Biotechnol Lett (2025) 47:10
https://doi.org/10.1007/s10529-024-03547-3

ORIGINAL RESEARCH PAPER

q

Check for
updates

Identification, heterologous expression, and characterisation
of B-1,3-xylanase BcXyn26B from human gut bacterium

Bacteroides cellulosilyticus WH2

Sanae Hori - Fumiyoshi Okazaki

Received: 2 August 2024 / Revised: 26 September 2024 / Accepted: 19 October 2024

© The Author(s) 2024

Abstract The cell walls of red and green algae
contain B-1,3-xylan, which is hydrolysed by the
endo-type enzyme [-1,3-xylanase. Notably, only
marine-bacteria-derived p-1,3-xylanases have been
functionally characterised to date. In this study, we
characterised the enzymatic properties of a potential
B-1,3-xylanase (BcXyn26B) derived from the human
gut bacterium, Bacteroides cellulosilyticus WH2.
The codon optimized BcXyn26B gene was synthe-
sised and expressed in Escherichia coli BL21(DE3).
The recombinant protein was purified by a two-step
purification process using Ni-affinity chromatography
followed by anion exchange chromatography, and its
enzymatic properties were characterised. The recom-
binant BcXyn26B exhibited specific hydrolytic activ-
ity against f-1,3-xylan and released various f-1,3-
xylooligosaccharides, with f-1,3-xylobiose as the
primary product. The optimum reaction temperature
was 50 °C, higher than that for other enzymes derived
from marine bacteria. This study represents the first
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report on the identification, heterologous expression,
and characterisation of f-1,3-xylanase from human
gut microbes. Notably, the substrate specificity of
BcXyn26B indicates that human gut Bacteroides
species possess an unknown [-1,3-xylan utilisation
system.
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Introduction

The human gut microbiota comprises diverse bac-
teria that utilise various polysaccharides. These
microbes are crucial for our symbiotic relationship,
and their composition is altered by diet to maintain
host homeostasis by regulating the metabolic patterns
of the substances produced by the gut microbiota (Ge
et al. 2021). Therefore, understanding the interactions
among diet, gut bacteria, and the host is crucial for
understanding their biological functions. Bacteroides,
the dominant bacterial group present in the human
gut, utilises polysaccharides from both plant and host
sources (Koropatkin et al. 2012). These bacteria are
rich in genes encoding carbohydrate-active enzymes
(CAZymes), which are organised into polysaccharide
utilisation loci (PULs) and distributed throughout the
genome (Xu et al. 2007). This PUL system enables
nutrient acquisition by Bacteroidetes and contributes
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to establishing a microbial ecosystem. Among the
human gut microbiota, Bacteroides cellulosilyticus
exhibits the most extensive carbohydrate-degrading
mechanism. B. cellulosilyticus WH2 is a gram-neg-
ative anaerobic bacterium isolated from the human
gut (Robert et al. 2007). Notably, its whole genome
has been sequenced, and the presence of numer-
ous CAZymes and PULs indicates its proficiency in
metabolising polysaccharides with diverse structures
and polymerisation degrees (McNulty et al. 2013).
Seaweed, a non-digestible dietary component,
has garnered significant attention as a valuable food
resource. Consuming seaweed-derived polysaccha-
rides reduces the risk of obesity (Tucker & Thomas
2009), type II diabetes (Meyer et al. 2000), breast
cancer (Park et al. 2009), and coronary heart disease
(Streppel et al. 2008). Although enzymes required to
degrade red algae are derived from marine bacteria
(Araki et al. 1999; Aoki & Kamei 2006; Shan et al.
2014), human gut bacteria also exhibit genes encod-
ing CAZymes that hydrolyse marine polysaccharides
(O’Sullivan et al., 2010, Jin et al. 2021). Additionally,
the genes encoding CAZymes, which are involved in
agarose degradation, are transferred from the marine
bacterium Zobellia galactanivorans to the human gut
bacterium Bacteroides plebeius, which was isolated
from Japanese gut microflora (Hehemann et al. 2010).
Therefore, the potential of gut bacteria to utilise sea-
weed polysaccharides has garnered research attention.
B-1,3-Xylan is a polysaccharide that is present in
the cell walls of red and green algae such as Por-
phyra, Bangia, Caulerupa, Bryopsis, and Udotea
species (Iriki et al. 1960), but not in any terrestrial
plant species. p-1,3-xylanases (1,3-pf-D-xylan xylano-
hydrolase; EC 3.2.1.32) are enzymes that play a cru-
cial role in hydrolysing the -1,3-glycosidic linkages
of pB-1,3-xylan, resulting in the production of short-
chain p-1,3-xylooligosaccharides. This enzyme offers
several beneficial applications, such as analysing the
structural makeup of algal cell walls (Kiyohara et al.
2006), preparing protoplasts from red algae (Araki
et al. 1994), and transforming algal biomass (Ume-
moto et al. 2012). To date, a relatively small number
of p-1,3-xylanases have been identified and character-
ised, including those from Vibrio sp. strain XY-214
(Araki et al. 2000), Alcaligenes sp. strain XY-234
(Okazaki et al. 2002), Vibrio sp. strain AX-4 (Kiyo-
hara et al. 2005), Pseudomonas sp. strain ND137
(Aoki & Kamei 2006), Thermotoga neapolitana
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strain DSM 4359 (Okazaki et al. 2013), Psychroflexus
torquis ATCC 700755 (Kudou et al. 2015), Flamme-
ovirga pacifica strain WPAGAT1 (Cai et al. 2018; Yi
et al. 2020), and Brevundimonas vesicularis (Liang
et al. 2015). These B-1,3-xylanases are derived from
marine bacteria. However, no f-1,3-xylanases have
been identified in human gut bacteria.

