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Abstract

A salt-tolerant exo-p-1,3-glucosidase (BGL_MKS86) was cloned from the xerophilic mold Aspergillus chevalieri MK86 and
heterologously expressed in A. oryzae. Phylogenetic analysis suggests that BGL_MKS86 belongs to glycoside hydrolase fam-
ily 5 (aryl-phospho-p-D-glucosidase, BglC), and exhibits D-glucose tolerance. Recombinant BGL_MKS86 (rBGL_MK&86)
exhibited 100-fold higher expression than native BGL_MKS86. r BGL_MKS86 was active over a wide range of NaCl concentra-
tions [0%—18% (w/v)] and showed increased substrate affinity for p-nitrophenyl-p-D-glucopyranoside (pNPBG) and turnover
number (k) in the presence of NaCl. The enzyme was stable over a broad pH range (5.5-9.5). The optimum reaction pH
and temperature for hydrolysis of pNPBG were 5.5 and 45 °C, respectively. -BGL_MKS6 acted on the p-1,3-linked glucose
dimer laminaribiose, but not -1,4-linked or p-1,6-linked glucose dimers (cellobiose or gentiobiose). It showed tenfold higher
activity toward laminarin (a linear polymer of p-1,3 glucan) from Laminaria digitata than laminarin (f-1,3/p-1,6 glucan)
from Eisenia bicyclis, likely due to its inability to act on p-1,6-linked glucose residues. The p-glucosidase retained hydrolytic
activity toward crude laminarin preparations from marine biomass in moderately high salt concentrations. These properties
indicate wide potential applications of this enzyme in saccharification of salt-bearing marine biomass.
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Introduction

B-Glucosidase (f-D-glucopyranoside glucohydrolase, EC
3.2.1.21) is a versatile enzyme found in a variety of micro-
organisms (Roth et al. 2020; Mesbah 2022). It plays a
crucial role in hydrolyzing p-glucosidic linkages between
carbohydrate residues in alkyl-B-D-glucosides, short chain
oligosaccharides and disaccharides in various physiologi-
cal conditions (Roth et al. 2020; Mesbah 2022). Because

Communicated by Nischitha R.

P4 Shinji Takenaka
stakenaka@people.kobe-u.ac.jp

Division of Agrobioscience, Graduate School of Agricultural
Science, Kobe University, 1-1 Rokkodai, Nada-Ku,
Kobe 657-8501, Japan

General Research Laboratory, Ozeki Corporation, 4-9 Imazu,
Nishinomiya, Hyogo 663-8227, Japan

3 Marutomo Co., Ltd., 1696 Kominato, Iyo, Ehime 799-3192,
Japan

of its versatility, B-glucosidase has gained significant atten-
tion in multiple biotechnological processes. For instance,
the enzyme is employed in the saccharification of lignocel-
lulosic biomass (Roth et al. 2020; Djelid et al. 2022) and
marine biomass (Kim et al. 2013). In addition, it is used for
the biotransformation of pharmaceuticals (Wang et al. 2015),
fine chemicals (Schwentke et al. 2014), and food ingredients
(Tian et al. 2022).

Extremophilic enzymes have become increasingly sought
after in biotechnological fields because of their stability and
activity in extreme conditions (Mesbah 2022). Microorgan-
isms adapted to extreme conditions, such as thermophilic,
acidophilic, alkaliphilic, halophilic, and psychrophilic envi-
ronments, represent a major source for isolating and purify-
ing extremophilic enzymes (Ortiz-Cortés et al. 2021; Solat
and Shafiei 2021), including pB-glucosidase. These micro-
organisms have developed diverse mechanisms and strate-
gies to thrive in their extreme habitats (Mesbah 2022). For
example, xerophilic molds, such as Aspergillus glaucus and
related species, have shown salt-adaptive properties and are
expected to be used in biomass degradation (Esawy et al.
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2016; Jiménez-Gomez et al. 2020). Xerophilic molds and
their extracellular enzymes possess potential molecular
adaptation mechanisms for high salt and/or low water activ-
ity conditions and are therefore attractive genetic resources
for isolating salt- and/or osmo-adaptive enzymes (Musa
et al. 2018; Qiu et al. 2020; Nishikawa et al. 2022; Chung
et al. 2022).

This study reports on the biochemical and molecular char-
acterization of a salt-tolerant B-glucosidase (BGL_MKS86)
from the xerophilic mold A. chevalieri MK86. BGL_MKS86
exhibited high salt tolerance, and its hydrolytic activity
toward laminarin from marine biomass was examined in the
presence and absence of NaCl.

