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ABSTRACT

A novel B-1,4-xylosidase was identified from the genome of Bacteroides ovatus strain ATCC 8483
and overexpressed in Escherichia coli BL21 (DE3) cells. The molecular weight of recombinant
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enzyme named BoXyl43A was calculated to be 37.1 kDa. Using p-nitrophenyl-f3-D-xylopyranoside

(bNPBXyl) as substrate, BoXyl43A was most active at pH 7.0 and 35°C. The enzyme could be
activated by Mg?" and Mn®". The K, and V.. of BoXyl43A against pNPPXyl were
1.71+£0.21 mM, 7.41 £0.81 pmol/min/mg, respectively. BoXyl43A hydrolyzed xylooligosaccharide

KEYWORDS
Bacteroides ovatus; B-1,4-
xylosidase; GH family 43

to produce D-xylose as main product, indicating that BoXyl43A acted as an exo--1,4-xylosidase.
The mixture of BoXyl43A and PoAbf62A (u-L-arabinofuranosidase) exhibited significant synergis-
tic effects on the degradation of arabinoxylan. Therefore, BoXyl43A would be a useful tool to

degrade hemicellulose.

Introduction

Lignocellulosic biomass is the most abundant renew-
able resource in the world; it shows great potential in
production of biofuels and valuable chemicals by
using lignocellulose (Girio et al. 2010). Lignocellulose
is mainly composed of cellulose, hemicellulose and lig-
nin (Isikgor and Becer 2015). B-1,4-D-xylan makes up
over 50% of the total content of hemicellulose. Xylan
backbones are substituted at O-2/0-3 sites by different
substituents, including a-L-arabinofuranose, glucuronic
acid and/or 4-O-methyl-glucuronic acid, ferulic acid
and acetyl groups (Scheller and Ulvskov 2010; Juturu
and Wu 2012; Cintra et al. 2017).

Due to structural diversity, degradation of hemicellu-
lose requires many different hemicellulases synergistic-
ally acting on the backbone and branched chains of
xylan (Saha 2003; Lagaert et al. 2014), including endoxy-
lanase, B-xylosidase, a-L-arabinofuranosidase, a-glucur-
onidase and acetylxylan esterase (Cragg et al. 2015;
Mendis and Simsek 2015). B-Xylosidases are important
enzymes for hydrolyzing xylooligosaccharides and xylo-
biose to release xylose. They are used in many biotech-
nological processes. B-Xylosidases are classified into
families GH1, 3, 5, 30, 39, 43, 51, 52, 54, 116 and 120
based on their amino acid sequence similarity (Knob

et al. 2010). The enzymes of GH43 family mainly include
B-xylosidase and o-L-arabinofuranosidase. Some
enzymes of GH43 family have both B-xylosidase and
o-L-arabinofuranosidase functions (Jordan et al. 2013),
which enable them to hydrolyze a diverse range of fiber
substrates (Khandeparker and Numan 2008; Carvalho
et al. 2018). Identification and utilization of novel hemi-
cellulolytic enzymes is of potential use for the structure
analysis of hemicellulose and conversion of hemicellulo-
sic biomass into biofuels.

Bacteroides ovatus is a common human gut bacter-
ium capable of degrading and growing on several
plant cell wall polysaccharides with complex structure.
Genomic analysis indicated that B. ovatus possesses
several unique polysaccharide utilization loci (PULs)
that enable degradation of hemicellulosic polysacchar-
ides (Martens et al. 2011; Zhang et al. 2014). In this
manuscript, a novel B-xylosidase belonging to GH43
family was identified from B. ovatus.

Materials and methods
Strains and reagents

Bacteroides ovatus strain ATCC 8483 was purchased
from China General Microbiological Culture Collection
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Center. E. coli BL21 (DE3) and pET-28a (+) were used
as host and expression vector, respectively (Novagen,
Madison, WI, USA). p-Nitrophenyl-B-glucopyranoside
(PNPBGIc), pNP-a-glucopyranoside (pNPaGlc), pNP-
B-galactopyranoside (pNPBGal), pNP-a-galactopyrano-
side (pNPaGal), pNP-B-mannopyranoside (pNPBMan),
pNP-o-mannopyranoside (pNPaMan), pNP-B-xylopyra-
noside (bNPBXyl), pNP-o-L-arabinofuranoside
(pNPaAraf) were from Sigma (St. Louis, MO). Genomic
DNA isolation, DNA purification, and plasmid isolation
kits were from Tian gen Biotech (Beijing, China).

