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The Carbohydrate-Active Enzyme classification groups en-
zymes that breakdown, assemble, or decorate glycans into
protein families based on sequence similarity. The glycoside
hydrolases (GH) are arranged into over 170 enzyme families,
with some being very large and exhibiting distinct activities/
specificities towards diverse substrates. Family GH31 is a large
family that contains more than 20,000 sequences with a wide
taxonomic diversity. Less than 1% of GH31 members are bio-
chemically characterized and exhibit many different activities
that include glycosidases, lyases, and transglycosidases. This
diversity of activities limits our ability to predict the activities
and roles of GH31 family members in their host organism and
our ability to exploit these enzymes for practical purposes.
Here, we established a subfamily classification using sequence
similarity networks that was further validated by a structural
analysis. While sequence similarity networks provide a
sequence-based separation, we obtained good segregation be-
tween activities among the subfamilies. Our subclassification
consists of 20 subfamilies with sixteen subfamilies containing
at least one characterized member and eleven subfamilies that
are monofunctional based on the available data. We also report
the biochemical characterization of a member of the large
subfamily 2 (GH31_2) that lacked any characterized members:
RaGH31 from Rhodoferax aquaticus is an a-glucosidase with
activity on a range of disaccharides including sucrose, treha-
lose, maltose, and nigerose. Our subclassification provides
improved predictive power for the vast majority of uncharac-
terized proteins in family GH31 and highlights the remaining
sequence space that remains to be functionally explored.

Glycoside hydrolases (GHs) are present in all domains of
life, and in viruses, and are involved in processes such as
nutrient acquisition for bioenergetic metabolism, cell wall
remodeling, glycoprotein biosynthesis and degradation, and
pathogenesis. The Carbohydrate Active enZyme (CAZy; www.
cazy.org; see also www.cazypedia.org) classification currently
reports more than 170 GH families, with approximately five
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novel families released per year during the last decade (1, 2).
The creation of a new family requires the characterization of at
least one founding member and involves gathering the largest
diversity of homologous proteins based on high sequence
similarity. Later, based on literature survey and direct com-
munications, the CAZy curators update the known family
activities with more characterized members, which might
either support its specificity or increase its diversity. Due to the
ever-increasing rates at which genomes and metagenomes are
sequenced, the growth of families far outpaces the ability of the
research community to conduct experimental characteriza-
tion, meaning that most members within each family are, and
will remain, uncharacterized. For large families with diverse
activities, this can limit our ability to understand and predict
the roles of family members in their original host organism
and our opportunities to exploit enzymes for practical
purposes.

A solution to functional annotation of the dizzying deluge of
sequence data lies in the creation of a subfamily-level classi-
fication that divides the family into smaller groups that might
display more specific activities. Subclassifications can enhance
the predictive power of sequence-based annotations, assisting
in assigning likely activities to the uncharacterized members,
and can guide the identification of unexplored regions of
sequence space to be targeted for future exploration. The
CAZy database implemented subfamily classifications based
on phylogenies for families GH5 (3), GH13 (4), GH30 (5), and
many polysaccharide lyases (6-9) or on Sequence Similarity
Networks (SSNs) for families GH16 (10) and GH43 (11). The
SSN method allows the analysis of very large datasets that
could not reliably produce multiple sequence alignments and
phylogenies.

The GH family 31 (GH31) is a large family with more than
20,000 sequences (by December 2022) from GenBank reported
on CAZy website (www.cazy.org). Among these, only 130
proteins have been characterized, which exhibit activity on a
variety of a-glycoside substrates and which have been linked to
fifteen distinct enzyme commission (EC) numbers (Table 1).
One of the most common enzyme activities in family GH31 is
a-glucosidase (EC 3.2.1.20), which is defined by the EC as
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Subfamily classification of GH family 31

Table 1

Fifteen EC numbers and corresponding enzyme activities reported to
date within GH31 family

EC number Activity

3.2.1.10 oligo-1,6-a-glucosidase

3.2.1.11 dextranase

3.2.1.20 a-glucosidase

3.2.1.22 a-galactosidase

3.2.1.24 a-mannosidase

3.2.1.48 sucrose a-glucosidase

3.2.1.84 glucan 1,3-a-glucosidase

3.2.1.177 a-D-xyloside xylohydrolase

3.2.1.199 sulfoquinovosidase

3.2.1.204 1,3-a-isomaltosidase

3.2.1.217 exo-acting a-N-acetylgalactosaminidase
2.4.1.24 1,4-a-glucan 6-a-glucosyltransferase
2.4.1.161 oligosaccharide 4-a-D-glucosyltransferase
2.4.1.387 isomaltosyltransferase

4.2.2.13 exo-(1—4)-a-D-glucan lyase

EC number 3.2.1.28 corresponding to a,a-trehalase, is report in this study.

comprising enzymes whose specificity is mainly directly to the
exohydrolysis of «-1,4-glucosidic linkages on maltooligo-
saccharides to liberate a-glucose. As is sometimes observed in
other families, some GH31 enzymes exhibit a secondary, lower
level of activity. For example, some a-glucosidases also exhibit
oligosaccharide a-1,6-glucohydrolase (3.2.1.10) (12), a-man-
nosidase (3.2.1.24) (13), a-xylosidase (3.2.1.177) (14), and
various transglucosidase (2.4.1.-) activities (15). Other exam-
ples include Tropaeolum majus a-xylosidase (3.2.1.177), which
is also active on a range of a-glucosides, liberating glucose (16).
Additional notable enzyme activities within GH31 family
include sulfoquinovosidases (3.2.1.199) (17), a-glucan lyases
(4.2.2.13) (18), and «-N-acetylgalactosaminidases (3.2.1.217)
(19).

Despite the diversity of members and activities, enzymes
within family GH31 use just three closely related mechanisms
that all involve two strategically positioned carboxyl residues
within their active site. GHs within this family operate with a
stereochemically retaining mechanism, converting an
a-glycoside substrate into the a-configured sugar hemiacetal.
These enzymes use a classical Koshland two-step, double
displacement mechanism, via a glycosyl-enzyme intermediate,
with the two carboxyl residues acting as nucleophile and
general acid/base (Fig. 14) (20). In the first step, a carboxylate
residue acts as nucleophile to form a glycosyl-enzyme inter-
mediate, while a carboxylic acid residue acts as general acid to
assist the departure of the anomeric group. In the second step,
a water molecule performs a nucleophilic substitution at the
anomeric center of the glycosyl-enzyme intermediate with
the second residue now a carboxylate acting as general base. In
the case of transglycosidases, the first step is identical, while in
the second step, the nucleophilic water is replaced by an
alcohol, most commonly the hydroxyl group of another sugar,
resulting in the synthesis of a new glycoside (Fig. 1B). Finally,
the a-glucan lyases of family GH31 catalyze the cleavage of
a-1,4-glucosidic linkages in starch, glycogen, and maltooligo-
saccharides to form 1,5-anhydro-D-fructose. Kinetic isotope
effects, linear free energy relationships, and intermediate
trapping studies indicate that the a-glucan lyase mechanism
involves two steps that share similarity to the double-
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displacement hydrolase mechanism (21). The first step yields
a covalent glycosyl-enzyme intermediate in the same way as for
GHs and transglycosidases. However, in the second step, a syn-
elimination of the glycosyl-enzyme intermediate results in the
formation of an unsaturated enol that can tautomerize to
1,5-anhydro-D-fructose (Fig. 1C).

Given the diversity of enzymatic activities in GH31 and that
more than 99% GH31 members remain uncharacterized, we
conducted a detailed subfamily classification for enzymes
within family GH31, starting with SSN analysis, and com-
plemented with structural analysis. Our subclassification in-
cludes 20 subfamilies, 15 of which already include a
characterized member and cover 80% of the family members.
Eleven of these subfamilies have a unique EC number, and
three subfamilies have two, improving the predictive power
and quality of GH31 annotations. Six subfamilies did not
contain any characterized member, indicating to the research
community possible regions of the sequence space that re-
mains to be functionally explored. We characterized a member
of the largest of these unexplored subfamilies, subfamily
GH_2, moving from 80% to 96% the percentage of GH31 in a
characterized subfamily. We show that RaGH31 from Rho-
doferax aquaticus is an a-glucosidase with a preference for
sucrose and with significant activity on nigerose, trehalose, and
maltose.

Results
Subfamily delineation

More than 13,000 GH31 modules, extracted from CAZy in
June 2021, were subjected to pairwise all-versus-all BLAST
alignments, as the first step for SSN analysis. Decreasing
BLAST E-value thresholds ranging from 107 to 107'*° by
steps of 107, hereafter referred as to the SSN E-value, or
simply E, allowed the construction of a series of 17 SSN.
These 17 SSNs represent many options for the division of
family GH31 into an increasing number of subfamilies (ex-
pected to increase in functional specificity) and of unclassified
sequences (Table 2). Our objective was to identify the optimal
SSN E-value, and corresponding subclassification scheme, that
would provide the best trade-off in maximizing (i) the number
of members classified into a subfamily, (ii) the robustness of
automatic annotation (hidden Markov models, HMMs), and
(iii) the utility from a functional-predictive perspective.

