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C-Glycosides are an important type of natural product with
significant bioactivities, and the C-glycosidic bonds of C-gly-
cosides can be cleaved by several intestinal bacteria, as exem-
plified by the human faeces-derived puerarin-degrading bac-
terium Dorea strain PUE. However, glycoside hydrolases in
these bacteria, which may be involved in the C-glycosidic bond
cleavage of C-glycosides, remain largely unknown. In this
study, the genomes of the closest phylogenetic neighbours of
five puerarin-degrading intestinal bacteria (including Dorea
strain PUE) were retrieved, and the protein-coding genes in
the genomes were subjected to sequence similarity network
(SSN) analysis. Only four clusters of genes were annotated as
glycoside hydrolases and observed in the genome of D. long-
icatena DSM 13814" (the closest phylogenetic neighbour of
Dorea strain PUE); therefore, genes from D. longicatena DSM
13814" belonging to these clusters were selected to overex-
press recombinant proteins (CG1, CG2, CG3, and CG4) in
Escherichia coli BL21(DE3). In vitro assays indicated that
CG4 efficiently cleaved the O-glycosidic bond of daidzin and
showed moderate 3-D-glucosidase and -D-xylosidase activity.
CG2 showed weak activity in hydrolyzing daidzin and pNP-
B-D-fucopyranoside, while CG3 was identified as a highly
selective and efficient a-glycosidase. Interestingly, CG3 and
CG4 could be selectively inhibited by daidzein, explaining
their different performance in kinetic studies. Molecular dock-
ing studies predicted the molecular determinants of CG2,
CG3, and CG4 in substrate selectivity and inhibition pro-
pensity. The present study identified three novel and distinc-
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tive glycoside hydrolases, highlighting the potential of SSN
in the discovery of novel enzymes from genomic data.

Keywords: C-glycosides, puerarin, daidzin, sequence similarity
network, molecular docking, inhibition

Introduction

The human gut microbiota is a complex microbial commu-
nity with an enormous number of microbes that benefit the
host by fermentation of complex polysaccharides and natural
glycosides into aglycones or short-chain fatty acids in the
intestine (Ley et al., 2006; Chassard and Lacroix, 2013; Kim
et al., 2015; Thursby and Juge, 2017; Valles-Colomer et al.,
2019; Dong et al., 2020). Intestinal bacterial organisms have
numerous carbohydrate-active enzyme (CAZyme)-coding
genes in their genomes that encode many CAZymes target-
ing the glycosidic bonds within dietary polysaccharides and
glycosides to produce nutrients and energy (Huang et al.,
2018).

Glycosides are compounds in which one or more sugars
are linked with the aglycone through glycosidic bonds. They
are predominantly presented in the form of O-glycosides in
small amounts in the forms of C-glycosides, N-glycosides,
and S-glycosides (Nakamura et al., 2013). O-Glycosides are
among the most abundant compounds found in plants; for
example, daidzin (daidzein 7-O-glycoside) is the major iso-
flavone O-glycoside in soybean. Additionally, C-glycosides
are an essential natural product whose glycosidic bond is for-
med by directly connecting the anomeric carbon of sugar to
the carbon atom of aglycon. They are distributed in many me-
dicinal plants and have various bioactivities, such as puerarin
(daidzein 8-C-glycoside) (Nakamura et al., 2013). Unlike the
O-glycosidic bond, the C-glycosidic bond usually has good
stability and cannot be easily degraded by acids, bases, and
host enzymes (Ito et al., 2014). Although CAZymes from in-
testinal bacteria have been widely studied, questions regard-
ing the degradation of O-glycoside daidzin and C-glycoside
puerarin have received little attention.

Hattori and coworkers first reported that human intestinal
bacteria could break the C-glycosidic bond of homoorientin
in 1988 (Hattori et al., 1988a, 1988b). Jin et al. (2008) isolated
the bacterium Dorea strain PUE from human faeces in 2008
that could break the C-glycosidic bond of puerarin. In 2011,
Nakamura et al. (2011) reported that Dorea strain PUE broke
the C-glycosidic bond through hydrolysis but not reduction.
To date, only ten bacterial strains have been reported to cleave
the C-glycosidic bond, and how the enzymes manipulate de-
glycosylation has been partially elucidated (Wei et al., 2020).
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For example, Braune et al. (2016) reported that the DfgA,
DfgB, DfgC, DfgD, and DfgE proteins of Eubacterium cel-
lulosolvens ATCC 43171 only metabolized the C-glycosidic
bond of homoorientin and isovitexin in the presence of
Mn** and NAD", but the findings could not explain why the
strain manipulated the deglycosylation of puerarin. Recently,
Nakamura and colleagues reported that the reaction mech-
anism of C-deglycosylation of puerarin by Dorea strain PUE
comprises four reactions, oxidation, deglycosylation, H,O
addition, and reduction, cooperating with at least four en-
zymes (Nakamura et al., 2019, 2020). However, glycoside hy-
drolases in these C-glycoside-degrading bacteria, which may
be involved in the cleavage of C-glycosides, remain largely
unknown.