Cloning and expression of boxyl43a gene

Genomic DNA of B. ovatus was isolated using Tian gen
genomic DNA isolation kit. The primers having restric-
tion sites for EcoRl (5' - CGGAATTCATGAAAAAAGAAA
TGAGATACC-3') and Xhol (5'- CCGCTCGAGTTACTA
CGCTCCTCCATCTAT-3') were used for gene boxyl43a
amplification. PCR was performed using DreamTaq
Green PCR Master Mix (Thermo Scientific) and the pro-
gram was as follows: 95°C for 5min, 30 cycles of
95°C for 30s, 63°C for 455, 72°C for 1 min, and final
extension at 72°C for 10 min. The PCR product and
pET-28a (4) were digested with EcoRl and Xhol,
respectively. Then boxyl43a gene was ligated with
pET-28a (4) to generate the recombinant plasmid
pET28a-boxyl43a. Obtained recombinant amplicon was
analyzed by Comate Bioscience Co. Ltd. (Changchun,
China) with T7 and T7-ter as sequencing primers. For
BoXyl43A expression, E. coli BL21 (DE3) cells harboring
pET28a-boxyl43a were grown in 200mL of LB culture
with 50 pg/mL kanamycin at 37°C, 160 rpm. After the
ODgoonm Of bacteria reached 0.6, the culture was
induced with 0.5mM IPTG and grown overnight at
25°C for expression of BoXyl43A.

Purification of recombinant BoXyl43A

Recombinant cells were harvested by centrifugation at
8000 rpm for 10 min and suspended in 20 mL of lysis
buffer (20mM phosphate buffer, pH 7.0, 0.1 M NaCl)
and then disrupted by sonication on ice (3s pulses
with 65 interval for 10 min). Cell debris was removed
by centrifugation at 4°C and 13,000 rpm for 45 min,
and crude protein was obtained in supernatant.
Recombinant BoXyl43A carrying His-tag was loaded
onto Ni*" affinity column (GE healthcare). The 2mL
Ni?* column was pre-equilibrated with the binding
buffer, washed with 20mL washing buffer (20 mM
phosphate buffer, pH 7.0, 0.1 M NaCl, 20mM imid-
azole) and then eluted with 20mL eluting buffer

(20 mM phosphate buffer, pH 7.0, 0.1 M NaCl, 250 mM
imidazole). The active fractions were pooled and dia-
lyzed against 20mM phosphate buffer, pH 7.0. The
purified protein was analyzed by sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-PAGE) on
10% separating gel. Protein concentrations were deter-
mined by the method of Bradford using bovine serum
albumin (BSA) as a standard.

Characterization of recombinant BoXyl43A

Assay of the specific activity of BoXyl43A was carried
out in 200 uL of 20 mM phosphate buffer (pH 7.0) con-
taining 5mM substrate and 2pg recombinant
BoXyl43A. After incubating at 30 °C for 5min, the reac-
tion was stopped by adding 50 uL Na,COs (0.5 M), and
the released p-nitrophenol was measured at 405nm
by BioTek ELx808 microplate reader (Winooski, VT,
USA). The reaction mixture without enzyme was used
as the control. At assay conditions of pH 7.0, 30°C,
the amount of enzyme releasing 1pmol/min of p-
nitrophenyl was defined as one unit (U).

Effect of pH on BoXyl43A activity was determined
at pH 2.0-11.0 using pNPBXyl (5 mM) as substrate. The
pH stability was determined under standard assay con-
ditions after incubation of the purified BoXyl43A for
24 h at 4°C in the buffers without substrate. The effect
of temperature on BoXyl43A activity was investigated
by measuring the BoXyl43A activity at temperatures
ranging from 30°C to 50°C. Thermostability was
determined by incubating the enzyme at the tempera-
tures from 30°C to 50°C for 1 h 30 min. Residual activ-
ities were measured as described before. The initial
activity without incubation was set as 100%.

The effects of metal ions and chemicals on the
activity of BoXyl43A were determined by incubating
purified enzyme with each metal ion or chemical (5 or
50 mM) for 24 h at 4°C. The reaction mixture without
enzyme was used as the control. The activity of
BoXyl43 assayed in the absence of metal ions or
chemical was taken as 100%, and then the residual
activity was determined using pNPBXyl as substrate.

Determination of kinetic parameters

To determine the kinetic parameters for pNPBXyl, the
buffer used was identical to that stated above and
five substrate concentrations ranging from 0.2mM to
1mM were used. Reactions were initiated with 20 pL
BoXyl43A (0.1 mg/mL) and production of pNP was
monitored at 405nm every 15s. The time courses
were linear for the first 2min, and the rate was



determined from a tangent to a curve measured. The
Ky and Vpa, values were calculated from GraphPad
Prism V5.