We first examined the distribution of EC numbers across
subfamilies. At E = 10°%, the largest subfamily gathers 95% of
the GH31 members and most EC numbers (14/15), while EC
3.2.1.217 uniquely resides in one of two other small sub-
families. The third and last subfamily contains EC 3.2.1.22
(a-galactosidase), which is also found in the large first sub-
family. By E = 107%°, the largest group gave birth to four
additional subfamilies, one fairly large (13% of the family) is
specific to EC 3.2.1.199 (sulfoquinovosidase), one fairly small
that contains EC 3.2.1.22 (a-galactosidase) and which is the
last with this activity to separate, while the two others display
activities also found in the largest subfamily, which still gathers
76% of GH31 members. Hence, most activities remain together

SASBMB
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Figure 1. Mechanisms for GH31 enzymes. A, mechanism for retaining a-glycoside hydrolases proceeding through a glycosyl-enzyme intermediate. Sugar
substituents have been omitted for clarity. B, mechanism for retaining glycosyl transfer catalyzed by transglucosidases. C, reaction catalyzed by a-glucan
lyase involving syn-elimination of the glycosyl enzyme intermediate. GH, glycoside hydrolase.

in the largest subfamily (12/15). EC 4.2.2.13 (a-glucan lyase),
the only lyase activity reported in GH31,%*> and EC 3.2.1.204
(a-isomaltosidase) along with associated EC 2.4.1.387 (3-a-
isomaltosyltransferase) separate into specific subfamilies by 10
110 while the largest subfamily still gathers 75% of the GH31
members. By E = 10, the largest subfamily further splits
into several subfamilies more comparable in size: (i) the ves-
tiges of the large family still gathering nine distinct EC
numbers but now representing less than 16% of the family
(~2100 members); (ii) an equal-size subfamily which lacked
any characterized members (but is investigated later in this
article); (iii) a larger subfamily (>3500 members; 27% of
GH31) with only two assigned EC numbers, 3.2.1.177 and
3.2.1.20; and (iv) three subfamilies (with 1594, 4, and 333
members; representing 14% of family GH31) that include two
assigned the EC number 3.2.1.177 and one lacking an EC
number. At even higher E-values, several additional subgroups
emerged from these three large subfamilies, but these were
small, with several distinguished by only taxonomy (Table S2),
while some shared EC numbers with their sibling subfamilies,
suggesting that the threshold is too stringent.

While consideration of EC number segregation is an
essential qualitative criterion for a useful subclassification
scheme, it also helps to guide the selection of the appropriate

SASBMB

SSN E-value threshold by controlling the performance of the
analysis through a more quantitative approach, notably by the
ability of bioinformatics tools to correctly predict subfamily
membership (10). Predictions were produced from HMM
subfamily libraries for most SSN E-values. Overall precision
and recall suggested that the most performant SSN E-values
span 107'*°, 107!, and 107'3° thresholds, for which high
precision and recall confirm the satisfactory EC number dis-
tribution previously discussed (Table S1). Finally, regarding
the number of GH31 sequences that could not be assigned to
any subfamily, they represent only a very low fraction of the
total, frequently increasing by <5 members at each 107> SSN
step, rarely getting close to 20, until the last two steps (10>
and 107'*°), which each increased by >20 the nonclassified
GH31 sequences, further supporting the previously preferred
threshold. Altogether, we considered 107'** the most appro-
priate SSN E-value for GH31 functional subclassification, and
a visualization of the corresponding 20 subfamilies was
generated using Cytoscape (Fig. 2). Analogous to previous GH
subfamily classifications (10), the GH31 subfamilies were sys-
tematically referenced as “GH31_n,” where # is the subfamily
number.

Based on this subclassification, we performed a structural
comparison of subfamilies by selecting an experimentally

J. Biol. Chem. (2023) 299(4) 103038 3
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Table 2
GH31 subfamily analysis based on Sequence Similarity Networks constructed for decreasing BLAST E-value thresholds
E value
GH31_n
60 65 70 75 80 85 90 95 100 105 110 115 120 125 130 135 140
1689 | 1669
1830 35110 | 3.2.1.10
gg”? 32111 § 321.11
e 3.2.1.20 { 3.2.1.20
2092 {32120 | 35124 | 32124
4231 | 32110 § 3575,
32410 | 32111 | 35715y | 32184 [ 3.21.84
P s 24124 | 24124
7806 | 3:2.1.11 gg}gg 24.1.24
32110 3.2.1.20 3.2'1.48 2.4.1.161 141 141 1
aai | S22 | S8 241161 { 2.4.1.161

10080 | 10080 | 10068
3.2.1.10 | 3.2.1.10 | 3.2.1.10
32141 | 32111 | 32.1.11
31%1?0 313";1110 3.2.1.20 | 3.2.1.20 | 3.2.1.20
s iy i32124 § 32124 | 32124
12048 | 12044 | 32111 | 32.1.11
12118 {32110 | 32110 | 32120 | 32120 | 32148 | 32.1.48 | 3.2.1.48
32110 | 354 51 o v 3.2.1.84 | 3.2.1.84 | 3.21.84
32141 | 32411 § 32.1.24 | 3.2.1.24
32411 | 39120 | 32120 | 32148 | 32148 | 321177 [82.1.477 {3.21.177
12737 | 3.2.1.20 i o aq 321,204 §3.2.1.204 | 3.2.1.204
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32110 | 32122 24124 {24124 | 24124
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3.2.1.84 | 3.2.1.84 {3.2.1.204 | 3.2.1.204
3.2.1.20 | 3.2.1.48 24.1.387 12.4.1.387 | 2.4.1.387
3211771324177 24124 | 2.41.24
32122 1 32184 1351199!321.199!24.1.161}24.1.161 | #2213 | 42213 1 42213
3.2.1.24 13.2.1177 135 1204 | 3.2.1.204 | 2.4.1.387 | 2.4.1.387
32148 {3.21.19948 54124 | 241.24 | 42213 | 42213
3.2.1.84 13.2.1.204 15 4 1 161 | 2.4.1.161
321177 | 24.1.24 1541387 | 2.4.1.387
3.2.1.199 12411614 45213 | 42213
3.2.1.204 | 2.4.1.387
24124 | 42213
2.4.1.161
2.4.1.387
42213

sa|npow g/¢ €1 - LEHD ‘Q ue|o

119 119 119
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117

181 178 173 173 173 162
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27 33 41 45 64 82

132122 |
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o730 | 32120 | 32048 155 1y

32410 | 321.24 321171
321477} 241
32111 | 32148 [ 321171 N
32441 | 32120 1 32084 155 t61
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3.21.24
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10038
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3507 | 3507 | 3507
2.4.1.24 3573 . .
2120 | 32120 | 32.1.20
2005 32.1.20 51477 132.4.177 | 324477 3
2.4.1.387 321477 | 32147 ‘
42213 5
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32.1.177 {32477 : j
267 267 267 267 267 267 267
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The table includes the number of sequences for each subfamily along with functional infor:

determined representative from each subfamily, if available. Of
the 20 subfamilies, 15 contain at least one biochemically
characterized member with defined substrate, and of these
characterized subfamilies, 12 contain at least one member for
which an experimentally determined 3D structure is available
(Table 3). A common feature of all GH31 members is the (a/
[)s-barrel fold of the catalytic domain (Fig. 3). The active site is
located within the catalytic domain and exists as either a
pocket or a cleft. The active site contains two aspartic acids
(Asp/D) that act as nucleophile and general acid/base catalyst
for hydrolases and transglycosidases, or nucleophile/general
base and general acid for lyases. Each structural representative
contains four domains: an N-terminal domain, a catalytic

4 ] Biol. Chem. (2023) 299(4) 103038

‘mation (EC numbers) for biochemically characterized members within each subfamily.

domain, and proximal and distal C-terminal domains. These
four domains are the active module for all GH31 members
(GH31 module). Certain GH31 proteins contain extra domains
such as carbohydrate binding modules (CBMs). We provide
hereafter an overview of principal features of each GH31
subfamily.

Upon selection of 1 as the most appropriate SSN E-
value, the RaxML platform (22) was used to obtain a phylo-
genetic tree to assess the evolutionary relationships among
GH31 subfamilies. A maximum likelihood phylogenetic tree
was obtained with 100 bootstrap replicates, using 30 sequences
from each subfamily, and for subfamilies with less than 30
proteins, all sequences were used. This phylogenetic tree

-125
0
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Figure 2. Sequence Similarity Networks of GH31 sequences. Numbers denote subfamily, GH31_n. A, for E=10"""® and B, for E = 107'%* (networks were

generated and annotated in Cytoscape). GH, glycoside hydrolase.

highlights evolutionary relationships between subfamilies,
which are not readily apparent by SSN analysis because it lacks
the protein evolution model of BLAST alignments.