Materials and methods
Organism and culture conditions

A. chevalieri MK86 was isolated from the surface of kat-
suobushi filet fermented in low water activity conditions
(Takenaka et al. 2021). A salt-tolerant p-1,3-glucosidase
(BGL_MKS86) was purified and its gene was cloned from
strain MK86. Strain MK86 was cultivated on katsuobushi
solid medium, according to previously described methods
(Takenaka et al. 2021). A niaD™~ derivative strain of A. ory-
zae NBRC 100959 [a nitrate reductase gene (niaD)-deficient
mutant] was used as the recipient strain for heterologous
expression (Senba et al. 2023). The expression vector pUNA,
containing the amyB promoter and terminator, was newly
constructed from pUC118, based on a previously reported
expression vector (Senba et al. 2023). A. oryzae transfor-
mants were cultivated on DPY medium [2% (w/v) dextrin,
1% (w/v) polypeptone, 1.0% (w/v) yeast extract, 0.5% (w/v)
KH,PO,, and 0.05% (w/v) MgSO,-7H,0] (Senba et al. 2023)
with shaking at 130 rpm for 3—4 d.

Genomic DNA and RNA isolation for cloning of BGL_
MK86-encoding gene

Strain MAO0196 was cultivated in katsuobushi solid
medium, described previously (Takenaka et al. 2021).
Wild-type B-glucosidases including BGL_MKS86 were
purified from A. chevalieri MK86 for selection of a salt-
tolerant B-glucosidase and protein identification by liquid
chromatography-tandem mass spectrometry (LC-MSMS)
with Mascot analysis. Procedures for purification of the
wild-type enzymes and a summary of the purification are
described in the Supplemental Materials (Table S1 and Fig.
S1). Genomic DNA was extracted from strain MK86 using a
DNeasy Blood & Tissue Kit according to the manufacturer’s
instructions (Qiagen, Hilden, Germany). The DNA fragment
encoding p-glucosidase BGL_MKS86 was amplified using
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the purified genomic DNA, PrimeSTAR® MAX DNA pol-
ymerase, and primers BGL_MKS86F (ATGTTTGCCAAA
CTCTGCGTAA) and BGL_MKS86R (TTAGCCGCACTG
ACCGGGGA), according to the manufacturer’s instructions
(Takara Bio Inc., Kusatsu, Japan). Total RNA was extracted
from strain MK86 using RNAiso Plus according to the
manufacturer’s instructions (Takara Bio Inc.). First-strand
cDNA was synthesized using a PrimeScript™ 1st Strand
cDNA Synthesis Kit (Takara Bio Inc.). DNA encoding
BGL_MKS86 was amplified using the cDNA mixture as the
template, PrimeSTAR® MAX DNA polymerase, and prim-
ers BGL_MKS86F and BGL_MKS86R. The ligation of PCR
products and pMD20 (Takara Bio Inc.) was carried out using
a Mighty TA-cloning kit (Takara Bio Inc.). The primers were
designed based on our in-house database for strain MK86.

Construction of BGL_MK86 expression vector
and transformation of A. oryzae

A DNA fragment encoding BGL_MKS86 was amplified
using the synthesized cDNA solution (see above), PrimeS-
TAR MAX DNA polymerase, and primers BGL_MKS86F_
AO (AAACCCCACAGAAGGCATTTATGTTTGCCAAAC
TCTCGCGTA) and BGL_MKS86R_AO (TCTCCACCCTTC
TAGATTAGCCGCACTGACCGGG). According to the user
manual of the In-fusion® HD Cloning kit (Takara Bio Inc.),
the purified PCR product was ligated into plasmid pUNA
linearized using restriction enzymes Apal and Xbal. The
constructed recombinant plasmid was then transformed into
Escherichia coli HSTO8 (Takara Bio Inc.), according to the
manufacturer’s instructions. Transformation of A. oryzae
was carried out according to previously reported procedures
(Senba et al. 2023). The plasmid was linearized by using
restriction enzyme Xhol or Hpal and introduced into A. ory-
zae niaD™ by means of niaD-based homologous recombi-
nation. Protoplasts were prepared from 1-day old mycelial
cultures by treatment with Yatalase (Takara Bio Inc.) for 3 h
at 30 °C. Transformants that reintroduced the niaD gene as
well as the BGL_MKS86 gene were selected on Czapek—Dox
minimal agar medium plates containing NaNOj; as the sole
N source (Senba et al. 2023). Recombinant BGL_MKS86
(rBGL_MKS86)-producing transformants were cultured in
DPY medium, as described above.