Substrate specificity

Substrate specificity was determined using various
pNP-glycosides as substrates, and the reaction was car-
ried out in 200 uL of 20 MM phosphate buffer (pH 7.0)
containing 5mM substrates and 2pg BoXyl43A. The
reaction mixture without enzyme was used as the con-
trol. Hydrolytic activity towards polysaccharides was
determined at 37 °C in phosphate buffer (pH 7.0), with
0.5% (wt/vol) polysaccharides as substrates and 5 pg
BoXyl43A. After incubation for 1h or 12h, liberated
reducing sugars were measured by the method of
Somogyi (1952). To determine hydrolyzates of differ-
ent polysaccharides, a reaction mixture containing
50 uL of a 4 mg/ml substrate solution, 140 puL of 20 mM
phosphate buffer (pH 7.0), and 10uL of BoXyl43A
(100 ug/mL) was incubated for 12h at 37°C. The
enzymatic products were analyzed by using high-per-
formance anion-exchange chromatography (HPAEC)
using a CarboPac PA-200 analytical column
(3 x250mm) as described in our previous work (Hu
et al. 2018).

Synergistic action of BoXyl43A with
o-L-arabinofuranosidase in degradation
of arabinoxylan

Hydrolysis of arabinoxylan was determined by incubat-
ing arabinoxylan (10 mg/mL) with a-L-arabinofuranosi-
dase (PoAbf62A, final concentration 10ug/mL), or
10 pg/mL BoXyl43A, or both. In reactions with both
enzymes, arabinoxylan was incubated with o-L-arabi-
nofuranosidase for 12h at 37°C, pH 4.5, and then
BoXyl43A was added to the reaction for 12h after
adjusting in buffer to pH 7.0. To identify the hydrolysis
products, reducing sugars released from the reaction
were analyzed by the HPAEC method men-
tioned above.

Table 1. Summary of purification of recombinant BoXyl43A.
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Nucleotide sequence accession number

The sequence of BoXyl43A gene from B. ovatus strain
ATCC 8483 was deposited in Genbank under accession
numbers MK726378.

Results and discussion

Cloning, expression and purification of
recombinant BoXyl43A

BoXyl43A was obtained from genome sequence of B.
ovatus strain ATCC 8483 and contains 324 amino
acids, and the molecular weight of BoXyl43A was cal-
culated to be 37.1kDa (https://web.expasy.org/prot-
param/). According to the amino acid sequence of
BoXyl43A from 15 to 319, it probably belongs to the
GH43 family (CAZy database: http://www.cazy.org/
CAZY). Amino acids of N-terminal from 1 to 12 were
predicted to be a signal peptide. According to nucleic
acid sequence, the gene was cloned into pET-28a(+)
(EcoRl/Xhol), and E.coli BL21 (DE3) was chosen as host
cell of BoXyl43A. The nucleic acid sequence of
BoXyl43A is shown in Supplementary Figure S1.
BoXyl43A was expressed as soluble protein in E.coli
BL21 (DE3). The enzyme activity was determined by
measuring the increase in absorbance of the reaction
mixture at 405 nm using pNPBXyl as the substrate. As
shown in Table 1, BoXyl43A was highly expressed and
the concentration of total protein was 390mg/L cul-
ture. BoXyl43A was purified by Ni*" affinity column
with a yield of 45.3%, and a specific activity of 4.9 U/
mg. The purified BoXyl43A was analyzed by SDS-PAGE
gel and almost no other protein bands were observed
on the gel (Figure 1).

Biochemical characterization of
recombinant BoXyl43A

The enzymatic activity of BoXyl43A was examined
over a pH range from 2.0 to 11.0 with pNPBXyl as the
substrate. Our results showed that BoXyl43A exhibited
the maximum activity at pH 7.5, and it was stable
within the pH range from 6.0 to 7.0 (Figure 2). The
effect of temperature on the enzyme activity was
investigated at optimal pH, and BoXyl43A exhibited

Purification step Volume (ml) Total protein (mg)? Activity ()° Sp act (U/mg) Purification (fold) Yield (%)
Crude enzyme extract 15.0 78.0 210 2.70 1.00 100
Ni sepharose fast flow column 3.00 19.5 94.5 4.90 1.80 453

?Protein was quantified according to the Bradford Method using bovine serum albumin (BSA) as standard.

BThe activity was reported as activity on pNPBXyl.
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the maximum activity at 35°C. The thermostability of
BoXyl43A was investigated ranging from 30 to 50°C
at a constant pH of 7.0. As shown in Figure 3, approxi-
mately 80% of its activity remained after the treatment
of 35°C for 90 min. However, the activity significantly
decreased above 40°C. Therefore, pH 7.0 and tem-
perature of 35°C were chose as optimum conditions
in degradation of hemicellulose .