Summary of characterized subfamilies
GH31_1

One of the largest subfamilies, GH31_1 comprises 2092 en-
zymes from all kingdoms of life. It contains characterized
members with nine different EC numbers and is thus the most
functionally diverse subfamily, which could limit its predictive
power. Ninety-four percent of characterized GH31_1 exhibit
a-glucosidase activity, hydrolyzing o-(1-4), a-(1-6), or
a-(1-3) linkages of various saccharides. The most widely
distributed EC number in the subfamily is for a-glucosidase
(3.2.1.20), with 84% for eukaryotic proteins and several from
archaea and bacteria (mostly Firmicutes). The eukaryotic
a-glucosidases include members from protozoa, fungi, meta-
zoans, and plants. One archaeal protein exhibits both a-gluco-
sidase and a-mannosidase (3.2.1.24) activities (14). Glucan 1,3-
a-glucosidases (3.2.1.84) are found in subfamily 1 and are mostly
from eukaryotes (23). Isomaltase (oligo-1,6-glucosidase, 3.2.1.10)

SASBMB

activity in GH31_1 occurs in three members from metazoa and
a Firmicutes bacterium. Subfamily GH31 1 includes three
characterized plant a-xylosidases (3.2.1.177). These enzymes are
localized to the apoplast and also possess a-glucosidase activity
(16, 24). The subfamily also contains an oligosaccharide 4-a-
glucosyltransferase (2.4.1.161, also termed amylase III), which
catalyzes transfer of a-D-glucose residues from polysaccharides
and maltooligosaccharides to create new a-1—4 linkages. Like
many transglycosidases, the oligosaccharide 4-a-glucosyl-
transferase Agd31B from Cellvibrio japonicus in GH31_1 dis-
plays weak a-glucosidase activity, catalyzing the hydrolyses of
the disaccharide maltose into glucose (25).

The structure of members of GH31_1 contains four major
domains and two subdomains. The structural representative
a-glucosidase from sugar beet (Protein Data Bank, PDB
3W37) has a long loop in the N-terminal domain that is a
part of the active site pocket within the («/p)g barrel catalytic
domain.

This subfamily contains several human glycosidases
including a-glucosidase A (GAA, lysosomal), a-glucosidase 1I
(GANAB), maltase-glucoamylase, and sucrase-isomaltase (SI).
Maltase-glucoamylase and SI both duplicated GH31_1

J. Biol. Chem. (2023) 299(4) 103038 5
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Table 3
Subfamily classification of family GH31

Sul'a Taxonomical . PDB
ECcode | family . . Enzyme activity
diversity code
No
2092 oligo-1,6-a-glucosidase
3.2.1.10 dextranase
32111 a-glucosidase
3.21.20 a—nglannosidase
3.2.1.24 . 3wW37
1 MUL sucrose a-glucosidase
3.2.1.48 ) (11)
glucan 1,3-a-glucosidase
3.2.1.84 :
321177 a-D-xyloside xylohydrolase
24 1 2 1,4-a-glucan 6-a-glucosyltransferase
241161 oligosaccharide 4-a-D-glucosyltransferase
a-glucosidase
) MUL sucrose a—glucos@ase
glucan 1,3-a-glucosidase
a,a-trehalase
3573 a-glucosidase
Sy 3 MuL a-D-xyloside xylohydrolase X8l 2)
3.2.1.177
3 21519:77 4 MUL a-D-xyloside xylohydrolase 2)((;/)6
5 Eukaryota a-D-xyloside xylohydrolase 6?1R)U
6 Proteobacteria
267
. isomaltosyltransferase 5F7U
2.4.1.387 7 Bacteria 1,3-a-isomaltosidase (3)
3.2.1.204
24 8 MUL exo-(1—4)-a-D-glucan lyase
42213 glucan’ly
- 9 Bacteroidetes
119 5X70
i 1,4-a-gl -a-gl I f
2.4.1.24 10 Bacteria ,4-a-glucan 6-a-glucosyltransferase (1)
4.2.72' 13 11 MUL exo-(1—4)-a-b-glucan lyase Zi(lz)H
12 Bacteria 1,4-a-glucan 6-a-glucosyltransferase
13 MUL sulfoquinovosidase 5,(A2E)D
14 Bacteria a-galactosidase 4>((1P)0
542 .
32120 15 MUL a-glucosidase 7WI9
glucan 1,3-a-glucosidase (1)
3.2.1.84
16 Bacteria
17 Bacteria
18 MUL exo-acting protelp-_a-N- 6M76
acetylgalactosaminidase (1)
19 Bacteria a-galactosidase
20 Metazoa a-galactosidase 7((11?:

Taxonomical diversity: MUL, multiple kingdoms; PDB code: a selected structural representative for each subfamily for superposition and comparison among subfamilies, the
number in brackets indicates the total number of characterized structures for each subfamily. Colors used in column 1 are the same as those for Table 2.

modules with all four modules individually exhibiting exo- with various lengths (26). The N-terminal GH31 domain of SI

glucosidase activities against linear a-1,4-linked maltose sub- also has activity for the «-1,6-linkages of starch, and the C-
strates but different preferences for oligosaccharides substrates  terminal domain of SI has activity for the a-1,2-linkage of
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GH31_1 (3W37) GH31_3 (1XSI)

GH31_10 (5X70)

GH31_11 (2X2H)

GH31_15 (7WJ9)

GH31_4 (2XVG)

GH31_18 (6M76)

GH31_13 (5AED) GH31_14 (4XPO)

GH31_20 (7QQF)

Figure 3. 3D structures of subfamily representatives from the Protein Structure Databank highlighting common (a/B)g catalytic domain in GH31
members. The structures are oriented to highlight the common catalytic domain (shown in deep salmon) and the other conserved N- and C-terminal
domains (in light pink). Other colors are used to highlight subfamily-specific domains, as discussed in the text. GH, glycoside hydrolase.

sucrose (27). The human hydrolases have an extra domain, an
N-terminal trefoil type-p domain, which is a secondary
substrate-binding domain (Fig. S2) (26, 28, 29).

GH31_3

This large subfamily contains mainly bacterial sequences
and some fungi and archaea. However, this may reflect sam-
pling bias as the CAZy database contains mostly bacterial
genomes (>15,000), with fewer archaeal (459), fungal (259),
metazoan (29), and plant (23). Most bacterial members of this
subfamily belong to gram-negative Gammaproteobacteria
(>70% of Bacteria); the rest are mostly from the Terrabacteria
taxon (Firmicutes and Actinobacteria). Just two activities are
described for members of this subfamily, namely a-xylosidase
(3.2.1.177) from five bacterial and fungal proteins and
a-glucosidase (3.2.1.20) for a single Bacteriodetes protein.

There are subfamily structural representatives for an
a-xylosidase and an a-glucosidase, with only slight differences
between them. The a-glucosidase is a monomeric enzyme,
and the active site is a cleft that binds small, linear maltooli-
gosaccharides (30). The sole structure of an a-xylosidase
(1XSI, Yicl from Escherichia coli) from this subfamily is a
hexamer, formed from a pair of trimers. This is the only
known hexameric xylosidase in family GH31 (31, 32). A large
loop in the N-domain, and the proximal C-domain, contribute
to the hexameric structure. The active site is composed of
residues from several of the monomers of the hexamer, sug-
gesting that oligomerization of Yicl may contribute to
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catalytic activity as well as stabilization of the protein fold.
The two characterized a-xylosidases in GH31_3 have low
a-glucosidase activity, and Phe*’” in Yicl within the active site
is located near C5 of the substrate and is suggested to be
responsible for the low catalytic activity towards glucosides
(31). Yicl a-xylosidase shows outstanding activity on iso-
primeverose (Xyl-a(1,6)-Glc), suggesting it is most likely
active on xyloglucan. Superposition of a-glucosidases and
a-xylosidases within this subfamily reveals that the latter has a
longer distal C-domain (Fig. S3).