In this study, we identified a potential p-1,3-
xylanase gene in the genome of B. cellulosilyticus
WH2, a human gut bacterium. This potential $-1,3-
xylanase BcXyn26B (recombinant protein of the Bcx-
yn26B gene) has not yet been biochemically charac-
terised. We further aimed to analyse the enzymatic
properties of BcXyn26B. The present investigation
constitutes the first biochemical examination of -1,3-
xylanase derived from human intestinal bacteria. Our
findings indicated that BcXyn26B is an endo-type
B-1,3-xylanase with a higher catalytic efficiency than
previously identified f-1,3-xylanases from marine
bacteria.

Materials and methods
Sequence analysis

Amino acid sequence homology queries were
searched in the Basic Local Alignment Search Tool
(BLAST) from the National Center for Biotechnol-
ogy Information (Altschul et al. 1990). Sequence
alignment and protein signal peptide prediction were
performed using MUSCLE (Edgar 2004) SignalP 5.0
(Petersen et al. 2011) software, respectively.

Materials

B-1,3-Xylan from the green alga Caulerpa racemosa
var. laete-virens was prepared using the method
described by Iriki et al. (Iriki et al. 1960). p-1,3-xylo-
oligosaccharides were obtained through the partial
hydrolysis of p-1,3-xylan (1 g) using 2 mL of 1IN tri-
fluoroacetic acid (TFA) at 70 °C for 1.5 h. Following
neutralisation to pH 7.0, the hydrolysis products were
separated into f-1,3-xylo-oligosaccharides with vari-
ous degrees of polymerisation using thin-layer chro-
matography (TLC). All other chemicals utilised were
of the highest quality commercially available.
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Bacterial strains and plasmids

The host strains employed in this study were E. coli
DH5a and BL21 (DE3) (Nippon Gene, Tokyo, Japan)
for cloning and recombinant protein production,
respectively. The expression vector used was pET-
22b (+) (Merck Millipore, Darmstadt, Germany).

Protein expression and purification

The BcXyn26B gene was chemically synthesised by
Integrated DNA Technologies (Coralville, IA, USA)
with codon optimisation for the E. coli expression
system (Fig. S1) based on its amino acid sequence
(GenBank accession number: ALJ61530). The
gene was amplified from chemically synthesised
DNA fragments via PCR, with primers specifically
designed to avoid potential signal peptide sequences.
The length of the amplified gene was 1,026 base
pairs, which encoded amino acids 20 to 360. The
primer sequences were: BcellWH2_04313_F_Ndel
5'-AAAACATATGTGTGAAAACAAAGAACATGA
TACACCGG-3" and BcellWH2_04313_R 5'-AAA
ACTCGAGCTGCGGCAGTTTGCTCCAATCCA
GTTCTGCTGCATGAATATAACC-3".

The recombinant His-tagged protein was expressed
by ligating the PCR products into the Xhol and Ndel
sites of the pET-22b (+) vector (Merck Millipore)
using the DNA Ligation High Ver.2 (TOYOBO,
Tokyo, Japan) following the manufacturer’s instruc-
tions. E. coli BL21 (DE3) cells with the expression
plasmid were cultured in 250 mL of 2X YT medium
supplemented with 100 pg/mL ampicillin at 37 °C
with shaking (180 rpm). Once the culture reached
the mid-log growth phase (optical density at 600 nm
of 0.6), it was cooled to 20 °C before induction
with isopropyl-p-D-thiogalactopyranoside at a final
concentration of 1 mM. After 24 h of incubation at
20 °C, the cells were harvested through centrifu-
gation (8,000 g, 10 min, 4 °C), suspended in lysis
buffer, and mixed with a protease inhibitor. The sus-
pension was sonicated for 10 min, mixed with DNase
I (10 units/uL), and incubated at 4 °C for 10 min.
Centrifugation (12,900%x g, 10 min, 4 °C) was per-
formed twice. Following centrifugation, the super-
natant was filtered using a 0.45-pm filter. The filtrate
was purified on a 5 mL Bio-Scale Mini Nuvia IMAC
Ni-Charged column (Bio-Rad Laboratories, Hercu-
les, CA, USA) using a Profinia protein purification