1 2 3

25

Figure 1. SDS-PAGE analysis of recombinant BoXyl43A on
10% resolving gel. Lane 1, culture lysate of E. coli BL21-
pET28a-boxyl43a before IPTG induction; lane 2, supernatant of
the culture lysate of E. coli BL21-pET28a-boxyl43a after IPTG
induction; lane 3, BoXyl43A purified from Ni** sepharose fast-
flow column which showed target band; M, molecular weight

Regarding the effect of metal ions and chemicals
on BoXyl43A, Mg®tand Mn®" at a concentration of
5mM increased its activity more than 70% (Table 2).
The results indicated that Mg®"™ and Mn?" might
affect the activity of PB-xylosidases, consistent with
those results in the literature (Kim and Yoon 2010; Lee
et al. 2013). Nat, K™ and DTT did not affect the activ-
ity of BoXyl43A significantly, but the activity of
BoXyl43A was strongly inhibited by 5mM Ca®", Ba",
Hg?*, Cu®*, Fe*", SDS and DTT.

To get information regarding the active site resi-
dues of BoXyl43A, we compared the amino acid
sequences to four PB-xylosidases from GH 43 family,
RS233BX (Genbank AFP23142.1), RUM630-BX
(Genbank AFE48532.1), CoXyl (Genbank BAS02080.1)
and BoXA (Genbank AAB08024) (Jordan et al. 2015;
Jordan et al. 2016; Matsuzawa et al. 2017; Jordan
et al. 2017), respectively. Knowing the residue num-
bers of the active site residues of RS223-BX from
the X-ray structure (PDB ID 4MLG), we could do a
linear alignment of the primary structures to find
amino acid residues in the active-site pocket of the
other B-xylosidases. The multiple amino acid
sequence alignment indicated BoXyl43A had 75, 59,
54, and 80% identity to RS233BX, RUM630-BX, CoXyl
and BoXA, respectively. It is obvious that the active-
site residues D16 (catalytic base), D137 (transition-
state stabilizer) and E224 (catalytic acid) are con-
served in all of these sequences (Supplementary
Figure S2), and amino acid residues D86 and H275
are related to combination of divalent metal.
Besides, there were 17 other amino acid residues in
the active site pocket, most of which are conserved,
except the sites of 86, 110, 136 and 244. And the

marker (PageRuler Prestained Protein Ladder, Genestar). amino acid residues in the active-site pocket of
(a) (b)
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Figure 2. Effect of pH on activity (a) and stability (b) of BoXyl43A using pNPBXyl as substrate. The activity of BoXyl43A without
pre-incubating was defined as 100%. Results are presented as means + standard deviations (n = 3).
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Figure 3. Effect of temperature on activity (a) and stability (b) of BoXyl43A using pNPBXyl as substrate. The optimal temperature
was determined at different temperatures ranging from 20 to 80 °C. The maximum activity obtained was defined as 100% activity.
Thermal stability was determined by incubating the enzyme for 1h 30 min at different temperatures. The activity of the enzyme
before incubation was defined as 100%. Results are presented as means =+ standard deviations (n = 3).

Table 2. Effects of metal ions and chemical agents on the
activity of BoXyl43A.

Relative activity

Metal ions or reagents 5mM 50 mM
EDTA 27.7+24 2.70+0.0
DTT 98.9+24 79.8+1.2
NaCl 88.9+1.6 76.0+2.6
SDS 2.80x0.1 2.50+0.0
MqCl, 178+3.2 198+ 0.6
Kcl 926+0.7 85.6+4.2
CaCl, 225+09 —
BaCl, 17.5+1.0 —
HgCl, 4.80+0.5 —
CuCl, 9.30x0.1 .
Mncl, 216+4.1 —
FeCl3 31411 10.9+0.3

BoXyl43A had 88, 88, 81 and 94% identical residues
to those of RS233BX, RUM630-BX, CoXyl and BoXA.

Further, it was found that the amino acid
sequence of BoXA had 81% identity to RS233BX.
However, they exhibited different activity toward
divalent metal. BoXyl43A and RS233BX exhibit same
response to divalent metal ions. Although BoXyl43A
and BoXA belong to the same family and display
over 70% identity of amino acid sequences, they
exhibit different responses to divalent metal ions.
BoXyl43A was activated by divalent metal, while
BoXA was not. Comparing the amino acid sequences
in the active-site pocket between BoXyl43A and
BoXA, it was found that the R110 in active-site
pocket of BoXA was replaced by H110 of BoXyl43A.
The differences of amino acids in the active-sites
pockets might result in differences of BoXyl43A and
BoXA which were both from B. ovatus.