GH31_4

This subfamily contains 1594 proteins from multiple king-
doms, with only one activity reported to date, a-xylosidase
(3.2.1.177) for both bacterial and archaeal members. Most
enzymes in the subfamily are from bacteria (96%) across
various phyla (mostly Gammaproteobacteria, >50% of total
bacterial sequences), with just 1.5% each from archaea and
fungi. o-Xylosidases of GH31_4 are highly specific for
xylogluco-oligosaccharides. Activity on a-glucosides are 6-fold
lower and compared to a-xylosidases in GH31_3, activity on a-
xylosides are 10-fold higher (33). There are four structurally
characterized members in the family. A representative struc-
ture (PDB 2XVG, from C. japonicus) contains five domains
(33). Four of the five are domains similar to other GH31
structures. However, there is an extra N-terminal domain that
is specific to the subfamily that is classified as a PA14 domain
(Fig. S1). PA14 is an all-p strand domain that facilitates

J. Biol. Chem. (2023) 299(4) 103038 7



Subfamily classification of GH family 31

binding of longer xyloside substrates within the active site cleft
(33). Phylogenetic evaluation suggests that xylosidases of
GH31_3 and GH31_4 are not closely related (Fig. 4), and
structural superposition indicates that members in these two
subfamilies have low structural similarity (RMSD > 2 A),
particularly because GH31_3 lacks the PA14 domain.

GH31_5

This is a small subfamily that is a sister clade to subfamily 4
(Fig. 4). It contains a small number of ascomycotic fungal
xylosidases (3.2.1.177). A structural representative (PDB
6DRU, from Aspergillus niger) has two asymmetric dimeric
units that form a tetrameric biological unit (34) and lacks the
PA14 of subfamily GH31_4 «-xylosidases. Tyr286 in the -1
substrate-binding site plays an important role in substrate
specificity towards xyloglucan oligosaccharides (34). The bulky
aromatic group in Tyr disfavors binding of C6 sugar substrates
such as glucose and galactose in this site. A similar effect is
seen in o-xylosidases of subfamily 4, whereas subfamily 3
members do not have a bulky aromatic residue at the corre-
sponding position, leading to increased binding and hydrolysis
of C6 carbohydrates.

GH31_7

This is a bacterial subfamily with the majority (>70%)
derived from pathogenic species. It contains two activities
involved in synthesis or cleavage of cycloalternan (cyclobis-
(1,6)-a-nigerosyl): cycloalternan-forming enzymes (3-a-isomal
tosyltransferase/ CAFE, 2.4.1.387) and cycloalternan-degrading
enzymes (a-isomaltosidases/CADE, 3.2.1.204). Most members
(98%) belong to two phyla of grampositive bacteria in the
Terrabacteria taxon, namely Firmicutes (73% of total bacterial
population) and Actinobacteria.

5

©o
-~

¢ =

r

There is a single 3D structure of a CAFE and 3D structures
of two CADEs. All are broadly similar, with the similarity
extending to the active sites, which may reflect the fact that
both CAFEs and CADEs bind cycloalternan (as product and
substrate, respectively). However, the structures exhibit several
key differences. The structure of CAFE (PDB 5F7U, from
Listeria monocytogenes) consists of six domains, including the
GH31 catalytic module, an N-terminal CBM-like domain, and
a C-terminal CBM domain. The C-terminal CBM domain
belongs to CBM35 family based on sequence homology, and it
is proposed to enhance transglucosylation activity (35, 36).
This trimodular CBM-GH-CBM architecture is frequent in the
subfamily (~30%), across Terrabacteria. The representative
CADE (PDB 5F7S, from Trueperella pyogenes) has four do-
mains but lacks the C-terminal CBM and distal C-terminal
domain (CD2). The RMSD value between these two structures
are close to 1 A (Fig. S4). A B3-B4 insertion between the N-
terminal and CBM-like domain of CADE is disordered in the
ligand-free state but becomes ordered upon binding of cyclo-
alternan (37). This P insertion is not present in the CAFE
sequence. In addition, the a4-a5 loops of CAFE and CADE
proteins have distinct conformational behaviors (Fig. S4). In
ligand-free CADE, the a4-a5 loop has a conformation that
creates a shallow active site that transforms to a deep
conformation upon binding of cycloalternan. By contrast, the
same loop in CAFE exhibits the deep conformation in both
unliganded and cycloalternan-bound states. This appears to
favor the transglucosylation activity of CAFE (36, 37).

GH31_8

This subfamily, along with GH31_11 is one of two that
contains exclusively a-glucan lyases (4.2.2.13). Phylogenetic
analysis shows GH31 8 is a sibling to GH31_11 (Fig. 4).

Figure 4. Phylogenetic tree for GH31 subfamily distribution. Bootstrap values are indicated on the node of each branch. GH, glycoside hydrolase.
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Members are mainly from fungi (Ascomycota and Basidomy-
cota) and include a few from Cyanobacteria and Deltapro-
teobacteria. The number of sequences remain the same across
a range of E values (from 10719 to 107'°°) used for SSN
construction, emphasizing the cohesion of the group. This
subfamily does not have any structural representative.

GH31_10

This small subfamily contains 119 members, with four
characterized members with a sole activity, 6-a-glucosyl-
transferase (6GT) (2.4.1.24). They catalyze the trans-
glycosylation of o-(1—4)-glucosidic linkages to form a
nonreducing terminal (1—6)-a-D-glucose linkage and liberate
glucose. All members are from bacteria, with most from Fir-
micutes (Clostridia), Actinobacteria, and several Proteobac-
teria clades. The four characterized members in the family are
Firmicutes and exhibit transglucosylation and apparent hy-
drolysis activities.

The subfamily contains one representative with a 3D struc-
ture (PDB 5X70, from Paenibacillus sp. 598K) (38). It has three
extra C-terminal B-jellyroll domains compared to other GH31
members (Fig. S1). These three p-jellyroll domains are CBMs,
two of the domains belong to the CBM35 family, the other to
the CBM61 family. This architecture is prevalent in the Bacilli,
unlike Gammaproteobacterial members which consist of only
the GH31_10 module. Based on structural data for 3D struc-
tures in complex with isomaltose or isomaltotriose, the binding
preference of the first CBM35 was assigned as a-1,6-glucan, the
second CBM35 was assigned as binding a-1,4-glucan based on a
maltooligosaccharide complex, and the CBM61 was assigned as
binding a-1,4-glucan based on complexes with «-1,6-glucosyl-
maltotriose and acarbose (38). The (a/P)s-barrel catalytic
domain is compactly surrounded by the three CBMs, which are
proposed to accelerate the catalytic efficiency and avidity of
binding. The N-terminal domain exhibited a binding preference
for a-1,4-glucan (38). Loops 6 and 7 in the catalytic domain are
not well conserved with the other GH31 subfamilies. The
GH31_10 6GTs have a wider catalytic cleft in comparison to
other GH31 hydrolases, which may promote transglucosylation.
Structural superposition indicates that the GH31_10 member
has low structural similarity to most structurally characterized
GH31 members (primarily RMSD > 5-20 A).

GH31_11

The GH31_11 subfamily contains seven members, with four
characterized members that are all a-glucan lyases (4.2.2.13).
The characterized members are all from red algae, and the
subfamily contains other members from Alphaproteobacteria
and Gammaproteobacteria.

Only one 3D structure (PDB 2X2H), an a-glucan lyase from
the red seaweed Gracilariopsis lemaneiformis, is available for
this family. This a-glucan lyase has the same number of do-
mains as GH31 a-glucosidases, and a starch-binding site was
identified in the N-terminal domain, which acts as a secondary
carbohydrate-binding site. The structure has two aspartic acids
(Asp>® and Asp®®) that act as the nucleophile and acid
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catalyst, resembling other GH31 members. However, the
unique feature that governs the a-glucan lyase activity is the
nucleophile (Asp®>®), which acts as an intramolecular base in
the second step of the reaction mechanism to abstract the C2
proton within the covalent B-glucosyl enzyme bound in the -1
subsite in the elimination reaction. Val at position 556, instead
of Glu seen in the other GH31 subfamilies, promotes lyase
activity (18). The Lonsdalea britannica bacterial a-glucan lyase
has Ala instead of Val at the equivalent position (Fig. S5) and
may play a similar role.

As noted above, phylogenetic analysis (Fig. 1.3) suggests that
subfamilies GH31_8 and GH31_11 are closely related sibling
subfamilies that may have evolved from a common ancestor,
even though they differ in their taxonomic distribution and
separate very early in the SSN analysis, suggesting low
sequence similarity levels. Thus, members of GH31_8 may
have similar structures to a-glucan lyases in subfamily
GH31_11. Position 556 in the G. lemaneiformis enzyme, which
is believed to influence lyase activity, is Val/Ala in GH31_11.
On the other hand, members of subfamily 8 exhibit greater
diversity at the equivalent position, with residues including
Thr (in most), Asp, Cys (only in one), Gly, or Ser. Super-
position of the AlphaFold (39, 40) predicted structure for
subfamily 8 (Fig. S8) and experimentally determined subfamily
11 structures yields RMSD of 1.2 A.