system (Bio-Rad Laboratories), following the manu-
facturer’s instructions. The enzyme solution was dia-
lysed against a 25 mM Tris—HCl buffer (pH 7.5) and
further purified by anion-exchange chromatography.
Enzyme purification was performed on an AKTA
start chromatography system (Cytiva, Marlborough,
MA, USA) with a 5 mL Bio-Scale Mini Macro-Prep
High Q Cartridge column (Bio-Rad Laboratories).
Elution was performed using a linear gradient of
buffer ranging from 0 to 500 mM NaCl and 25 mM
Tris—HCI (pH 7.5). The fractions containing p—1,3-
xylanase were combined and subjected to dialysis in
a buffer solution comprising 25 mM Tris—HCI (pH
7.5). To determine the homogeneity of the protein,
sodium dodecyl-sulphate—polyacrylamide gel elec-
trophoresis (SDS-PAGE) was employed (Laemmli
1970).

Enzyme assay

The activity of f-1,3-xylanase was measured by
quantifying the liberation of reducing sugars from
f-1,3-xylan in a reaction mixture containing 0.5%
(w/v) B-1,3-xylan, an appropriate amount of enzyme,
and 50 mM 2-morpholinoethanesulfonic acid (MES)-
NaOH buffer (pH 6.0). The mixture was incubated at
40 °C for 10 min, and the amount of reducing sugar
produced was measured using the Somogyi—Nelson
method (Somogyi 1952), with D-xylose serving as a
standard. The amount of enzyme that releases 1 pmol
of D-xylose per minute under the previously men-
tioned conditions is considered one unit of enzyme
activity.

BcXyn26B characterisation

The optimal pH of BcXyn26B was determined by
measuring its activity in 80 mM Britton—Robinson
buffer (pH 3-10) using p-1,3-xylan as a substrate
using the method described above. To determine
the optimal temperature for BcXyn26B, activity
was measured in the range of 4-60 °C. The activity
of enzymes was evaluated by adding 10 mM Ca®*,
Mg, Mn**, Ni**, Ag*, Cu®*, Zn**, Fe’*, ethylen-
ediaminetetraacetic acid (EDTA), N-bromosuccin-
imide (NBS), or 1 mM dithiothreitol (DTT) to the
reaction mixture to determine the effect of metal
ions and chemicals on enzyme activity. The substrate
specificity of the enzyme for polysaccharides was
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evaluated using f-1,4-xylan, B-1,4-mannan, lamina-
rin (f-1,3-glucan with $-1,6-linkage), carboxymethyl
cellulose (CMC), Avicel (microcrystalline cellulose)
and starch. These substrates were used at a final con-
centration of 0.5% (w/v). The digestion products
obtained were analysed using TLC.

TLC

The analysis of digestive products from various poly-
saccharides and f-1,3-xylooligosaccharides was per-
formed using TLC on silica gel 60 plates, which were
developed in a solvent system consisting of n-butanol
and acetic acid (2:1, v/v) and included D-xylose
and pB-1,3-xylooligosaccharides as standards. The
TLC plate was sprayed with diphenylamine/aniline/

phosphate reagent (Bailey and Bourne 1960) and
heated at 95 °C for 20 min to visualise the digestion
products.

Results
Molecular phylogenetic analysis of f—1,3-xylanase

Genes encoding proteins with primary structural
sequence homology to the f-1,3-xylanase PrXyn26A
(Kudou et al. 2015) from P. torquis were observed in
the genomes of four human gut bacterial species of
the genus Bacteroides (B. cellulosilyticus, B. intes-
tinalis, B. gallinarum, and B. timonensis) (Fig. 1).
We primarily focused on B. cellulosilyticus, whose
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Fig. 1 Molecular phylogenetic analysis of PrXyn26A and
homologous proteins. The tree is constructed with complete or
near-complete sequences, aligned with ClustalW, and created

@ Springer

WP 012488364 Celivibrio japonicus

using the neighbour-joining method. The bar indicates the rela-
tive sequence distance
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genome has already been sequenced, and named
the potential B-1,3-xylanase from B. cellulosilyticus
BcXyn26B.

Sequence analysis
The BcXyn26B gene comprises 1,083 nucleotides and
encodes a protein containing 360 amino acids with a

predicted molecular weight of 41,160. The N-ter-
minal amino acid sequence of BcXyn26B exhibits a

Signal peptide (sec/SPII)

potential signal peptide, with the predicted cleavage
site situated between positions 16 (Ser) and 17 (Cys)
(Fig. S2). This signal peptide indicated the presence
of a lipoprotein signal. Therefore, removing the sig-
nal peptide yielded a mature protein of 344 amino
acids with a molecular weight of 39,297 and an iso-
electric point of 4.73. The BcXyn26B-gene-encoded
amino acid sequence was compared with previously
reported p-1,3-xylanases (Fig. 2). BcXyn26B com-
prises only a catalytic domain and is homologous