In recent decades, with the rapid development of high-
throughput sequencing technology, the amount of genomic
sequence data has grown exponentially (Brown and Babbitt,
2012). Although many novel functional gene sequences have
been identified, the structure and function of their encoding
proteins remain unclear. Sequence similarity network (SSN)
analysis provides a fast and simple calculation framework
to observe the evolution of many related proteins (Atkinson
et al., 2009) and may be a strategy to solve this problem. SSNs
can visualize relationships among protein sequences, in which
the related proteins are grouped in clusters (Levin et al., 2017).
Recently, an SSN containing genes encoding GH29 and GH95
a-fucosidases from the CAZy database and a-fucosidase
encoding genes from the genomes of the intestinal bacteria
Ruminococcus gnavus E1 and R. gnavus ATCC 29149 was con-
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Fig. 1. Chemical structures of substrates used in this study.
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structed to identify the representative a-fucosidases from
R. gnavus E1 (Wu et al., 2020).

Among ten intestinal bacterial strains capable of cleaving
the C-glycosidic bond of C-glycosides, five of them, Lacto-
coccus sp. MRG-IFC-1, Enterococcus sp. MRG-IFC-2, Lach-
nospiraceae strain CG19-1, Dorea strain PUE, and E. cellu-
losolvens ATCC 43171, could manipulate the deglycosylation
of puerarin and have been taxonomically identified (Braune
and Blaut, 2011, 2012; Nakamura et al., 2011; Xu et al., 2014;
Kim et al., 2015; Wei et al., 2020). We hypothesize that all five
C-glycoside-degrading bacteria may contain a specific group
of genes responsible for degradation, and these genes prob-
ably show high sequence similarities to each other and en-
code glycoside hydrolases. Because many genes were already
annotated as glycoside hydrolases in the genomes of these
strains, the genomes of the closest relatives of the five strains
were retrieved, and the protein-coding genes in the genomes
were subjected to SSN analysis to quickly identify the poten-
tial genes involved in the C-glycosidic bond cleavage of pu-
erarin. Only genes annotated as glycoside hydrolases and
observed in the genome of the closest phylogenetic neigh-
bour of Dorea strain PUE were selected to overexpress re-
combinant proteins in Escherichia coli BL21(DE3). Next, the
activities of the recombinant proteins in cleaving puerarin,
daidzin, and probe substrates of glycoside hydrolases were
evaluated using in vitro cell-free assays, and the molecular
determinants of the substrate selectivity and inhibition pro-
pensity were predicted by molecular docking studies.
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Materials and Methods

Materials

Puerarin, daidzin, and daidzein (Fig. 1) with > 98% purity by
HPLC were purchased from Shanghai Yuanye Biotechnology
Co., Ltd. Eight probe substrates for glycoside hydrolases,
PpNP-B-D-xylopranoside (pNP-B-Xyl), pNP-B-D-galactopyr-
anoside (pNP-B-Gal), pNP-B-D-fucopyranoside (pNP-p-Fuc),
PNP-a-L-fucopyranoside (pNP-a-Fuc), pNP-a-L-arabino-
pyranoside (pNP-a-Ara), pNP-a-D-glucopyranoside (pNP-
a-Glc), pNP-B-D-glucopyranoside (pNP-B-Glc), and pNP-f-
glucuronide (pNP-B-Glu) (Fig. 1) were obtained from Sigma.
Dulbecco’s phosphate-buffered saline (PBS) was provided
by Life Technologies. Imidazole, kanamycin, and isopropyl
B-D-1-thiogalactopyranoside (IPTG) were supplied by Bio-
sharp. Other reagents and solvents were of analytical grade.