GH31_12

This is a small subfamily of just 17 sequences that contains
6GT activity. A small amount of hydrolytic activity was seen
on maltooligosaccharides (41). The members are all of bacte-
rial origin (mostly from Actinobacteria and Gammaproteo-
bacteria along with two from Cyanobacteria). Its closest
phylogenetic connection is with GH31_10 (Fig. 4). Like sub-
family 10, most subfamily 12 members are multimodular,
commonly with a CBM20 domain (which are associated with
starch and cyclodextrin binding).

Both subfamilies 10 and 12 are involved in the trans-
glucosylation/rearrangement of a-glucan to give a-D-iso-
maltosyl-(1—-4)-a-D-glucan, the first step in the synthesis of
cycloalternan (41, 42). These transglucosidases have catalytic
residues (Asp) that are conserved with GH31 a-glucosidases
(41).

The AlphaFold GH31_12 predicted structure, BAD34980.1
from Arthrobacter globiformis, has a B-jellyroll CBM domain
(Fig. S8) and has low structural similarity with the other sub-
family of 6GT (RMSD ~28 A).

GH31_13

This subfamily contains sulfoquinovosidases (3.2.1.199),
which are exo-acting enzyme that catalyze cleavage of glyco-
sides of the sulfosugar 6-deoxy-6-sulfo-D-glucose (43). This
subfamily emerges early in the SSN analysis. A wide range of
taxonomic diversity is seen within the subfamily, including
members of bacteria (98%), fungi, algae, plants, and metazoans.
Bacterial members belong to various phyla, with the majority
belonging to the Gammaproteobacteria (94% of total bacterial
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population) and Alphaproteobacteria. Consistent with the
importance of sulfoquinovose in the function of the thylakoid
membrane, most eukaryotic members are from photosynthetic
organisms. Several members are from metazoa including the
marine tunicates Phallusia mammillata and Oikopleura dioica
and crustaceans Cyprideis torosa and Darwinula stevensoni.

Three 3D structures of SQases (5AED, 50HY, and 6PNR)
have been reported and are highly similar, consisting of an (a/
B)s-barrel catalytic module but with the distal C-domain
shorter than most family GH31 hydrolases. The sulfonate
group of sulfoquinovose in the —1 subsite makes interactions
with three residues (Arg/Trp/Tyr; RWY) of the enzyme
directly or indirectly (via a bridging water molecule hydrogen-
bonded to Tyr). Sequence alignment of GH31_13 indicates
that most bacteria possess QQRWY and KERWY motifs,
which has been studied in detail (17, 44). QQWY/QQWF
motifs are present in other bacteria with the former in some
plants. A fungal representative possesses PRWY, and in a
previous study (17) metazoan members of this subfamily were
reported to possess QRWE/QRWY motifs (Fig. S6).

GH31_14

This subfamily contains bacterial a-galactosidases (3.2.1.22).
The majority are from Bacteriodetes (82%), while the rest in-
cludes members of Firmicutes (12%) and a member each from
diverse phyla Acidobacteria, Verrucomicrobia, Gemmatimo-
nadetes, and Lentisphaeria.

There is a single subfamily structural representative (4XPO,
from Pedobacter saltans) that contains four main domains, like
other GH31 members (45). However, the structure reveals an
inserted loop in the N-domain. This loop is involved in the
formation of a dimeric biological unit and influences
a-galactosidase activity as it facilitates the aglycon specificity
and enables binding of L-fucose. Another unique loop is
inserted in the C-domain, but in the 3D structure, it is
disordered. The -1 subsite residues are unique from other
characterized structures in GH31 family. The enzyme binds L-
fucose in the +1 subsite. However, its substrate specificity
differs to other characterized a-galactosidases as no hydrolysis
activity was detected on various natural galactosides such as
galactomannans, suggesting that subfamily members may be
involved in a novel a-D-galactopyranosyl-L-fucose degrada-
tion system (45).

GH31_15

This subfamily contains 542 sequences from a wide taxo-
nomic diversity that includes archaea, bacteria, and eukaryotes.
Bacterial members are mostly from the Terrabacteria taxon
(Firmicutes (>52%) and Actinobacteria (>22%)) and Bacter-
oidetes. The eukaryotic members are mainly from Fungi
(>99%) but includes a few members from red algae and
Oomycota. Members of the subfamily catalyze hydrolysis of
the a-1,3-linkage of glucosides (3.2.1.84) and a-1,4-linkages of
glucosides (3.2.1.20). Experimental data shows a preference for
hydrolysis of «-1,3 linkage of nigerooligosaccharides including
nigerose (46).
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The structural representative (PDB 7W]9, from Lactococcus
lactis subsp. cremoris) of the subfamily is a hexamer with each
protomer consisting of five domains (46). Four are the
conserved GH31 domains, while the fifth, a C-terminal a-helix
domain containing four helices, is involved in formation of the
hexamer. This enzyme has very low activity on maltooligo-
saccharides, which is ascribed to a lack of space in the +1
subsite of the catalytic pocket (46).

GH31_18

This is the only family GH31 subfamily with members active
on a 2-acetamido sugar, namely exo-acting protein a-N-ace-
tylgalactosaminidase (3.2.1.217) (19). The subfamily spans
several kingdoms but consists mainly of bacterial sequences
from several phyla (mostly Firmicutes, Bacteroidetes, Actino-
bacteria, and Gammaproteobacteria) and just a few metazoan
members. The cohesion of this subfamily is evidenced by its
early emergence at low stringency (E <10™°°) and it does not
disaggregate even at E = 107%°,

In the 3D structure (PDB: 6M76) from Enterococcus faecalis,
an extra subdomain is present in the catalytic domain that
includes a short a-helix and an antiparallel B-sheet (47). There
is a conformational change of the active site between the
ligand-free (open) and ligand-bound (closed) forms (47), which
has not been observed in other GH31 subfamily members, and
may be connected to the unique exo-acting N-acetylgalacto-
saminidase activity of this subfamily. There is an extra domain
in the polypeptide, a fibronectin type 3 domain. Fibronectin
type 3 domains can function as a linker connecting catalytic
and CBM domains (48). The reported structure does not
include a CBM domain, but the gene was truncated for
expression, and the full length protein has a CBM32 domain
like the majority of members of this subfamily (others contain
CBM32 and CBM51 domains) (47). The hydrolytic activity of
GH31 N-acetylgalactosaminidases is independent of the
C-terminal domain.

GH31_19

This subfamily contains 117 bacterial proteins including
members with a-galactosidase activity (EC 3.2.1.22) (49). The
majority of the group contains members from bacterial phyla,
mainly Bacteroidetes (47%), Firmicutes (38%), and Actino-
bacteria (15%).

A sequence alignment of subfamily 14 (another «-galacto-
sidase subfamily) and 19 was conducted (Fig. S7). The align-
ment indicates differences around the N-domain region,
especially in the inserted loop and catalytic domain, which may
result in structural differences.

Structural superposition of the AlphaFold predicted
GH31_19 structure (Fig. S8) and the GH31_14 experimentally
determined structure gives RMSD of 2.3 A, with significant
differences in N- and C-terminal domains.

GH31_20

This small subfamily contains only metazoan members (31)
with one characterized as an a-galactosidase, myogenesis-
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regulating glycosidase, MYORG, from Homo sapiens (50). The
majority of members belong to phylum Arthropoda (>60%),
and the rest are from Chordata and Annelida. The GH31_20
subfamily is a sibling to subfamily 19 and formed a single
group at E = 10°%°.

The subfamily contains a single 3D structure (PDB 7QQF)
of MYORG (50). MYORG forms a dimer in solution and
crystals. It has three main GH31 domains, except lacks the
usual distal C-terminal domain, and has a disordered region in
N-terminal domain. It has an insertion (between o3 and a4) in
(a/P)g-barrel catalytic domain. It is proposed that Trp321 in
the -1 subsite is responsible for a-galactosidase rather than a-
glucosidase activity. Despite being a human enzyme, MYORG
lacks activity on a-galactose containing disaccharide structures
that exist in humans including Gal-al,3-Gal, Gal-al,3-
GalNAc, and Gal-al,4-Gal but has excellent activity on the
unusual Gal-al,4-Glc disaccharide and weak activity on Gal-
al,6-Gal. Asp213 and Arg504 in subsite +1 are engaged in
hydrogen bonding interactions with the glucose of Gal-al,4-
Glc. Trp426 in the +1 subsite participates in stacking in-
teractions with glucose.

Subfamily 14 is an a-galactosidase subfamily with a struc-
tural representative. Structural superposition of members of
subfamily 14 and 20 has RMSD of 2.5 A. Both share several
active site residue similarities to encourage a-galactosidase
activity, however, the subfamily 14 structural representative
has Glu366 instead of Trp426, indicating a different substrate
preference.

Sibling subfamily 19, another a-galactosidase subfamily,
lacks a structurally characterized representative; however, su-
perposition of the AlphaFold predicted structure of subfamily
19 (Fig. S8) and MYORG structure are similar with RMSD of
1.5 A.

