
D508N (acid/base) (231 +0.01) x 1073 172455 0.13 032
1542F 2.04 + 0.05 (2.23 + 0.09) x 103 0.92 2.2
W570A 2.89 +0.12 (4.44 + 0.25) x 103 0.65 1.6
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Fig. 3. Substrate binding in EfGH31 active site. (A and B) F,—F electron density maps (contoured at 2.0 ¢) for GalNAca-pNP (A) and GalNAca-Ser (B). (C and D) The active site
residues of D455A/GalNAca-pNP (C) and of D455N/GalNAca-Ser (D). The side chains of amino acid residues interacting with substrates and the main chain of Val456 are shown in
green stick models, while the ligands are shown in yellow. Hydrogen bonds are shown as dashed lines, while water molecules are shown as red spheres. The catalytic residues are

labeled in red.

_ D4SSIAIN

Y386

Fig. 4. Structural comparison of active sites of EfGH31 complexed with ligands. The
crystal structures of WT/B-GalNAc (yellow), D455A/GalNAca-pNP (green), and D455N/
GalNAca-Ser (cyan) are superimposed. Distances between the glycosidic bonds and the
catalytic acid/base Asp508 (green and cyan arrows) and between the amide group of
the serine and Asp508 (black dashed line) are described.

fetuin and BSM may be caused by the contents of a variety of O-
glycans, i.e., mono-GalNAc and longer glycans, in these glycopro-
teins [35,36]. Bifidobacterium bifidum has an intracellular GH129 o-

94

N-acetylgalactosaminidase (NagBb), which showed higher activity
toward GalNAca-Ser than GalNAca-pNP and was proposed to be
involved in mucin degradation [37]. Although it is not clear
whether NagBb can directly degrade O-glycopeptides or O-glyco-
proteins, recombinant EfGH31 exhibited a different substrate
preference than NagBb. EfNag31A has a predicted signal peptide
and a C-terminal membrane-anchoring region [15]. Therefore,
EfNag31A was suggested to be involved in the extracellular
degradation of host mucin-type O-glycoproteins and E. faecalis may
degrade mucin via a different series of enzymatic steps than
B. bifidum.