Construction of the SSN

The 16S rRNA gene sequences of Lactococcus sp. MRG-IFC-1
(GenBank accession No. KF803554.1), Enterococcus sp. MRG-
IFC-2 (GenBank accession No. KF803555.1), Lachnospiraceae
strain CG19-1 (GenBank accession No. FJ711049.1), Dorea
strain PUE (GenBank accession No. EU377662.1), and E. cel-
lulosolvens ATCC 43171 (GenBank accession No. X71860.1)
were retrieved from the literature and identified using the
EzBioCloud server against the type strain sequences. (https://
www.ezbiocloud.net/identify) (Yoon et al., 2017). The pro-
tein-coding gene sequences of the top hits were downloaded
from the database, and the resulting amino acid sequences
were used to generate the SSN using the Enzyme Function
Initiative-Enzyme Similarity Tool (EFI-EST) (Gerlt et al.,
2015) (available at https://efi.igb.illinois.edu/efi-est/index.php).
The network was generated from all-by-all BLAST compar-
isons of all 13,197 protein-coding gene sequences. The thre-
sholds for sequence identity and alignment scores are mainly
determined empirically. Each node represents a single sequ-
ence or a group of sequences with more than 95% sequence
identity. Each edge in the network represents an alignment
hit with an E-value of 10" or better. The SSN data were vi-
sualized using Cytoscape 3.6 (Zallot et al., 2019).

Expression and purification of candidate glycoside hydrolases

Candidate glycoside hydrolase genes were codon-optimized
and synthesized by GenScript. Next, gene fragments were
cloned into the pET28a vector and transformed into E. coli
BL21(DE3). The recombinant strains were grown in LB me-
dium containing 50 mg/ml of kanamycin at 37°C until the
ODgop reached 0.5. Gene expression was induced at 16°C for
an additional 12 h by adding IPTG to a final concentration
of 0.5 mM. Cells were harvested by centrifugation at 8,000
rpm at 4°C for 10 min. The pellet was suspended in PBS buf-
fer and disrupted by sonication. The cell debris was removed
by centrifugation at 10,000 rpm at 4°C for 10 min to obtain
the crude extracts. The supernatant was applied onto Ni-NTA
His binding resin to purify the C-terminal His-tagged re-
combinant proteins. The column was eluted using a linear
gradient from 0 to 250 mM imidazole in NTA buffer (20 mM
Tris-HCl at pH 7.9, 0.5 M NaCl, 10% glycerol). Purified re-
combinant proteins were concentrated using an ultrafiltration
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membrane (Amicon Ultra 10 kDa cut-off; Millipore) and an-
alyzed by sodium dodecyl sulphate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) on an 8% separating gel. Protein
concentrations were determined using the bicinchoninic acid
assay (Beyotime Institute of Biotechnology).

Substrate selectivity of candidate glycoside hydrolases

To investigate the activity of the candidate glycoside hydro-
lases in hydrolyzing the probe substrates, such as pNP-B-Xyl,
PpNP-B-Gal, pNP-B-Fuc, pNP-a-Fuc, pNP-a-Ara, pNP-a-
Glc, pNP-B-Glc, and pNP-B-Glu, enzymes were incubated
with the corresponding pNP-glycosides (pNPG) at 37°C for
30 min, and the reaction mixture comprised 10 ml of pNPG
(0.25 mM), 10 ml of enzymes, and 80 ml of PBS buffer (pH
7.2). The concentration of released pNP was determined by
recording the absorbance at 405 nm using a microplate re-
ader (Spectra Max 190; Molecular Devices). To compare the
activity of the enzymes in cleaving the C-glycosidic and O-
glycosidic bonds, the enzymes were incubated with puerarin
and daidzin, respectively. The 100-ml reaction mixture com-
prised 88 ml of 50 mM PBS buffer, 10 ml of enzyme (final
concentration: 0.2 mg/ml), and 2 ml of 12.5 mM substrate
in DMSO and was incubated at 37°C for 30 min. The reac-
tion was terminated by adding 100 ml of acetonitrile. Aliquots
of the supernatants were injected onto an Agilent LC 1260
HPLC-DAD with a ZORBAX Extend-C;s column (4.6 x 250
mm; 5-mm particle size; Agilent Technologies).