Unclassified sequences

The SSN classification scheme leaves only 1% of GH31
modules unclassified into subfamilies (for a detailed descrip-
tion of the minimum threshold for defining a family, see
Experimental procedures). Most of the unclassified modules
are singletons that do not share similarities to any other family
member. There are several small clusters of proteins that lack
the minimum number of proteins to define a subfamily and do
not contain characterized members. It is expected that these
groups may integrate subfamilies or become new subfamilies
as more sequences are deposited and curated into the CAZy
database.

Uncharacterized subfamilies

Our GH31 subfamily classification has six subfamilies without
any characterized member and highlights the sequence space of
the GH31 family remaining to be explored to improve its pre-
dictive power. GH31_2 is one of the largest subfamilies and
exhibits high taxonomic diversity. It contains 2138 members
including PGH31 from Paecilomyces lilacinus, which is impli-
cated in the nematophagous action of this fungus in biocontrol
of oilseed rape (51) but no biochemical activity has been

SASBMB

Subfamily classification of GH family 31

reported for any member yet. We therefore chose to charac-
terize one member of this subfamily (vide infra; see next
section).

Subfamilies 16 and 17, which lack characterized members,
are closely related to subfamily 15 and they form a single group
at E = 107> (Table 2 and Fig. 4). GH31_17 splits from the group
at E = 107" and contains 40 bacterial sequences (95% Acti-
nobacteria). At E = 107'?°, the remaining group splits into two,
forming subfamilies GH31_16 and GH31_15. Subfamily GH_16
contains only 27 members that are exclusively gram-negative
bacteria (96% Bacteroidetes). This splitting therefore appears
to be a taxonomical separation from subfamily 15. Whether
subfamilies 16 and 17 also display specificity for niger-
ooligosaccharides is an open question that awaits experimental
study. The topology of the phylogenetic tree indicates that these
three subfamilies are sibling clades in a separate triple rooted
branch (Fig. 4) and suggests that subfamilies 16 and 17 may
have similar activities to subfamily 15 (EC 3.2.1.84). Structural
superposition of AlphaFold predicted structures of representa-
tives of subfamilies 16 and 17 (Fig. S8) with experimentally
determined subfamily 17 gives RMSD 1.3 A, but subfamily 17
has a longer chain. Furthermore, subfamilies 16 and 17 lack the
C-terminal a-helix domain in subfamily 15, and subfamily 17
may have an extra domain in the C-terminal domain.

The Proteobacteria GH31_6 and Bacteroidetes GH31_9
subfamilies also lack characterized members. Subfamily 6 is
formed at E = 10" along with subfamily 4, which consists of
a-xylosidase members from subfamily 1. Phylogenetic analysis
suggests that subfamilies 6 and 3 (which also includes
a-xylosidase) evolved from a common ancestor (Fig. 4). The
structural superposition of the AlphaFold predicted GH31_6
and GH31_3 structures (Fig. S8) has RMSD of 1.9 A, and most
parts of the catalytic, C-terminal and N-terminal domains
overlay with each other. Collectively, this suggests that sub-
family GH31_6 may also have a-xylosidase activity. However,
the GH31_6 AlphaFold predicted structure lacks the large loop
in the N-domain present in GH31_ 3. Subfamily 9 first
appeared at E = 107'%° and split from subfamily 1. However, no
subfamily exhibits a close evolutionary relationship with
GH31_9. The AlphaFold predicted structure of GH31_9 sub-
family member QJR56767.1 from Phocaeicola doreihas dis-
plays a four domain GH31 module (Fig. S8).

Subfamily GH31_2 contains a broad-spectrum a-glucosidase

The gene encoding the GH31 2 subfamily member
RaGH31 (QDL53937.1) from R. aquaticus sp. nov. isolate Gr-
4" (GenBank: CP036282.1) was synthesized in a codon opti-
mized form for E. coli, expressed in this host and purified to
homogeneity. The enzyme was initially screened against a
range of chromogenic substrates. The enzyme was active
against 4-nitrophenyl a-D-glucopyranoside (PNPGlc) but was
inactive against other a-glycosides including 4-nitrophenyl o-
D-sulfoquinovoside (PNPSQ), 4-nitrophenyl o-D-galactopyr-
anoside  (PNPGal), 4-nitrophenyl  a-D-xylopyranoside
(PNPXyl), 4-nitrophenyl a-D-mannopyranoside (PNPMan), 4-
nitrophenyl N-acetyl-a-D-galactosaminide (PNPGalNAc), 4-
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nitrophenyl a-D-glucuronide (PNPGIcA), and 4-nitrophenyl
a-D-glucopyranoside 6-phosphate (6-P-PNPGlIc), represent-
ing the head-group of the majority of activities in family GH31.
"H NMR of the initially formed product revealed the formation
of a-glucose, and thus that the enzyme is a retaining o-
glucoside hydrolase (and not an a-glucan lyase). The effects of
pH on the hydrolytic activity and temperature stability test of
RaGH31 were evaluated using PNPGIc as a substrate (Fig. 5).
The pH dependence on k.,./Ky; gave a bell-shaped curve, with
an optimum at pH 6 and pKj; and pK,, values of 5.9 + 0.4 and
5.7 £ 0.4 (Fig. 5A). The closeness of these estimated macro-
scopic pK, values may represent an example of ‘reverse pro-
tonation’, in which the microscopic pKa values are reversed in
order with respect to the (apparent) macroscopic pKa values,
and thus only a small fraction of enzyme is in the correct
ionization state for catalysis (52). Kinetic parameters for
PNPGlc measured at pH 6 were ke, = 1.55 57", Ky = 0.18 mM,
and ke,/Ky = 8670 M™' 57" (Fig. 5B)

Hydrolytic activities toward various disaccharides was
qualitatively assessed by TLC: trehalose [a-D-Glcp-(1<1)-a-
D-Glcp], kojibiose [a-D-Glcp-(1—2)-D-Glc], nigerose [a-D-
Glcp-(1—-3)-D-Glc], maltose [a-D-Glcp-(1—4)-D-Glc], iso-
maltose [a-D-Glcp-(1—6)-D-Glc], and sucrose [B-D-Fruf-
(21)-a-D-Glcp]. After 5 h incubation with 12.3 pM RaGH31,
the reactions were analyzed by TLC. Sucrose was completely
hydrolyzed; partial hydrolysis of maltose, nigerose, and treha-
lose was also observed; isomaltose and kojibiose were inert
(Fig. 5C). The kinetic parameters for hydrolysis of sucrose,
maltose, nigerose, and trehalose were assessed using a colori-
metric glucose detection assay. Kinetic parameters (ke../Ky)
reveal a mild preference for sucrose over maltose and nigerose,
while trehalose was the poorest of the four disaccharide sub-
strates (Fig. 5, D—G and Table 4). The AlphaFold 3D structure
prediction of RaGH31 shows excellent structural similarity to
an experimentally determined X-ray structure of Chaetomium
thermophilum Glla-D556A mutant with nigerose (PDB:
5DKZ, green, a member of subfamily 1) (Fig. S9).

Discussion

SSNs provide a computationally efficient approach for
analysis of sequence relationships in large protein families (53)
and has previously been applied for classification of other GH
families (10, 11). A key advantage of all-versus-all pairwise
BLAST for SSN analysis is that it avoids the computationally
intensive multiple sequence alignment which remains
computationally challenging even after down-sampling, and
for which the huge sequence diversity may lead to difficulties
in identifying phylogenetic signal needed for assembling a
robust phylogeny. We applied SSNs to divide 13,473 GH31
sequence modules into 20 subfamilies.

In this work, we followed the framework established by
Viborg et al. who used BLAST-SSN to develop the subfamily
classification of family GH16 (10). Analysis of precision and
recall, taxonomic considerations, separation of distinct sub-
strate preferences, analysis of catalytic mechanism, and the
search for “reasonable-size” subfamilies guided our selection.
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In the case of GH31, the distribution of EC numbers was
useful for defining a meaningful E-value threshold, with careful
monitoring to ensure that excessive taxonomic fractionation
did not occur or could be justified by structural or observable
constraint in the subfamily alignments.

Family GH31 is unusual among the various GH families as
it possesses members that use three different mechanisms—
the classical retaining glycosidases, transglycosidases, and
the a-glucan lyases. In addition, the family contains enzymes
that act on diverse substrates: variation of substituents at the
C5 position (H, xylosides; CH,OH, glucosides; CH,SO3",
sulfoquinovosides; CO,H, glucuronosides), the C4 position
(D-gluco and D-galacto configuration), and the C2 position
(OH, D-gluco/D-manno; NHAc, N-acetylgalactosaminides).
Generally, there was excellent partitioning of these varia-
tions into separate subfamilies, which might reflect the
amino acid residue changes required in the active site to
achieve these distinct mechanistic and substrate binding
variations, as well as evolutionary divergence from common
ancestors.