3.2. Site-directed mutagenesis in the active site

Based on the crystal structure of EfGH31 WT in complex with
GalNAc (WT/GalNAc), Asp455 and Asp508 are identified as catalytic
nucleophiles and catalytic acid/base, respectively, and several res-
idues are involved in GalNAc recognition with conformational
changes (Fig. 1), which are not observed in the other known GH31
enzymes. Considering the difference between Nag31s and other
GH31 enzymes (Fig. S2), ten mutants of EfGH31 were constructed
and their hydrolytic activity was determined using GalNAca-pNP to
clarify their specificity for «-N-acetylgalactosaminides. The CD
spectra of these mutants suggested that all the substitutions did not
significantly affect protein folding (Fig. S3). As expected, the cata-
lytic residue mutants (D455A, D455N, and D508N) remarkably lost
activity (<0.4% compared to the kcat/Ky, value of WT) (Table 2). The
mutants W221N, Y386F, V456A, and 1542F showed moderate ac-
tivity (2.2—34%). Hydrolytic activities of the other mutants (Y386A,
L492R, and W570A) decreased to less than 2% of WT.
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Fig. 5. Molecular docking of GalNAca-Thr and O-GalNAc peptides. (A) Superimposition of GalNAca.-Ser from D455N/GalNAca-Ser into the active site of the closed form of EfGH31
(WT/GalNAc, PDB 6M77). (B—D) Molecular docking of GalNAca-Thr (B), Ser-Ser(GalNAc)-Val (C), and Ser-Thr(GalNAc)-Val (D) into the closed form (see Materials and Methods).
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Trp221 is located on a loop in the N-domain, but not in the
catalytic A-domain. The length of the corresponding loops in GH31
enzymes vary. An Asn residue was located at a similar position in
C. japonicus a-xXylosidase [11]. Trp221 was predicted to form a hy-
drophobic environment with Val456 and Leu492 in order to accept
the acetamide group of GalNAc and the Trp221 — Asn substitution
was suggested to reduce the affinity for GalNAc and as expected
resulted in a high Ky, value (Table 2). The kc,; of V456A was lower
than one-fourth of that of WT, while their K, values were similar,
thus suggesting that interaction between Val456 and the substrate
is likely to affect the conformation of the loop where Val456 and
the catalytic nucleophile Asp455 are located. Leu492 is completely
conserved among Nag31s, whereas it is substituted for arginine in
all other known GH31 enzymes, including a-galactosidases (Fig. S2)
[12]. The Leu492 — Arg substitution was suggested to obstruct the
hydrolysis of GalNAca-pNP; however, L492R showed no activity
toward p-nitrophenyl a-galactopyranoside as seen for WT (data not
shown), thus suggesting that the mechanisms of substrate recog-
nition and concomitant conformational changes are complicated.
lle542 surrounds the a-face of GalNAc C4 atom with Met567 and
Trp570, while other structure-determined GH31 enzymes have
tyrosine or phenylalanine residues at this position. Trp570 forms a
hydrogen bond with GalNAc 06 atom. The face might be destroyed
by Ile542 —Phe and Trp570— Ala mutations, considering that the
K, values of 1542F and W570A for GalNAca-pNP increased by 14-
and 28-fold, respectively. The mutations at Tyr386, whose confor-
mations are most different between the open forms and closed
forms, resulted in a remarkable decrease in the kq;: values. More-
over, the K, value of Y386A was 39-fold higher than that of Y386F.
These results suggest that the aromatic group of Tyr386 is impor-
tant for the binding of a substrate and that the hydroxy group may
be involved in fixing the substrate orientation to properly catalyze
hydrolysis and/or stabilization of intermediates during the hydro-
lytic reaction. All these residues, except for Leu492, which is
replaced with valine in lepidopteran BmNag31 [16], are completely
conserved among the characterized Nag31s. Although what
directly triggers the closed form is not clear, the residues in the
active sites of Nag31s were found to work in concert to act on only
a-N-acetylgalactosaminides.

3.3. Complex structures with substrates and docking simulation

Crystals of the catalytic nucleophile mutants D455A and D455N
were soaked with GalNAca-pNP for few minutes or hours and
analyzed by X-ray crystallography. In the crystal structure of D455A
soaked with GalNAca-pNP for 1 h (D455A/GalNAca-pNP), an elec-
tron density map for GalNAca-pNP was observed in the active site
(Fig. 3A). By contrast, no ligand or only GalNAc was found in the
other soaked crystals, which is probably due to insufficient soaking
time or hydrolysis by its slightly remaining activity, respectively.
The crystal structure of D455N in complex with GalNAca-Ser
(D455N/GalNAca-Ser) was also determined. The electron density
for pNP was poor in D455A/GalNAca-pNP, while those for a-GalNAc
in both structures and the serine residue in D455N/GalNAca-Ser
were well defined (Fig. 3B). Their active sites adopted the closed
form like the previously determined WT/GalNAc (PDB 6M77) and
the orientation of GalNAc at subsite —1 (GalNAc —1) and interacting
amino acid residues are identical (Fig. 3C and D). No direct
hydrogen bond with pNP and the serine residue, except between
the amino group of the serine and OD2 atom of the catalytic acid/
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base Asp508, was identified. Superimposition of D455A/GalNAca-
pNP and D455N/GalNAca-Ser reveals that a distance between the
glycosidic bond of GalNAca-Ser and Asp508 (3.4 A) is slightly longer
than that between the glycosidic bond of GalNAca.-pNP and Asp508
(2.6 A) (Fig. 4). However, it remains unclear whether this distance
and interaction between Asp508 and the serine amino group
caused the low hydrolytic activity toward GalNAca-Ser (the reason
of the low activity is discussed below). The difference in the re-
activities on GalNAca-Ser between EfGH31 and GH129 NagBb is
likely to be caused by the difference in their active site architectures
in spite of their similar retaining hydrolytic mechanisms (Fig. S4)
[38].