BcXyn26B  l:i---- I-GCE NKEHDTPAP- EP-NEREL-S KYEPEDGKCF VFIGQ-DLGA VGGLEQ-YNE -GYCDHFQTP A-GITVYLGL GGSDT----D KVS---GLYD 97
PtXyn26A  l:--- - FKS FILTLLFF-C -F-ISNA-Q- KFEPEDGKCL VFIGQ-DLEA TGGLND-YNE -GYTDTFDTP A-GVILYTNL SPGNESYGHY NE-GLDGIIT 85
TnXyn26A  1: FI-FLAIA-M IFTVLEGKIL LVIGQ-DLNS ---V-REYAK SGY---FPE- PGGVITYTDI A------ TLN --GLCNDADW 64
AlcTxyA 1: K--LAKMISI ATLGACAFSA HA-LDGKL-V ---PNEGVLV SVGQDVDSVN -DYSSAMSTT PAGVINYV-- --GIVN--LD G--LASNADA 76
PseRxnB 1: R-YWKAMGRR SLALSVALSA GQ-AFAVSGT -LVPDDGVML SVGQDIESIG -EYVSAVGTQ PAGVINYV-- --GIAN--LD G--LNNNADA 80
FpXyl512  1: LIFTILFLSC NY-TLLFAQ- KFEPKNGQCY VFIGQ-DLEA TGGLDD-YNN -GYSDYFDTP A-GITIYTNL APNNESFGHY NK-GLDGLKT 88
PVXYLII 1: ---MTKPQLN TLALAIGLSM PM-LVHTAVF -E-PSDGRLF TVGQDVDSIN -QMHNDTSIN AGGVIGYV-- —-GIAS--LD G--LHGNADA 75
FpXyl88 1: MLVA SFSNGQTRNS C---LSGQAK -FAPIDGKRL LILGQ-DLGA VGGLDR-YNS -GYIDSFADL PAGITTYTSL P--—--- TLG --GLYSTVNY 79
VibTxyA 1: MK K--LAKMISV ATLGACAFQA HA-LDGKL-V ---PDQGILV SVGQDVDSVN -DYSSAMGTT PAGVINYV-- --GIVN--LD G--LSTDADA 76
VibXyld e MK RTYLSL-IAA GVMSLSVSAW -S-LDGVL-V ---PESGILV SVGQDVDSVN -DYASALGTI PAGVINYV-- --GIVN--LD G--LNSDADA 76
v

BcXyn26B  98:IDNWGSGDCC ANLYPQSERF NNSMIAVGLA IVGNETDIAS GKYDRKLDI- IGEWFKKLAP RPVFLRIGYE FDGTDWNHYV PETYIPAYKH IKDHFDAAGI HNV-A--YV- WQSKGDGTP- 211
PtXyn26A 86:KANWGAGDSW ANLYLQDSTY QNSAIAIGLS FVNNERNVSK GKHDSLIKDL AG-WIKLSNR -PVFLRIGYE FDGWDWNHYK KKHYLNAWKR IHSIFKNLQV DNV-A--FV- WQSKGTGSN- 198
TnXyn26A 65:----GAGLIN AKKCLE--EF PNSALVIGLY MVNMVDGVIS GEYDRQIEIL AEF-IKEANR -PVYLRIGYE FDGIWNS-YD PEKYRVAFRY ITEKLRNLLG ERK-KLLETV WQSCSSPLNV 174
AlcTxyA 77 :GAGRNNV--V E---LANL-Y PTSALIVGVS MNGQIQNVAQ GQYNANIDTL IQTLGELD-R P-VYLRWAYE VDGPWNG-HN TEDLKQSFRN VYQRIRELGY GDNISM--IW QVA---SYCP 182
PseAxnB 81:GAGRNNV--A E---LAAT-Y PDRALVVGVS MNGVIDQVAA GNYNANIDTL LNTLGGYN-R P-VYLRWAXE VDGPWNN-HN PAAVKSTFEY VHNRIEQLGF DDRIAL--VW QTA---TYCP 186
FpXyl512 89:KANWGAGDSW ANLYLQONSTY QNSAFAIGLS FVNHEKDIAK GKLDYLIIEL AH-WIKSTKR -PVFLRVGYE FDGWDWNHYK KKHYLNSWKR LHSIFQTEKV NNV-A--FV- WQSKGTGSN- 201
PVXYLII 76 :GAGRNNL--D E---LASL-Y PDRAMVVGIS MNGQVSAVAN GTYNDNITNL LETLASYD-R P-VYLRWAYE VDGPWNG-HN QADLIRSWQY VHGRIQEMGI ANKIAM--VW QVA---SYCP 181
FpXyl188 80:----GAGDVS AKVYADSPEF NQTSFVIGLY LVDQEKRISD GDYDEQIRKL ANW-IKDTNR -PVYLRIGYE FDGDHNH-YN STYYKSMWRK IVDIFDEEAV ANC-D--FV- WQSDGVHS-V 187
VibTxyA 77 :GAGRNNI--V E---LANQ-Y PTSALIVGVS MNGEVQNVAN GQYNANIDTL IRTLGEFD-R P-VYLRWAYE VDGPWNG-HN TEDLKQSFRH VYQRIRELGY ADNISM--VW QVA---SYCP 182
VibXyld 77 :GAGRNNI--A E---LANA-Y PTSALVVGVS MNGEVDAVAS GRYNANIDTL LNTLAGYD-R P-VYLRWAYE VDGPWNG-HS PSGIVTSFQY VHDRIIALGH QAKISL--VW QVA---SYCP 182