Effects of pH, temperature, and metal ions on the activity
of candidate glycoside hydrolases

The effects of pH on enzymatic activity were determined at
37°C at pH values ranging from 3.0 to 11.0 using different
buffers. The buffer solutions used were as follows: 50 mM
glycine-HCI buffer (pH 3.0), 50 mM sodium acetate buffer
(pH 3.6, 4.0, and 5.0), PBS buffer (pH 5.8, 6.0, 7.0, and 8.0),
and 50 mM glycine-NaOH buffer (pH 8.0, 8.6, 9.0, 10.0,
and 11.0). The reaction mixtures were prepared by mixing
10 ml of pNPG (0.25 mM), 10 ml of enzyme solutions, and
80 ml of buffer solutions with different pH values. The ef-
fects of temperature on the activity of candidate glycoside
hydrolases were characterized at the optimal pH at temper-
atures ranging from 20°C to 80°C. The impacts of Na’, K",
Mg™*, Zn*", Mn*", Cu®", and Ca** (final concentration: 1 mM)
on the activity of candidate glycoside hydrolases were eval-
uated at 37°C in buffers with optimal pH. The reactions lasted
for 30 min, and the activity of the enzymes was quantified ac-
cording to the methods described above.

Kinetics of candidate glycoside hydrolases in glycoside hy-
drolysis

The kinetic parameters of candidate glycoside hydrolases
were determined using pNPG or daidzin as the substrates
under the initial reaction rate. The concentration ranges of
PNP-a-Glc, pNP-B-Glc, pNP-B-Fuc, pNP-B-Xyl, and daidzin
were optimized as 0.25-5.00 mM, 50-1,000 mM, 50-1,000
mM, 50-800 mM, and 50-250 mM, respectively. The reac-
tion mixtures comprised 2 ml of glycosides, 10 ml of enzymes,
and 88 ml of PBS buffer. pNPG was incubated at 37°C for
30 min, and the incubation time for daidzin was 3 h. The ac-
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s of the closest relatives of Lactococcus sp. MRG-IFC-1, Enterococcus sp. MRG-

IFC-2, Lachnospiraceae strain CG19-1, Dorea strain PUE, and E. cellulosolvens ATCC 43171.

tivity of the enzymes was quantified according to the methods
described above. The Michaelis constant (K,,), maximal ve-
locity (Vina), and turnover number (k) values were calcu-
lated using GraphPad Prism 5.0 (GraphPad Software).

Time-course curves of candidate glycoside hydrolases in
daidzin hydrolysis and effects of daidzein on the activity of
the enzymes

To explain the different behaviours of the candidate glycoside
hydrolases in kinetic studies, the time course of candidate
glycoside hydrolases in hydrolyzing daidzin and the effects
of daidzein on the activity of the enzymes were assessed. For
time course experiments, enzymes were incubated with 250
mM daidzin at 37°C for 2, 4, 8, 12, 16, and 24 h. The effects
of daidzein on the activity of enzymes in hydrolyzing pNPG
or daidzin were determined by preincubating the enzymes
with 100 mM daidzein at 37°C for 5 min and then mixing
them with the corresponding substrate solutions (final con-
centration: 250 mM). The formation of pNP and daidzein
was also quantified as described above.

Homology modelling and molecular docking studies

Molecular docking studies were performed to predict the mo-
lecular determinants of the candidate glycoside hydrolases
in substrate selectivity and inhibition propensity. The 3D
structures of the enzymes were constructed by homology
modelling and validated by Ramachandran plots using MOE
(Version 2019.09; Chemical Computing Inc.) according to
our previous report (Wei et al., 2018). Substrates or inhibi-
tors were docked into the active sites of the 3D models of
the enzymes using the same parameters as described in our
recent work (Zhou et al., 2020).

Nucleotide sequence accession number

The codon-optimized gene sequences of candidate glycoside
hydrolases CG1-CG4 have been deposited in GenBank un-
der accession numbers MW770309-MW?770312.

Results

SSN analysis reveals the gene sequences of candidate glyco-
side hydrolases

To date, only five bacterial strains, Lactococcus sp. MRG-
[FC-1, Enterococcus sp. MRG-IFC-2, Lachnospiraceae strain
CG19-1, Dorea strain PUE, and Eubacterium cellulosolvens
ATCC 43171, could cleave the C-glycosidic bond of puer-
arin and have been taxonomically identified (Braune and
Blaut, 2011, 2012; Nakamura et al., 2011; Xu et al., 2014; Kim
et al., 2015; Wei et al., 2020). Therefore, the genomes of L.
lactis subsp. hordniae NBRC 100931", Enterococcus lactis BT-

M1

2345678
(kDa)
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-
?0.'.' ' l

55 =

40 =~
Fig. 3. SDS-PAGE analysis of cell extracts and purified enzymes. Lanes:
M, protein marker; 1, cell extracts of CG1 after IPTG induction; 2, purified
CG1; 3, cell extracts of CG2 after IPTG induction; 4, purified CG2; 5, cell
extracts of CG3 after IPTG induction; 6, purified CG3; 7, cell extracts of
CG4 after IPTG induction; 8, purified CG4.