To investigate the substrate recognition mechanism of EfGH31
for O-glycoproteins, molecular docking simulations were per-
formed. First, using the coordinates of the closed form (WT/Gal-
NAc), we simulated GalNAca-Thr, which is another core structure in
O-glycan and found that the model in which an a-GalNAc residue
fits into subsite —1 was most stable (Fig. 5B). Moreover, it was
suggested that the methyl group of the threonine could fit into the
narrow pocket formed by the hydrophobic residues Ile542, Phe543,
and Trp570. On the other hand, docking analysis using O-glyco-
peptides, Ser-Ser(GalNAc)-Val, and Ser-Thr(GalNAc)-Val, showed
that the GalNAca-Ser and GalNAca-Thr moieties of the ligands are
located in similar position with the free GalNAca-Ser and GalNAca-
Thr (Fig. 5A and B) and the tripeptide portions are located outside
the active site pocket (Fig. 5C and D). The methyl group of the
threonine of Ser-Thr(GalNAc)-Val was surrounded by Ile542,
Phe543, and Trp570, as with the free GalNAc-Thr (Fig. 5B and D).
The only polar interactions between both tripeptides and EfGH31
are hydrogen bonds with Trp221 and Asp508. Both peptides have
opposite orientations. These observations suggest that peptide
parts of O-GalNAcylated proteins may not be strictly recognized by
EfGH31. The distances between GalNAc C1 in each substrate and the
nucleophile Asp455 (3.0 A) and the distances between glycosidic
oxygen in each substrate and the acid/base Asp508 (2.7—3.0 A) can
enable catalysis. These results suggest that EfGH31 active site
specifically recognizes and hydrolyzes GalNAc-attached Ser or Thr
of glycopeptides.

3.4. Conformational itinerary

To decipher the conformational itinerary of GalNAc along the
hydrolysis in the active site of EfGH31, we constructed two active
site models, namely GH31pNP and GH31Ser, where GalNAcao-pNP
and GalNAca-Ser were put in the active site, respectively, and we
performed quantum mechanical calculations. Following the po-
tential energy surface of the hydrolysis reaction in both models
(Fig. 6A), the formation of the GEI requires an activation energy of
~18 kcal mol~! for both substrates; however, the process is
endergonic in case of using serine as a leaving group
(+4.7 kcal mol~!) and exergonic in case of the presence of pNP
(—2.9 kcal mol~1). This fact leads to a change in the transition state
energy of the deglycosylation step (TSgeg), which makes the reac-
tion difficult in the GH31Ser model (23.7 kcal mol 1), but favor the
reaction in the GH31pNP model (9.6 kcal mol~!). Due to the aro-
matic nature of pNP, the protonation state of the leaving groups
differs between GH31pNP and GH31Ser in the GEI*/GEI minima
(Fig. 6 B and C). The presence of the conjugate base of pNP leads
into stabilization of the system after the glycosylation step. While
the effect of changing the leaving group over a hydrolytic process is

Colors of stick models are follows: active site residues, green; catalytic residues, cyan; GalNAca-Ser, yellow; GalNAca-Ser, slate blue; Ser-Ser(GalNAc)-Val, orange; Ser-Thr(GalNAc)-
Val, magenta. Black dashed lines are indicated as hydrogen bonds between EfGH31 and ligand amino acid residues, while yellow dashed lines are indicated as distances between the
C1 of GalNAc and the nucleophile Asp455 and between the glycosidic O and the acid/base Asp508. The pocket where the methyl groups of GalNAc-attached Thr enter is indicated by

red arrows.
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Fig. 6. Quantum mechanical calculations along the proposed hydrolytic reaction pathway. (A) Potential energy surface of the hydrolysis toward GalNAca-Ser (GH31Ser, red) and
GalNAca-pNP (GH31pNP, blue) models. (B) Representative structures along the hydrolysis pathway (glycosylation, up—deglycosylation, down) in the GH31pNP model. (C) Repre-
sentative structures along the hydrolysis pathway (glycosylation, up—deglycosylation, down) in the GH31Ser model. Abbreviations: MC, Michaelis complex; TSgy, transition state in
the glycosylation step; GEI, glycosyl-enzyme intermediate; TSqeg, transition state in the deglycosylation step; PC, product complex.
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Fig. 7. Proposed mechanism of EfGH31 hydrolysis toward a-N-acetylgalactosaminide.