Purification of recombinant BGL_MK86
heterologously expressed by A. oryzae

To collect -BGL_MKS6 extracellularly produced by A. ory-
zae transformants, the liquid culture (20 mL/100 mL flask)
was vacuum filtered and the filtered solution was dialyzed
against 20 mM Tris—HCI buffer (pH 7.5). The dialyzed solu-
tion (the crude enzyme preparation) was used for enzyme
assay and purification. The crude enzyme preparation
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(20 mL) including rBGL_MKS86 was loaded onto a DEAE-
Toyopearl column (1.5 % 20 cm; Tosoh Corp., Tokyo, Japan)
equilibrated with 20 mM Tris—HCI buffer (pH 7.5) (buffer
A). After washing with 90 mL of buffer A, the f-glucosidase
was eluted with a linear gradient of 0—0.3 M NaCl in buffer
A at a flow-rate of 1.0 mL min~!. Tris—glycine-SDS-PAGE
was performed to check enzyme purity using a 12.5% pre-
cast polyacrylamide gel (e-PAGEL precast gel E-T12.5L)
with electrophoresis buffer containing 25 mM Tris, 192 mM
glycine, and 0.1% (w/v) SDS and an ATTO AE6530 gel
electrophoresis system (ATTO Corp., Tokyo, Japan), used
according to the manufacturer’s instructions (Fig. S1).

Enzyme assays

B-Glucosidase activity was assayed using the method devel-
oped by Riou et al. (1998) with slight modifications. The
activity was measured at 40 °C with 1 mM p-nitrophenyl-
B-D-glucopyranoside (pNPBG; Sigma Aldrich, St. Louis,
MI) as the substrate in 0.1 mL of 100 mM acetate buffer
(pH 6.0) and with appropriately diluted enzyme prepara-
tion (10 pL). After incubation for 30 min, the reaction was
stopped by adding 0.2 mL of 1 M Na,COj;, and the release of
p-nitrophenol was measured by determining the absorbance
at 400 nm. The results were calculated using the equation
obtained from a standard curve. One unit of B-glucosidase
activity was defined as the amount of enzyme that yielded
1 pmol of p-nitrophenol per minute in the assay conditions.
Hydrolytic activity toward natural substrates such as soluble
starch, sodium carboxymethyl cellulose, and laminarin [from
Laminaria digitata (Sigma Aldrich) and Eisenia bicyclis
(Tokyo Chemical Industry Co., Ltd., Tokyo, Japan)] was
determined using previously described methods (Wang et al.
2008) (see Table 1). Briefly, a reaction mixture (100 pL)
consisting of appropriately diluted enzyme preparation,
50 mM sodium—citrate buffer (pH 6.0), and 0.5% (w/v) sub-
strate was incubated at 40 °C for 30 min, and the produced

Table 1 Substrate specificity of rBGL_MK86

Substrate Enzyme activity (U/mg)
pNPBG 0.058 +0.002
pNPAG <0.003

pNPBX 0.016+0.005
pNPAX <0.003

Soluble starch <0.003

CMC Na 0.14+0.025
Laminarin from L. digitata 1.2+0.13

Laminarin from E. bicyclis 0.11+0.014

PNPAG p-nitrophenyl-a-D-glucopyranoside, pNPBG p-nitrophenyl-
B-D-glucopyranoside, pNPAX p-nitrophenyl-a-D-xylopyranoside,
PNPBX p-nitrophenyl-f-D-xylopyranoside, CMC Na sodium carbox-
ymethyl cellulose

reducing sugar was measured using the 3,5-dinitrosalicylic
acid method (Miller 1959). D-Glucose (0 to 6.0 mM) was
used as the standard reducing sugar. One unit of hydrolytic
activity was defined as the amount of enzyme that produced
1 pmol of reducing sugar per minute. Protein concentration
was measured by the Lowry method using bovine serum
albumin as a standard.

Characterization of recombinant BGL_MK86

The enzyme activity toward pNPBG was assayed using
rBGL_MKS6 purified as described above, unless otherwise
stated.

Effect of NaCl concentration on enzyme activity

Enzyme assay with pNPBG or laminarin from the sea-
weed (kelp) E. bicyclis as substrate was carried out in a
reaction mixture containing NaCl [0%—18.2% (w/v) final
concentration].

Effect of glucose concentration on enzyme activity

Enzyme assay was carried out in a reaction mixture contain-
ing D-glucose [0—18.2% (w/v) final concentration].