BeXyn26B 212:
PtXyn26A 199

QK-W-YPGDE YVDWCAYSYF
EE-W-YPGDD LVDWCAYSYF

PDQVMIEFAR MKG
PDQEMLIFAR KHN:

v

K PVFIRESTPV -FQKGQ---- ---' TYFDADI KKPEIAR--K -IWDEWFTKF FSVIEENS-- 296
K PVFISEATPV -RQIDN---- === LYFDSNL KNQKLEK--K -IWKDWFVPF FKIINENS-- 283

TnXyn26A 175:I-LRNYQKPD ISLWY-PGDD YVDFVGLSWF LPANMKYHGK TPTQKELAEE VLAFARLHNK PVMISEASPQ GYDLSELTKA NISPVLDGPS GKNRVKKTPE EIWNEWFKPF FEFVYENS-- 290

AlcTxyA 183:
PseAxnB 187

---TAPGQ LSSWWP-GDD VVDWVGLSYF APQDCNWDRV NEAAQ--WAR SHNK--
DE-WYP-GDD VVDWVGISYF APQDCNWAEV RKVAD--FAV THNK

- PLFINESSPQ RYQLADRTYS SDPA-KGTNR QSKTEQQ--- I-WSEWFAPY FQFMEDNKDI 283

PLFINESTPQ RYKTGALTYS PDAA-FGSNA VNKSADQ- I-WNEWYQPY FDFIAEYSSG 286

FpXyl512 202 , EE-W-YPGDA LVDWCAYSYF -------- GQ PDQEMIVFAR KHK- PVFISEATPV -RQIDN---- --- LYFDSDL KKAKLEK- ~IWREWFIPF FKTIHENS-- 286
PVXYLII 182: LESWYP-GNQ YVDWIGLSYF APQDCNWDAV NEAAN--FAK AKGK-- PLFINESSPQ RYQIADLNYS SDPA-QGTNR QNKTAQQ--- I-WQEWFTPF ENFIEQYD-V 281
FpXyl88 188:AFMQN----- -Y--Y-PGDE YVDWMGFSYF ---------= ——— QKNAGGD LIRYAEIKNK PVMIAEATPR GYDLQ----- ----- NDN-- A-WNSWFKPL FELMDNHT-- 263

VibTxyA 183:
VibXyld 183:

BcXyn26B 297:--DVVKAFSY INVEWLSQPM WIVNVTE--- —-- QQC-DSRI QQSEYVSNH- =-=-=====

DVIKAFSY INSDWSSQPM WVTNPTF--

--NKV-DSRI QVSTYVSRK-

-TAPGQ LGTWWP-GDD VVDWVGLSYF APQDCNWDRV NEAAQ--WAR SHNK
---TPGGQ LDQWWP-GSE YVDWVGLSYF APQDCNWDRV NEAAQ--FAR SKGK

—————— PLFINESSPQ RYQLADLTYS TDPA-KGTNR
—————— PLFLNESTPQ RYQVADLTYS ADPA-KGTNR QSKTSQQ--- L-WDEWFAPY FQFMSDNSDI 283

————————————————————————————— WKEK VSGNGYIHAA ELDWSKLPQ-

I-WSEWFEPF FQFMVDNQDI 283

360

PEXyn26A 284

KEE MKKSQYLKAS DVLWDKTVKN 348

TnXyn26A 291:--DVIRVVAY INADWDSQPM WGPPYAN--- —— GYWGDSRV QVNPIIRNL- ——=—====== ——mmm—m—mm —mmmmmmmm oo WLKEI KKSIWEHGE- 346
AlcTxyA 284:LKGF----TY INADWDSQWR WAA---PYNE -GYWGD-SRV QVLPYIKQQW QDTLENPKFI NHSSDLFAKL -- 348
PseAxnB  287:SKDVLRGITY INANWDAQPR WNPNDGVFGP EGYWGD-SRV QANNTILTRW ENATGGSDFI RAGASLFDDL NFGD 359
FpXyl512 287:--DVIKAFSY INSDWASQPM WIANPTF--- —- NKV-DSRI QVSKYVSQK- WKEE MEKSMYLNAF EEFRNENLNE KKGKLIN--- 358
PVXYLII 282:K-AI----TY INADWDNQTR WGDFGDGYGE -GYWGD-SRV QANNEIEQSF TQQINDGSWL LQSNELFEKL AYGETPTEPE EPTDPEE---— 361
FpXyl88 264:--I-IKGLAY INTDWDSQPM WRGE------ —-N-WGDTRL QVNEIIKTN- IDTEL QGEEWIFGGN EF--- - ---FE 319
VibTxyRA 284 :LKGF----TY INADWDSQWR WAA---PYNE -GYWGD-SRV QVIPYIKQKW QETLSDPKFI RHSDELFAQL GYGN -- 348
VibXyld 284 :VKGF----TY INADWDSQWR WAA---PYNE -GYWGD-SRV QANALIKSNW QQEIAKGQYI NHSETLFETL GYG! -- 348
BcXyn26B 360: 360
PtXyn26A 348 348
TnXyn26A 346 346
AlcTxyA 348: 348
PseAxnB  359: 359
FpXyl512 358 358
PUXYLII 361: - 361
FpXyl88 320:NVGYPYD 326
VibTxyA 348: - 348
VibXyld 348: -- 348