Table 3. Relative activity of BoXyl43A on different substrates.
Substrate

Relative activity (%)°

PpNPoAraf 51.3+23
pNPoArap 470+0.3
pNPBXyl 100
pNPoGal —
pNPBGal 29.2+22
PpNPaGlc —
PpNPBGIc 131+16

The activity of BoXyl43A on pNPBXyl was defined as 100%.

Substrate specificity of recombinant BoXyl43A

Activity of BoXyl43A was examined by using aryl-gly-
cosides. The results showed that BoXyl43A exhibited
activity towards pNPBXyl and pNPoAraf. In addition, it
also had little activity on pNPaGal, pNPBGIc and
pNPoArap (Table 3). The results indicated that
BoXyl43A from the GH43 family is a multifunctional
B-xylosidase/a-L-arabinofuranosidase. The kinetic val-
ues Km, Vimax and ke for pNPBXyl at 25°C and pH 7.0
were 1.71+£0.21mM, 7.41+0.81 umol/min/mg and
458+0.49s ~ ", respectively. The ke/Knn (catalytic effi-
ciency) was calculated to be 2.68+0.08s ~ 'mM™".

In order to analyze the selectivity of BoXyl43A to
different substrates, carbohydrates mainly composed
of arabinose or xylose were chosen to be hydrolyzed
and released sugar could be detected by DNS
Colorimetry. The results showed that BoXyl43A could
hydrolyze xylooligosaccharide to release 126 +4 ug/mg
of reducing sugar in Th and 141+4ug/mg in 12h.
However, when incubated with sugar beet arabinan or
linear-1,5-0-L-arabinan for 12h, BoXyl43A released
negligible amounts of reducing sugars.
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Figure 4. HPAEC analysis results of degradation products of wheat arabinoxylan (a) and xylooligosaccharide (b) by BoXyl43A. The

substrates were incubated with BoXyl43A at 37°C for 12h.
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Figure 5. HPAEC analysis of the hydrolyzed products of arabi-
noxylan by the combination of recombinant BoXyl43A and
PoAbf62A (a-L-arabinofuranosidase).

To verify the products of wheat arabinoxylan and
xylooligosaccharide hydrolyzed by BoXyl43A, we moni-
tored the release of monosaccharide or oligosacchar-
ide using HPAEC. As shown in Figure 4, BoXyl43A
could hydrolyze xylooligosaccharide and release xylose
(Figure 4(b)), whereas it did not work on wheat arabi-
noxylan (Figure 4(a)). Therefore, we concluded that
BoXyl43A was an exo-B-1,4-xylosidase.

Synergistic reaction of BoXyl43A and
o-L-arabinofuranosidase in the degradation
of arabinoxylan

Arabinoxylan consists of B-1,4-D-xylan as main chains
and arabinose side chains. The side chains are linked
to 0-2/0-3 sites of xylan (Kormelink et al. 1993). Our
experimental results showed that BoXyl43A could not
hydrolyze arabinoxylan to release xylose. This might
be caused by the arabinose in branches which prohib-
ited BoXyl43A from degrading B-1,4-D-xylan. To verify
this assumption, PoAbf62A cloned from Pencillium oxa-
licum, an a-L-arabinofuranosidase reported in our pre-
vious work, was used with BoXyl43A together to
degrade arabinoxylan. It was known that PoAbf62A
could specifically hydrolyze the arabinose in branches
of arabinoxylan (Hu et al. 2018). Utilizing this property

of PoAbf62A, we used it to successfully remove the
arabinose side chains of arabinoxylan and release ara-
binose after 12h of the reaction system at 37°C and
pH 4.5 (Figure 5). Next, we adjusted pH of reaction
system to 7.0 and added BoXyl43A to the reaction sys-
tem. The reaction was performed for 12 hours at 37°C
and xylose was released (Figure 5). Based on these
results we could conclude that combination of
BoXyl43A and PoAbf62A could degrade arabinoxylan
and produce arabinose and xylose simultaneously.

Conclusion

BoXyl43A identified from the B. ovatus strain ATCC
8483 was overexpressed and characterized. BoXyl43A
showed stability at pH 7.0 and temperature 35°C. It
exhibited an exo-type mode of action towards xylooli-
gosaccharide and showed synergistic effect with o-L-
arabinofuranosidase on degradation of arabinoxylan.
BoXyl43A would have potential for application in
hemicellulose degradation.
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