At the preferred E-value of 1071% for subfamily classification,
GH31 divides into 20 subfamilies, with 11 possessing just one
EC number, three with two EC numbers, and one (GH31_1)
possessing 9. In the case of subfamily GH31_1, some of these
activities are overlapping and may even be shared by the same
enzyme: dextranase and oligo-1,6-a-glucosidase; sucrose
a-glucosidase and a-glucosidase; and o-mannosidase and
a-glucosidase. Moreover, there is a close relationship between
certain transglycosidases and glycosidases when they act on the
same substrate and lead to either transfer to water (glycosidase)
or transfer to a sugar acceptor (transglycosidase) via a common
glycosyl enzyme intermediate. Examples include iso-
maltosyltransferase and 1,3-a-isomaltosidase, 1,4-a-glucan 6-a-
glucosyltransferase oligosaccharide 4-a-D-glucosyltransferase,
and dextranase.

Just five subfamilies had no EC number assigned. Subfamily
GH31_2 is the largest of these uncharacterized subfamilies.
Using a range of PNP glycosides corresponding to most
monosaccharide variations observed within this family, we
showed a GH31_2 family member from R. aquaticus possesses
a-glucosidase activity (and not a-glucan lyase activity), as well
as activity on several disaccharides including sucrose, nigerose,
maltose, and trehalose, defining a series of EC numbers for this
family.

The subfamily classification allows a systematic survey of the
protein fold for structurally characterized members of family
GH31. All experimentally determined members contained a
conserved GH31 (a/fB)g barrel catalytic domain and three
additional domains: an N-terminal domain, and proximal and
distal C-terminal domains. However, in addition to these
conserved domains, there is considerable structural diversity:
human hydrolases in subfamily GH31 1 have an N-terminal
trefoil type-p domain; subfamily GH31 4 contains an N-ter-
minal PA14 domain; CAFE from subfamily GH31_7 contains
an N-terminal CBM-like domain and a C-terminal CBM35
domain; subfamily GH31_10 contains three extra C-terminal [3-
jellyroll domains; subfamily GH31 15 contains a C-terminal a-

SASBMB



Subfamily classification of GH family 31

A 12000- B 0.00008- 3
[ ]
~ i 0.00006-
%, 200 = 60000
¢ - ‘%
< 6000 % 0.00004- E 40000 p
X S < 20000
= >
5 3000 0.00002 =
® o 0 5 10 15 20 25
° 1/[PNPGIc] (mM™")
c T T L} T L} L} T T L} T T 1 0.0000' L 1 1 1 1
3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5 0.0 05 1.0 15 2.0 25
pH [PNPGIc] (mM)

C

 glucose trehalose sucrose maltose kojibiose isomaltose nigerose
RaGH31 - = + = + = + = & = & = 2

—

0.0020+ 0.0008+
[
[]
0.0015+ 0.0006-
‘Tm 2 ;15000 X ‘.‘w
E 0.0010- ?oooo E 0.0004+
N > 5000 >
0.0005+ - 7 0.0002+
%o o5 10 15 20 25 0o 2 4 6 8 10
1/[sucrose] (mM ") 1/[maltose] (mM ")
0.0000- T T T T 1 0.0000 T T d
0 5 10 15 20 25 0 5 10 15
F [sucrose] (mM) G [maltose] (mM)
0.00104
0.0008+ L4
“» 0.0006- 0
= =
£ 0.0004- £ N
> ; 10000 > 0.0001 = 10000 <
0.0002] ol o
0o 1 2 3 4 5 0.0 05 1.0 15 20 25
1/[ni M- 1/[trehalose] (mM !
0.0000-4 : Lokl i 0.0000 . . [. —
0 5 10 15 0 5 10 15 20 25
[nigerose] (mM) [trehalose] (mM)

Figure 5. Subfamily GH_2 RaGH31 from Rhodoferax aquaticus sp. nov. isolate Gr-4" is an a-glucosidase with activity on trehalose, sucrose, maltose,
and nigerose. A, pH dependence of k..i/Ky using PNPGIc as substrate, monitored using a UV/vis spectrophotometer. B, Michaelis—-Menten plot for PNPGIc
as substrate. (inset) Lineweaver-Burk plot. C, HPTLC analysis of RaGH31 digests of various disaccharides. Products were visualized with 0.2% orcinol in 10%
H,S04, 10% H,0 in ethanol. Michaelis-Menten and Lineweaver-Burk (inset) plots for (D) sucrose, (E) maltose, (F) nigerose, and (G) trehalose, monitored
using a coupled assay. GH, glycoside hydrolase.
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Table 4

Michaelis-Menten kinetic parameters for subfamily GH_2 RaGH31
from Rhodoferax aquaticus sp. nov. isolate Gr-4

Substrate Ky (mM) Keat (s7) Keat/ Ky M1 571
PNPGlc 0.17 + 0.02 1.56 + 0.04 8700 + 960
sucrose 40+ 1.1 0.18 + 0.02 45 £ 13
maltose 22+ 0.6 0.062 + 0.006 28 + 8
nigerose 34 + 1.2 0.091 + 0.014 27 £ 11
trehalose 2.6 0.7 0.022 + 0.002 8.6+ 25

helix domain of four helices; and subfamily GH31_18 contains
short a-helix and an antiparallel B-sheet domain.

Conclusion

We describe a subfamily classification of the mechanistically
and functionally diverse family GH31 using SSN analysis. This
classification collates sequence, biochemical, mechanistic, and
structural data on characterized members and supports more
refined bioinformatic predictions, AlphaFold predictions, and
provides a guide for experimental studies. The identification of
subfamilies and unclassified sequences with no functionally
characterized members offers an opportunity for future
enzyme discovery. To support future sequence annotation and
experimental design, the GH31 subfamily classification is now
publicly available in the CAZy database (http://www.cazy.org/
GH31.html).

Experimental procedures
Data acquisition

13,464 GH31-containing Genbank sequences were extrac-
ted using the SACCHARIS Perl script cazy_extract.pl (https://
github.com/DallasThomas/SACCHARIS) based on CAZy
database lists (June 2021) (54). The GH31 module was
manually defined for biochemically characterized GH31
members on the basis of multiple sequence alignment in the
program MAFFT using the G-INS-I strategy. This was used to
conduct an hmmsearch in HMMER3-3 to identify the GH31
modules for all family members. Sequences shorter than 40%
of query/reference modules were eliminated from the SSN
analysis (0.03 in total%) resulting in 13,473 GH31 modules,
saved as a FASTA-format file.

SSN analysis

13,473 GH31 modules were introduced to the SSNpipe tool
(10), with default settings to obtain all-versus-all pairwise local
alignments of all GH31 modules by BLAST+ 2.2.31 (55).
BLAST E-values ranging from 107°° to 107 by steps of 107
allowed the definition of a series of 17 SSNs. In each SSN,
every connected component (set of nodes connected to each
other by any path) was considered as a candidate subfamily if it
either (i) contained at least one characterized member and
sufficient sequence diversity (15 proteins for prokaryotes, 4 for
eukaryotes - less populated in CAZy due to incompleteness of
eukaryotic assemblies) or (ii) contained at least 20 proteins.
The remaining sequences were considered unclassified (uc). A
Python script was used to down sample the number of nodes
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for an SSN to reduce the number of edges. SSNs were visu-
alized using yFiles organic layout in Cytoscape-3.90.

Performance analysis using HMM

For each SSN E-value threshold, a library of HMMs for the
corresponding GH31 subfamilies, along with one extra HMM
for the unclassified GH31 sequences were generated using the
four following steps. Each sequence set (subfamily or the un-
classified group) was subjected to the sequence redundancy
reduction using the CD-hit (56) online platform with default
parameters except a clustering percentage tuned to 75%. The
resulting low-redundancy sets were aligned using the G-INS-i
strategy in MAFFT (57). HMMs were built using the
hmmbuild command in HMMER-3.3 (58) software after
defining boundaries for each multiple sequence alignment
using Jalview. The cat bash command in HMMER-3.3 was
used to concatenate all HMM profiles (all subfamilies plus the
uncharacterized) into a single HMM library for each SSN
E-value.

The HMM library was used to predict subfamilies in the
13,473 GH31 modules. Hits were obtained using the hmmscan
command from HMMER3-3 software with default parameters.
The modules were assigned to a subfamily based on two as-
pects: a minimal per-domain HMM E-value of 10"'% and a
required margin between the first/assigned and second-best
hits of 102°. Using a confusion matrix, true positives, false
positives, and false negatives were calculated for each SSN
E-value and used to deduce the overall precision and recall for
each SSN E-value.