Table 1. Substrate selectivity of CGs
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The data are presented as the means + standard error of the mean from three independent experiments.

Substrate Activity (mmol/mg/h)
CGl CG2 CG3 CG4

PNP-a-D-glucopyranoside -4 o 381.6 + 5.9 _
PNP-B-D-glucopyranoside - = - 112+03
PNP-B-D-glucuronide - = : 1.5+ 0.96
PpNP-B-D-fucopyranoside - 0.11 £ 0.02 - _
PNP-B-D-galactopyranoside - = 1.9 + 0.09 1.7 + 0.02
PNP-B-D-xylopyranoside - - - 14.6 +0.59
PNP-a-L-fucopyranoside - = : -
PNP-a-L-arabinopyranoside - = - -
Puerarin - - - -
Daidzin = 0.08 +0.01 = 103.0+5.3

“ -, no activity was observed.

159", Frisingicoccus F]711049_s, D. longicatena DSM 13814,
and Eubacterium cellulosolvens ATCC 431717, whose 16S
rRNA genes showed the highest sequence similarity (89.8—
100%) to the corresponding strains (Supplementary data
Table S1), were retrieved. All 13,197 protein-coding genes in
these five genomes were subjected to SSN analysis. The pro-
tein-coding gene sequences were distributed in hundreds
of clusters (Fig. 2). Only four clusters of genes (clusters 1-4)
were annotated as glycoside hydrolases and contained pro-
tein-coding genes from D. longicatena DSM 13814". There-
fore, genes from D. longicatena DSM 13814" belonging to
these clusters were selected to overexpress the candidate gly-
coside hydrolases (CG1, CG2, CG3, and CG4) (Supplemen-
tary data Table S2).

Expression and purification of CGs

The gene sequences of the four glycoside hydrolase candi-
dates from D. longicatena DSM 13814" were code-optimized
and directly synthesized by Genescript. The gene fragments
were cloned into pET-28a and transformed into E. coli BL21
(DE3) to obtain the recombinant proteins. The molecular
weights of CG1-CG4 calculated by ExPASy were 55, 56, 64,
and 95 kDa. CG1-CG4 were abundantly overexpressed after
IPTG induction, and the recombinant proteins were puri-
fied by affinity chromatography and ultrafiltration (Fig. 3).

CGs exhibit different substrate specificity profiles

The enzymatic activity of the four candidate glycoside hy-
drolases in hydrolyzing puerarin and daidzin, as well as the
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eight probe substrates (Fig. 1), were assessed at pH 7.2 and
37°C. Unfortunately, none of them could cleave the C-gly-
cosidic bond of puerarin, but CG4 could efficiently hydro-
lyze the O-glycosidic bond of daidzin at a rate of 103.0 umol/
mg/h (Table 1). CG2 also showed slight activity towards daid-
zin (0.08 umol/mg/h) and moderate activity towards pNP-
B-Fuc (0.11 pmol/mg/h), and CG4 showed moderate enzy-
matic activity towards pNP-B-Glc (11.2 umol/mg/h) and
PpNP-B-Xyl (14.6 umol/mg/h), as well as weak activity against
PpNP-B-Glu (1.5 pmol/mg/h) and pNP-B-Gal (1.7 pumol/mg/h).
CG3 was estimated to be a highly efficient a-glycosidase (381.6
pmol/mg/h) but also showed weak B-galactosidase activity
(1.9 pmol/mg/h). CGI1 showed no detectable activity towards
the tested substrates. The findings revealed the different sub-
strate specificity profiles of the three novel glycoside hydro-
lases.