Fig.2 Amino acid sequence alignment of different f-1,3-
xylanases. The sequences are identified as follows: BcXyn26B,
Bacteroides  cellulosilyticus  p-1,3-Xylanase;  PrXyn26A,
Psychroflexus torquis ATCC 700755 f-1,3-Xylanase; TnX-
yn26A, Thermotoga neapolitana DSM 4359 f-1,3-Xylanase;
AlcTxyA, Alcaligenes sp. XY-234 p-1,3-Xylanase; PseAxnB,
Pseudomonas sp. ND137 f-1,3-Xylanase; FpXyl512, Flam-
meovirga pacifica WPAGA1 f-1,3-Xylanase; PvXylll, Pseu-
domonas vesicularis MA103 p-1,3-Xylanase; FpXyl88, Flam-

meovirga pacifica WPAGAL1 B-1,3-Xylanase; VibTxyA, Vibrio
sp. XY-214 B-1,3-Xylanase; and VibXyl4, Vibrio sp. AX-4
B-1,3-Xylanase. The signal peptide sequence of BcXyn26B
predicted using SignalP-5.0 is surrounded. Grey boxes indicate
amino acids that are conserved in all sequences. Putative cata-
lytic residues (Glu-166 and Glu-255 in BcXyn26B) are indi-
cated by black arrowheads. The numbers at the start and end
of the respective lines indicate the amino acid numbers from
Met-1
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to the B-1,3-xylanases classified into the carbohy-
drate-hydrolysing enzyme family 26 (GH26). The

Mr
(x103)

M Bl B2 B3

250
150

100
75

50

37

25

20

Fig. 3 Sodium dodecyl-sulfate—polyacrylamide gel elec-
trophoresis (analysis of BcXyn26B purification). Lanes M:
protein marker; B1: crude extract of Escherichia coli BL21
(DE3); B2: protein after purification using Ni-affinity chroma-
tography; and B3: protein after purification using anion change
chromatography

X1

X2

X3

X4

BcXyn26B protein sequence features two conserved
putative catalytic residues, Glu-166 and Glu-255
(Fig. 2, black arrowheads), corresponding to Glu-138
and Glu-234, respectively, in the catalytic module
of B-1,3-xylanase from Vibrio AX-4. These residues
serve as an acid/base catalyst and a nucleophile,
respectively (Kiyohara et al. 2005). Furthermore,
these two Glu residues were observed to be conserved
in all f-1,3-xylanases characterised.

Expression and purification

The E. coli-produced recombinant BcXyn26B was
extracted and purified to homogeneity by a two-step
purification process using Ni-affinity chromatogra-
phy followed by anion exchange chromatography.
The purified enzyme migrated as a single band on
SDS-PAGE and its molecular weight was estimated
to be approximately 40,000 (Fig. 3, lane B3).

Substrate specificity

The substrate specificity of BcXyn26B was assessed
using various polysaccharides (Fig. 4) and pNP-
B-xylosides. The enzyme hydrolysed p-1,3-xylan
but not p-1,4-xylan, avicel, CMC, laminarin, p-1,4-
mannan, starch, or pNP-fB-xylosides under the
conditions outlined in “Materials and Methods.”

T BN A o e v o S o
E - - -4+ -4+ -+ -4+ -+ - + - +
S X Std. 3X 4X 4M La CMC Avi Sta

Fig. 4 Thin-layer chromatography of the hydrolysis products
obtained from various polysaccharides using purified BcX-
yn26B. BcXyn26B (1.41 pg/mL) was incubated with various
substrates (0.5% w/v) in 50 mM 2-(N-morpholino)ethane-
sulfonic acid (MES) buffer (pH 6.0) at 40 °C for 16 h. Sub-
sequently, the hydrolysates were separated on a Silica Gel

@ Springer

60 TLC plate. X: xylose; Std.: D-xylose, f-1,3-xylobiose,
B-1,3-xylotriose, and p-1,3-xylotetraose; 3X: p-1,3-xylan; 4X:
B-1,4-xylan; 4 M: B-1,4-mannan; La: laminarin ($-1,3-glucan);
CMC: carboxymethycellulose; Avi: avicel (cellulose); Sta:
starch; and X1 to X4: xylose to f-1,3-xylotetraose
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Consequently, BcXyn26B was considered to be a
B-1,3-xylanase (EC 3.2.1.32).