Phylogenetic analysis

Thirty sequences for each subfamily were randomly
selected. All sequences were taken from the subfamilies with
less than 30 members. Each sequence set was then aligned
with MAFFT using the G-INS-i strategy. A maximum likeli-
hood phylogenetic tree was obtained from RAxML (22) with
100 bootstrap replicates. iTOL: Interactive Tree of Life (59)
was used to visualize and annotate the best tree.

Structural comparison

Twenty-nine PDB structures were taken from the PDB. One
structural representative was chosen for each subfamily (if
available). Multiple superposition for each subfamily was
conducted using the super command in PyMOL-2.3.4. For
subfamilies that exhibit two or more activities, the structures
for each activity (if available) were compared using the same
command in PyMOL-2.3.4.

Cloning, expression, and purification of RaGH31

A dsDNA oligonucleotide encoding QDL53937.1 (RaGH31)
and codon-harmonized for expression in E. coli was synthe-
sized (IDT Genscript) and cloned into the pET29b(+) (Nova-
gen) expression vector using the Ndel/Xhol restriction sites to
give the pET29-RaGH31 plasmid (Fig. S10).

For protein expression, pET29-RaGH31 was transformed
into chemically competent “T7 Express’ E. coli cells (NEB) and
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transformants selected on LB-agar (50 ug ml™" kanamycin) by
incubation at 37 °C for 16 h. A single colony was used to
inoculate 10 ml of LB media containing 50 pug mL™" kana-
mycin, and the cultures were incubated at 37 °C for 16 h. This
starter culture was used to inoculate 600 ml of S-broth (35 g
tryptone, 20 g yeast extract, 5 g NaCl, pH 7.4) containing
50 pg mL™' kanamycin, which was incubated with shaking
(250 rpm) at 37 °C until it reached an Agq of 0.7. After cooling
to room temperature, IPTG was added to a final concentration
of 0.4 mM, and incubation with shaking (200 rpm) continued
at 18 °C for 16 h. Cells were harvested by centrifugation at
8000g for 20 min at 4 °C and then resuspended in 40 ml
binding buffer (50 mM NaP;, 300 mM NaCl, 5 mM imidazole,
pH 7.5) containing protease inhibitor (Roche cOmplete
EDTA-free protease inhibitor mixture) and lysozyme
(0.1 mg mL™) by nutating at 4 °C for 30 min. Benzonase (1 l,
250 U) was added to the mixture and then lysis was effected by
sonication [10 x (15 s on/45 s off) at 45% amplitude]. The
lysate was centrifuged at 18,000xg for 20 min at 4 °C and the
supernatant was collected. The supernatants were filtered
(0.45 pm) and loaded onto a 1 ml HisTrap column (GE). The
column was washed with 3 x 10 ml of binding buffer, and the
protein was eluted using elution buffer (50 mM NaP;, 300 mM
NaCl, 400 mM imidazole, pH 7.5). Fractions containing
product, as judged by SDS-PAGE, were further purified by
size-exclusion chromatography on a HiPrep 16/60 Sephacryl
S-200 HR column (GE) using 50 mM NaP;, 150 mM NaCl, pH
7.5. Protein concentration was determined using the bicin-
choninic acid assay.

Enzyme assays for RaGH31

Hydrolytic activity was examined towards a range of
4-nitrophenyl glycosides (each 4 mM) in 600 pl reaction
mixtures containing 50 nM RaGH31 in 50 mM phosphate
buffer, 150 mM NaCl, pH 7 at room temperature. Reactions
were performed in a cuvette and monitored for release of
PNP using an UV/Vis spectrophotometer at the isosbestic
point of 4-nitrophenol (A = 348 nm) where the extinction
coefficient was 5125 M™' cm™' under the assay conditions.
The following sugars were examined: a-D-glucopyranoside
(PNPGIc), 4-nitrophenyl a-D-sulfoquinovoside (PNPSQ), 4-
nitrophenyl a-D-galactopyranoside (PNPGal), 4-nitrophenyl
a-D-xylopyranoside (PNPXyl), 4-nitrophenyl «-D-man-
nopyranoside (PNPMan), 4-nitrophenyl N-acetyl-a-D-gal-
actosaminide (PNPGalNAc), 4-nitrophenyl a-D-glucuronide
(PNPGIcA), and 4-nitrophenyl a-D-glucopyranoside 6-
phosphate (6-P-PNPGIc).

Hydrolytic activities toward various disaccharides were
assessed in 600 pl reaction mixtures containing 73.8 nM
RaGH31 in 50 mM phosphate buffer, 150 mM NaCl, pH 7 at
room temperature. After 5 h, reactions were heat inactivated
and then applied to an HP-TLC plate and eluted with ethyl
acetate, methanol, and water (7:4:2). Products were visualized
by spraying with a solution of 0.2% orcinol, 10% H,SO,, and
10% water in 80% ethanol and heating. The following sugars
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were assessed as substrates: trehalose [a-D-Glcp-(1<1)-a-D-
Glep], kojibiose [a-D-Glep-(1—2)-D-Glc], nigerose [a-D-
Glcp-(1—-3)-D-Glc], maltose [a-D-Glcp-(1—4)-D-Glc], iso-
maltose [a-D-Glcp-(1-6)-D-Glc], and sucrose [B-D-Fruf-
(2e1)-a-D-Glep].

To establish the stereochemistry of the initially formed
product of RaGH31 catalyzed hydrolysis of PNPGlc,
RaGH31 (73.8 nM) was added to a solution of PNPGIc
(10 mM) in 50 mM phosphate buffer, 150 mM NaCl at pD
7.4. 'TH NMR (500 MHz) revealed the formation of a new
signal at 8 5.22 ppm, J;, 3.8 Hz, assigned a-glucose.

The Michaelis parameter k.,./Ky was measured for PNPGlc
hydrolysis using the substrate depletion method in 50 mM
phosphate buffer, 150 mM NaCl at a range of pH values (4.07,
5.09, 549, 598, 647, 7.01, 7.47, 8.04, 8.52, 9.29) at room
temperature. A concentration of PNPGlc of 0.02 mM was
used, being <Kj/10. Reactions were initiated by adding
RaGH31 to a final concentration of 50 nM to PNPGIlc
(0.02 mM) in buffer and the rate measured continuously using
a UV/visible spectrophotometer. k.,/Ky; values were calcu-
lated using the equation y = (yp - Yoo) X €xp(-k x t) + Yoo, where
keat/ Kt = k/[E]; pK, values were calculated using the Prism 5
software package (Graphpad Scientific Software) using the
equation y = m x (1/(1+[(107™)/10PX¥) + (10P%%%)/(107
M)]))+c. Data for each pH were fitted to one phase decay curves
to get k../Ky values. The data for k.,/Ky versus pH was fit to
a bell-shaped curve, with an optimum at pH 6 (Fig. 24). pK,,;
and pK,, were calculated as 5.90 + 0.38 and 5.73 + 0.38. Below
pH 4.0 and above pH 9.5, the enzyme was unstable.

Temperature stability of RaGH31 was assessed by incuba-
tion of 50 nM RaGH31 in the assay buffer for 3 h at different
temperatures (room temperature, 30 °C, 35 °C, 40 °C, 45 °C,
50 °C, 55 °C). After this time, PNPGIlc was added to a final
concentration of 0.02 mM, and the reaction rate measured
using a UV/Vis spectrometer. After 3 h incubated at 30 °C, the
enzyme only has 7% activity compared to room temperature.
When the temperature raised to 40 °C, the enzyme only has
0.7% activity remaining.

Michaelis—Menten kinetics were measured for RaGH31-
catalyzed hydrolysis of PNPGIlc using a UV/visible spectro-
photometer. Reactions were conducted in 50 mM sodium
phosphate, 150 mM NaCl (pH 6) at 25 °C using 50 nM
RaGH31 at substrate concentrations ranging from 0.05 to
2 mM. For quantitative analysis of RaGH31 hydrolysis of di-
saccharides, the reaction was measured by using Colorimetric
Detection Kit (Invitrogen by Thermo Fisher Scientific). The
reaction was performed by using 12.3 uM RaGH31 in 50 mM
sodium phosphate, 150 mM NaCl buffer (pH 6) with various
concentrations of the disaccharide substrates. Samples at each
concentration were measured for 10 and 20 min to ensure a
linear initial rate for the reaction. The reaction was quenched
by heating at 80 °C for 5 min. The quenched samples were
cooled to room temperature and then glucose was released
according to the manufacturer’s instructions at 30 °C. The
absorption was measured using a UV/visible spectropho-
tometer. Hydrolysis of maltose, nigerose, and trehalose
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produce two equivalents of glucose, and the reaction rates
were therefore halved. Kinetic parameters (kea,, Kyt Keat/Knp)
were calculated using the Prism 5 software package (Graph-
Pad Scientific Software) using the Michaelis—Menten
equation.

Data availability

The GH31 subfamily classification is publicly available on
the CAZY database (http://www.cazy.org).
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