Effects of pH, temperature, and metal ions on the enzymatic
activity of CGs

Because CG3 and CG4 were more active in hydrolyzing
glycosides than other CGs, the effects of pH, temperature,
and metal ions on the enzymatic activity of CGs were as-
sessed using the ability of CG3 to hydrolyze pNP-a-Glc and
that of CG4 to hydrolyze pNP-B-Glc. Thus, the optimal con-
ditions of representative CGs could be efficiently charac-
terized. The optimal pH of CG3 in hydrolyzing pNP-a-Glc

Table 2. Kinetic parameters of CGs towards pNPG and daidzin

and that of CG4 in hydrolyzing pNP-B-Glc was determined
at pH 3.0-11.0. CG3 showed maximum activity in glycine-
NaOH buffer at pH 8.0 and retained more than 66% of ac-
tivity in PBS buffer at pH 6.0 and 7.0, while CG4 displayed
the optimal activity in PBS buffer at pH 6.0 and negligible
activity at pH < 5 or pH > 9 (Fig. 4A and B). CG3 and CG4
were temperature-sensitive, with the optimal temperature
estimated at approximately 40°C (Fig. 4B and E). The effect
of metal ions on the activity of CG3 and CG4 is presented
in Fig. 4C and F. The presence of Zn** and Cu** almost com-
pletely inhibited the activity of CG3 and CG4 (inhibition
rate > 74%), and the addition of Na" and K" partially inhi-
bited the activity of CG3 with an inhibition rate close to 30%
but did not affect the activity of CG4. Mg*", Mn**, and Ca*'
also incompletely inhibited the activity of CG3 and CG4 with
inhibition rates ranging from 14.7% to 68.5%.

Kinetics parameters of CGs in glycoside hydrolysis

The impact of the substrate concentration on the enzymatic
activity of CGs is depicted by direct plots and Eadie-Hofstee
plots (Fig. 5). According to the linear tendency in the Eadie-
Hofstee plots, all the reactions followed typical Michaelis-
Menten kinetics. The kinetic parameters are summarized in
Table 2. The V0 and K,, values of CG2 in hydrolyzing pNP-
B-Fuc were 1.3 £ 0.11 pmol/mg/h and 2.6 + 0.27 mM, re-
spectively, which were approximately ten and eight times as

The data are reported as the means + standard error of the mean from three independent experiments.

Substrate Enzyme K., (mM) Vinax (Hmol/mg/h) Feat (sec’™) et/ Ky (sec mM™)
PpNP-B-Fuc CG2 2.6 £0.27 1.3+0.11 0.02 + 0.002 0.008 £ 0.0002

Daidzin CG2 0.27 £ 0.078 0.16 £ 0.027 0.001 £ 0.0004 0.009 £ 0.001
PNP-a-Glc CG3 91+14 12,000 + 1,400 215.6 £ 25.5 23.7 £0.92
PNP-B-Glc CG4 0.089 £ 0.005 15.3 £ 0.32 0.4 £ 0.008 45+ 0.16
PpNP-B-Xyl CG4 0.73 £ 0.029 62.6 +1.8 1.7 £ 0.05 2.3 £0.05
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much as those of CG2 in hydrolyzing daidzin, respectively,
suggesting that CG2 had a high affinity but low capacity for
daidzin. Thus, the catalytic efficiency (k../Ki.) of CG2 towards
them was comparable (0.008 + 0.0002 vs. 0.009 + 0.0010
sec’ mM™). The V4 and keui/K,, values of CG3 in hydro-

(A) (B)

~’

lyzing pNP-a-Glc were 12,000 + 1,400 umol/mg/h and 23.7
+ 0.92 sec’ mM™, respectively, indicating that CG3 was a
highly efficient a-glucosidase. CG4 exhibited a higher affinity
and lower capacity towards pNP-B-Glc than pNP-B-Xyl. The
results demonstrated the distinct behaviours of these three
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Fig. 7. Ribbon diagrams of the homology model of (A) CG2, (B) CG3, and (C) CG4. Binding modes of (D) daidzin in the active site of the model of CG2, (E)
PNP-a-Glc in the active site of the model of CG3, and (F) daidzein in the active site of the model of CG4. The ligand is colored in yellow and the surrounding
residues of the binding pockets are colored in gray. The backbone of the receptor is depicted as gray.
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novel glycoside hydrolases.