not experimentally known, we can talk about a “leaving group-
assisted” mechanism. The leaving group is just affecting the sta-
bility of the GEI/GEI*, while the barrier GEI* — TSgy — PC remains
similar between both systems (~16—18 kcal mol~!). Finally, the
formation of the final product complex (PC) is slightly endergonic
with serine (+0.9 kcal mol~!) and exergonic with p-nitrophenol
(—10.8 kcal mol~1). These results agree with the enzymatic studies
where the GH31 enzyme preferred GalNAca-pNP to GalNAca-Ser.

The conformational itineraries, followed by GalNAc —1 moiety
along the reaction in both models, are shown in Fig. 5B and C.
Cremer and Pople [39] puckering coordinates’ evolution is shown
in Table S2. In agreement with the conformation observed in the
WT/GalNAc crystal structure, the MCs present no distortion in the
sugar ring (*Cy). In the GH31pNP model whose potential energy
surface demonstrates the feasibility of the reaction, the itinerary
follows 4C; — (*H3)! — 1S3/*H3 conformational region for glyco-
sylation but follows 'S3/4H; — (*E/*H3)" — 4C; for deglycosylation.
The GH31 conformational itinerary 4C; — (*Hz)! — 1S3 — (*H3)f —
4Cy was initially proposed based on the crystal structure of the
covalent intermediate of E. coli a-xylosidase Yicl with 5-fluoro-
xylosyl fluoride, which adopted 'S; skew boat conformation [10].
The 1S5 covalent intermediates have been reported in some other
GH31 enzymes that are active on a-glucosides [9,21,22], a-xylo-
sides [11], and a-sulfoquinovosides [13]. Therefore, the result in the
present study matches the proposed conformational itinerary
(Fig. 7), although the crystal structure of Nag31 covalent interme-
diate has not been investigated. GH31 is classified into clan GH-D
together with GH27 and GH36 based on the structural similarity
and conservation of their catalytic machinery, where two aspartic
acid residues act as catalysts through the retaining mechanism [40].
The MCs and PCs of human GH27 a-galactosidase and o-N-ace-
tylgalactosaminidase adopted a stable C; form, while the GEIs
trapped using trinitrophenyl-2,2-difluoro-o-galactopyranoside
showed a !S; conformation of 2,2-difluorogalactose covalently
bound to their catalytic nucleophiles [41,42]. These conformations
were supported by the QM/MM metadynamics using human a-
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galactosidase [43]. The covalent intermediate of Thermus thermo-
philus GH36 a-galactosidase was trapped using the synthetic 2-
deoxy-2-fluorocarbagalactosyl substrate, showing a similar sugar
distortion (*Hz/'S3) [44]. Collectively, the conformational itineraries
of substrates are highly conserved in the clan GH-D regardless of
the substrate structures.

4. Conclusions

In this study we investigated the substrate specificity of EfFGH31
a-N-acetylgalactosaminidase toward natural substrates and found
that the enzyme released GalNAc from bovine submaxillary mucin.
Based on analysis of the crystal structures complexed with sub-
strates, mutational analyses, and docking simulations, EfGH31 was
suggested to recognize mainly a GalNAca-Ser/Thr moiety, exhibit-
ing substrate recognition mechanisms that are different from those
of known GH31 enzymes, apart from Nag31s. The QM calculations
indicate that the conformational itinerary is conserved among
GH31 enzymes and clan GH-D enzymes, regardless of the substrate
type. These findings will provide insight on the design of specific
inhibitors and probes to detect this activity in the gut. Also, it will
also enable the development of tools for analyzing O-glycan
structures.
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