The hydrolysis pattern of f-1,3-xylan incubated
with purified BcXyn26B was analysed using TLC.
Notably, p-1,3-xylobiose (X2) and p-1,3-xylotriose
(X3) were identified as primary products during the
early incubation period (Fig. 5). However, the release
of D-xylose (X1), f-1,3-xylotetraose (X4), and oligo-
saccharides with over four xylose units was deferred.

When BcXyn26B hydrolysed f-1,3-xylotriose
(X3), it produced B-1,3-xylobiose (X2) and D-xylose
(X1). Similarly, the hydrolysis of -1,3-xylotetraose
(X4) by the enzyme yielded the same products: 3-1,3-
xylobiose (X2) and D-xylose (X1). However, the
enzyme showed no catalytic activity towards f-1,3-
xylobiose (X2) (Fig. 6).

Biochemical characterisation

We further examined the effects of pH and tempera-
ture on the activity of the purified BcXyn26B. The
enzyme exhibited optimal activity at pH 6.0 and was
stable across a wide pH range (6.0-10.0) following
incubation at 4 °C for 24 h (Fig. 7). The optimal tem-
perature for BcXyn26B activity was 50 °C during a
10-min incubation, with over 80% of the initial activ-
ity sustained at 50 °C for 24 h (Fig. 8).

Notably, 80-100% of the enzyme activity was
inhibited on treatment with Mn>*, Ag™, Cu**, Zn**,
Fe?*, EDTA, DTT, and N-bromosuccinimide, which
is a modification reagent for tryptophan residues in

Fig. 5 Hydrolysis products
of B-1,3-xylan using puri-
fied BcXyn26B. BcXyn26B
(1.41 pg/mL) was incubated
with p-1,3-xylan (0.5%
w/v) in 50 mM 2-(N-mor-
pholino)ethanesulfonic

acid (MES) bufter (pH 6.0)
at 40 °C for the indicated
periods. Subsequently, the
hydrolysates were separated
on a Silica Gel 60 TLC
plate. X: xylose; Std.:
D-xylose, p-1,3-xylobiose,
B-1,3-xylotriose, and p-1,3-
xylotetraose; and X1 to X4:
xylose to p-1,3-xylotetraose

"
X Std. 0 01505 1 2 3 6 12

X Std. X2 X3 X4
+ - + - +

BcXyn26B =

Fig. 6 Hydrolysis products of f-1,3-xylo-oligosaccharides
using purified BcXyn26B. BcXyn26B (16.2 pg/mL) was incu-
bated with various substrates in 50 mM 2-(N-morpholino)
ethanesulfonic acid (MES) buffer (pH 6.5) at 30 °C for 16 h.
Subsequently, the hydrolysates were separated on a Silica Gel
60 TLC plate. X: xylose; Std.: D-xylose, f-1,3-xylobiose,
B-1,3-xylotriose, and p-1,3-xylotetraose; and X1 to X4: xylose
to B-1,3-xylotetraose

proteins. Similarly, treatment with Ni** resulted in
a 30% inhibition. In contrast, Ca** and Mg>* exhib-
ited no significant effects on the enzyme activity
(Table S1).

The kinetic parameters of BcXyn26B for f-1,3-
xylan were determined by fitting the experimental

A & O g e (4w g8 g o

16 24

Reaction time (h)
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Fig.7 Optimal pH for activity and stability of the purified
BcXyn26B. The continuous and broken lines represent BcX-
yn26B activity profiles at pH ranging from 3-10 and pH stabil-
ity profiles, respectively
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Fig. 8 Optimal temperature for activity and thermal stability
of the purified BcXyn26B. The continuous and broken lines
represent BcXyn26B activity profiles at various temperatures
and thermal stability profiles, respectively

data to the Michaelis—Menten equation using Excel
Solver (Microsoft) through nonlinear least-squares
fitting with various concentrations of f-1,3-xylan as
the substrate. The K, value of BcXyn26B for p-1,3-
xylan was 5.04 mg/mL, whereas k., was 61.33 s
The kinetic parameters of BcXyn26B were evaluated
compared with those of f-1,3-xylanase derived from
the mesophilic marine bacterium Alcaligenes sp.
strain XY-234 (AlcTxyA) (Okazaki et al. 2002). The
k.o value for BcXyn26B compared with that of $-1,3-

xylan was 4.34 times greater than that of AlcTxyA,

@ Springer

amounting to 61.33 s~! and 14.12 s7!, respectively.
Moreover, the overall catalytic efficiency (k.,/K,,) of
BcXyn26B for f-1,3-xylan was 4.19 times higher than
that of AlcTxyA.