Effect of daidzein on the enzymatic activity of CGs

Although CG4 showed excellent enzymatic activity in hydro-
lyzing the O-glycosidic bond of daidzin, unlike CG2, the time
course of CG4 was quite unique, and the reaction reached
equilibrium after 30 min of incubation (Fig. 6A and B), sug-
gesting that the product daidzein may inhibit the enzymatic
activity of CG4. Therefore, the effects of daidzein on the pNPG
hydrolysis activity of CG2-CG4 were determined. Daidzein
exhibited approximately 50% inhibition towards CG3 in
hydrolyzing pNP-a-Glc and CG4 in hydrolyzing pNP-B-Glc
and negligible inhibition towards CG2 in hydrolyzing pNP-
B-Fuc and CG4 in hydrolyzing pNP-B-Xyl, demonstrating
the varied inhibition propensity of CGs (Fig. 6C). Daidzein
also did not affect the activity of CG2 in metabolizing daid-
zin (Fig. 6D) but could partially inhibit the activity of CG4
in metabolizing daidzin (Fig. 6E).

Homology modelling and molecular docking studies

After searching for the homologous proteins of CGs using
MOE, a putative phospho-f-glucosidase from Streptococcus
mutans UA159 (PDB 4F66), an oligo-1,6-glucosidase from
Bacillus cereus (PDB 1UOK), and a B-glucosidase from Ther-
motoga neapolitana DSM 4359 (PDB 2X40) showed the highest
similarity to CG2, CG3, and CG4, with similarities of 58.2%,
60.9%, and 36.3%, respectively. Top-ranked proteins were
used as templates to construct the homology models of CG2-
CG4. The ribbon diagrams of the homology model of CG2,
CG3, and CG4 are presented in Fig. 7A-C. The Ramachan-
dran plots showed that most of the residues of CGs were in
the allowed regions, suggesting the good quality of the mo-
dels (Supplementary data Fig. S1). Daidzin could properly
dock into the active site of CG2 through hydrogen bond in-
teractions with Ser178, Trp356, Trp358, Trp439, and Asn441,
suggesting that these residues may be essential in daidzin hy-
drolysis by CG2 (Fig. 7D). pNP-a-Glc bound at the entrance
of the active site of CG3 and developed hydrogen bond in-
teractions with Asp199 and Glu256 (Fig. 7E). The binding
mode of daidzein with CG4 is depicted in Fig. 7F. Daidzein
formed hydrogen bond interactions with residues Glu481
and Met512 in the active site of CG4, implying the important
roles of the two residues in the inhibition by daidzein.

Discussion

C-Glycoside-degrading bacteria have attracted increased atten-
tion because of the unclear degradation mechanism. Several
intestinal bacterial isolates have been reported to break the
C-glycosidic bond of some C-glycosides, such as puerarin,
barbaloin, and mangiferin, but glycoside hydrolases in these
bacteria, which are involved in the cleavage of C-glycosides,
remain largely unknown, particularly for the puerarin-degrad-
ing bacterium Dorea strain PUE. Here, the protein-coding
genes in the genomes of the closest relatives of five bacte-
rial strains capable of breaking down the C-glycosidic bond
were retrieved and submitted to SSN analysis. Only four gene
sequences from D. longicatena DSM 13814" exhibited the po-

tential to be glycoside hydrolases. The recombinant proteins
(CG1-CG4) were successfully overexpressed and purified from
E. coli BL21(DE3). The in vitro assays demonstrated that none
could break the C-glycosidic bond of puerarin, but CG2 and
CG4 could cleave the O-glycosidic bond of daidzin. CG3 was
identified as a highly efficient and selective a-glycosidase.
Daidzein was characterized as a potent inhibitor of CG4, a
selective inhibitor of CG3, and showed no inhibitory potency
towards CG2. Molecular docking studies explored the mo-
lecular determinants of CGs in substrate selectivity and in-
hibition propensity.

In the present study, five strains were found to manipulate
the deglycosylation of puerarin and were taxonomically iden-
tified. Because the five strains were not type strains and their
genomic sequences were unavailable, we retrieved the pro-
tein-coding genes in the genomes of the closest phyloge-
netic neighbours of five strains from the EzBioCloud data-
base (Supplementary data Table S2) and submitted them to
SSN analysis with intentions to determine the potential gly-
coside hydrolases. Given that 199,907 qualified genomes are
found in the EzBioCloud database, the gene sequences of the
candidate glycoside hydrolases from D. longicatena DSM
13814" (the closest phylogenetic neighbour of Dorea strain
PUE) should exhibit high sequence identity to those from
Dorea strain PUE, but the sequence similarity between them
must be investigated further.

SSN is a powerful method to assign functions to uncharac-
terized genes and mine potential target gene sequences based
on sequence similarity and functional gene annotation re-
sults (Atkinson et al., 2009). Levin et al. (2017) identified a
prominent glycyl radical enzyme in the human gut micro-
biome using SSN analysis. Recently, Wu et al. (2020) charac-
terized an a-fucosidase from R. gnavus E1 by analyzing the
sequence relationships between identified a-fucosidases and
protein-coding genes in the genomes of R. gnavus E1 using
SSN. Here, we constructed an SSN of protein-coding genes
from five bacterial isolates and identified three novel glyco-
side hydrolases that showed distinct substrate selectivity and
inhibition propensity. For example, CG2 could hydrolyze
PNP-B-Fuc and daidzin and could not be inhibited by daid-
zein. CG3 was identified as a highly efficient and selective
a-glycosidase and could be partially inhibited by daidzein.
CG4 showed broad-spectrum hydrolase activity, and the in-
hibitory potency of daidzein varied depending on the sub-
strates. Our findings highlight the potential of SSN in the
discovery of novel enzymes from genomic data.

In the present study, three novel glycoside hydrolases (CG2-
CG4) were identified from the human faeces-derived anae-
robic bacterium D. longicatena DSM 13814". The enzymes
show hydrolytic activity against various pNP-glycosides, sug-
gesting the strong adaptability of intestinal microorganisms
by utilizing various glycosides as energy resources. The cat-
alytic efficiency of CG3 in hydrolyzing pNP-a-Glc is much
higher (keai/ Ky 1.4 vs. 0.11 uM 'min™") than that of a-gluco-
sidase from Gardnerella spp. (Bhandari et al., 2021). The ap-
plication of CG3 in the preparation of oligosaccharides war-
rants further investigation. CG2 and CG3 could hydrolyze
daidzin, demonstrating the important roles of intestinal bac-
terial enzymes in the in vivo efficacy of natural plant glyco-
sides.



B-Glycosides are a unique group of bioactive metabolites
that are abundantly found in Chinese medicine, fruits, and
tea (Hollman, 2001; Jyotshna et al., 2016; Wang et al., 2020).
Microbial B-glucosidases play important roles in the degly-
cosylation of natural B-glycosides, such as soybean isoflavone
glycosides (Kim et al., 2011; Pei et al., 2016; Li et al., 2018; Qu
et al., 2020), but no study has reported that the activity can
be inhibited by daidzein. In the present study, CG2 and CG4
from the same strains could catalyze the cleavage of the O-
glycosidic bond of daidzin, suggesting the high potential of
intestinal bacteria in p-glycoside metabolism. Interestingly,
CG2 could not hydrolyze the probe substrate for p-glucosi-
dase but could hydrolyze the substrate for B-fucosidase and
daidzin. According to the gene annotation results of cluster
2 (Supplementary data Table S1) and similarity of homolo-
gous proteins, it is likely to be a phospho-p-glucosidase.

Wei et al. (2017) reported that daidzein shows a more po-
tent inhibitory effect on a-glucosidase than acarbose, and the
amino acid residue Thr215 of a-glucosidase is necessary for
the interaction. Seong et al. (2016) also confirmed that daid-
zein is a potent inhibitor of a-glucosidase with ICs values
of 8.58 £ 0.94 uM, but the amino acid residues of a-gluco-
sidase that developed hydrogen bond interactions with daid-
zein are Arg270, Ala292, and His295. Here, we found that
daidzein is an inhibitor of CG3 and CG4 but cannot inhibit
the enzymatic activity of CG2. Notably, the inhibitory po-
tency of daidzein on CG4 varied depending on the substrate.
Residues Glu481 and Met512 in the active site of CG4 may
play important roles in the inhibition by daidzein. The low
sequence similarity (28.2%) between a-glucosidase and CG4
may explain the different key residues for inhibition. The mo-
lecular determinants of CGs in substrate selectivity were also
predicted by molecular docking studies, but the precise me-
chanism warrants structural biology studies.

In conclusion, the present study using SSN analysis iden-
tified three novel glycoside hydrolases that show varied sub-
strate selectivity and inhibition propensity and predicted the
molecular determinants of the three glycoside hydrolases in
substrate selectivity and inhibition propensity. The findings
highlight the functional diversity of glycoside hydrolases and
potential of SSN in the identifying of novel enzymes from
genomic data.
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