Discussion

Bacteroides spp. constitute 25% of the anaerobic
organisms and are the primary human gut bacte-
ria, playing a crucial role in fibre utilisation (Wexler
2007). This species has developed a highly effective
and specialised method for degrading carbohydrates
by creating closely linked and strictly controlled co-
expressed gene clusters known as PULs (El Kaoutari
et al. 2013). Among the commensal gut bacteria, the
strictly anaerobic cellulolytic B. cellulosilyticus WH2
exhibits the largest carbohydrate degradation mecha-
nism. Its genome is anticipated to encode over 373
glycoside hydrolases (GHs), distributed across 21
GH families and often located within PULs (McNulty
et al. 2013). This mechanism enables B. cellulosilyti-
cus to utilise persistent polysaccharides efficiently,
potentially contributing to its dominance in the
human gut (Ali-Ahmad et al. 2017).

In this study, we identified a potential f-1,3-
xylanase (BcXyn26B) in the B. cellulosilyticus WH2
genome. The BcXyn26B gene consists of 1,083 bp
and encodes 360 amino acid residues. The enzyme
possesses a signal peptide, and its mature protein
consists of 344 amino acid residues with a molecular
weight of 39,297. Additionally, it possesses a lipo-
protein signal peptide, suggesting that BcXyn26B is
anchored to the membrane through lipid modification
of the N-terminal cysteine residues of the mature pro-
tein (Cys17). The signal peptide is cleaved following
transportation to the membrane through the general
secretion pathway (Pugsley 1993). The present study
marks the first report of a f-1,3-xylanase expressed
as a lipoprotein. The catalytic domain of BcXyn26B
(Cys17-GIn360) is homologous to the p-1,3-xylanase
of GH26. Family 26 GH belongs to the superfam-
ily clan GH-A and is characterised by a conserved
(B/a)g-barrel architecture consisting of eight repeat-
ing B-strands and a-helices. Two catalytic Glu resi-
dues are conserved at the ends of p-strands 4 and
7 of GH-A enzymes. In this study, a BLAST query
indicated that two potential catalytic Glu residues
were conserved in the catalytic module of BcXyn26B
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(Glu-166 and Glu-255). Additionally, the codon-
optimised DNA of the mature protein region of BcX-
yn26B was chemically synthesised, and the recombi-
nant enzyme was obtained using the E. coli protein
expression system. Notably, the recombinant enzyme,
BcXyn26B, specifically hydrolysed p-1,3-xylan when
it was reacted with various polysaccharides. Moreo-
ver, substrate specificity analysis demonstrated that
BcXyn26B hydrolysed f-1,3-xylan and produced
p-1,3-xylo-oligosaccharides with various polymeri-
sation degrees. Notably, BcXyn26B degraded tetra-
saccharides into disaccharides and monosaccharides
when it was reacted with B-1,3-xylooligosaccharides.
Therefore, BcXyn26B was identified as an endo-type
p-1,3-xylanase (1,3-p-D-xylan xylanohydrolase; EC
3.2.1.32). BcXyn26B demonstrated optimal activ-
ity at 50 °C and pH 6.0. The elevated optimum reac-
tion temperature of BcXyn26B, compared to other
B-1,3-xylanases derived from marine bacteria, may
be attributed to adaptation to the human gut environ-
ment, which consistently maintains a temperature of
approximately 3637 °C, which is higher than that of
the marine environment. The presence of NBS inhib-
ited the enzyme activity, indicating the involvement
of active-site-based tryptophan residues in substrate
stacking. Moreover, DTT inhibited enzyme activity,
indicating the presence of a disulfide bond in the con-
formation of this enzyme, which helps maintain the
conformation of the substrate-binding site. In addi-
tion, the kg, value for p-1,3-xylan was 61.33 s™! at
50 °C and pH 6.0, 4.3 times higher than that of meso-
philic B-1,3-xylanase from a marine bacterium, with a
k., value of 14.12 s7! at 37 °C and pH 7.0.

To our knowledge, this is the first study to iden-
tify and characterise f-1,3-xylanase from a human
gut bacterium. p-1,3-xylan cannot be degraded in
the small intestine. However, these results indicate
that when f-1,3-xylan reaches the large intestine, it
is degraded and utilised by B. cellulosilyticus. There-
fore, consuming seaweeds containing f-1,3-xylan can
alter the intestinal microflora, affecting overall human
health. Bacteroides are considered beneficial bacteria
owing to the significant association between intestinal
Bacteroides and obesity and diabetes (Qiu et al. 2019)
and studies demonstrating weight loss through dietary
interventions that increase Bacteroides abundance.
Therefore, pB-1,3-xylan may serve as a prebiotic to
increase the number of beneficial Bacteroides species
in the human gut. Additionally, the p-1,3-xylanase

gene was observed only in Bacteroides, indicating a
possible horizontal gene transfer from marine bacte-
ria. Bacteroides have likely adapted to the integration
into PULs of enzymes that use niche marine polysac-
charides, such as $-1,3-xylan. This adaptation serves
as a strategy to thrive in a harsh gut environment,
where the primary nutrient source is persistent poly-
saccharides consumed by the host. Further progress
in research on human health and seaweed-based diets
will help develop novel prebiotic products from sea-
weed, benefiting various industries, such as food, cos-
metics, and pharmaceuticals.
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