Effect of pH on enzyme activity and stability

Enzyme assay was carried out at pH 4.0-10.0 in the fol-
lowing 100 mM buffers: sodium acetate (pH 4.0-6.0), MES
(2-morpholinoethanesulfonic acid, monohydrate)-NaOH
(pH 5.5-7.0), sodium potassium phosphate (pH 5.0-8.0),
Tris—HCI (pH 7.5-9.0), and glycine—-NaOH (pH 9.0-10.0).
The pH stability of the enzyme was determined by dialyz-
ing rBGL_MKS86 against the buffers listed above at 4 °C for
15 h and then measuring the residual enzyme activity at pH
6.0 and 40 °C.

Effect of temperature on enzyme activity
and stability

The effect of temperature on enzyme activity was deter-
mined in the range 20—65 °C. To determine thermal stability,
purified enzyme was preincubated at various temperatures
(20-95 °C) for 1 h, and residual activities were measured at
pH 6.0 and 40 °C.

Determination of kinetic parameters
Kinetic parameters were determined by performing steady-

state kinetic studies without and with 3.6%, 7.3%, 10.9%,
14.5%, and 18.2% (w/v) NaCl (see Table 2).
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Table 2 Effect of NaCl

. A Concentration of NaCl K, (mM) Vinax (U/mg) Keat s™h kel Ko (mM~ s
concentration on kinetic 1% (WiV)]
parameters of rBGL_MKS86
0 4.63+0.10 3.34+0.17 242+0.13 0.52+0.018
9.1 3.77+0.26 4.03+0.12 2.98+0.09 0.79+0.029
18.2 241+0.18 4.31+0.15 3.18+0.12 1.32+0.066

The activity toward p-nitrophenyl-p-D-glucopyranoside (0.8—10 mM) was measured for 10 min at 45 °C in
the presence and absence of NaCl

Detection of enzymatic reaction product
by thin-layer chromatography (TLC)

A reaction mixture (100 pL) consisting of the enzyme
preparation, 50 mM sodium-—citrate buffer (pH 6.0), and
10 mg mL~! laminaribiose or gentiobiose was incubated
at 40 °C. The reaction mixture was mixed with an equal
volume of ethanol. TLC was performed on Merck silica gel
60F254 plates (Merck KGaA, Darmstadt, Germany). The
substrate and its reaction products were chromatographed
with mobile solvent (n-butanol/acetic acid/water=2:1:1,
v/v/v). The TLC plate was sprayed with detection reagent
(sulfuric acid/ethanol = 1:9, v/v) and incubated on a hotplate
at 130 °C.

Hydrolysis of crude and partially purified laminarin
from E. bicyclis

Extraction and partial purification of laminarin from E.
bicyclis was carried out using a modified version of previ-
ously reported procedures (Miyanishi et al. 2004). Briefly,
desiccated seaweed samples (2.5 g) were stirred in 25 mL
of 0.09 M HCl at 0 °C for 2 h. The resulting solution was
centrifuged at 3000 X g for 5 min, and the resulting pre-
cipitate was washed twice with 5 mL of 0.05 M HCI. The
supernatant and washing solutions were combined to obtain
the combined laminarin solution, which was then neutral-
ized with 0.05 M NaOH. This solution was mixed with an
equal volume of water to obtain crude laminarin solution 1
(see Table 3). The combined solution was also neutralized
with 0.05 M NaOH and then mixed with an equal volume
of 100 mM sodium citrate buffer (pH 6.0) to obtain crude
laminarin solution 2 (see Table 3). In addition, the combined
solution was adjusted to an 85% (v/v) ethanol concentration,

and the resulting precipitate was recovered by centrifugation
at 3,000 x g for 5 min. The precipitate was washed twice
with 5 mL of methanol and five times with 40 mL of ether.
Finally, the precipitate was dissolved in 50 mM sodium cit-
rate buffer (pH 6.0) to obtain partially purified laminarin
solution (solution 3; see Table 3). The hydrolysis of crude
and partially purified laminarin from E. bicyclis was evalu-
ated using the enzyme assay described above.

Statistical analysis

All experiments were performed in duplicate and repli-
cated at least three times. All data were calculated as the
mean =+ standard deviation. Analysis of variance (ANOVA)
was selected to test value differences (p < 0.05). For com-
parison of different groups, the data were analyzed using
one-way ANOVA and Tukey’s multiple comparison. All cal-
culations were conducted using GraphPad Prism software
(ver. 6.02 for Windows, La Jolla, CA, USA).

Results and discussion

Isolation of salt-tolerant B-glucosidase from A.
chevalieri MK86

LC-MSMS Mascot analysis identified lipolytic enzymes
involved in katsuobushi fermentation and ripening, as
well as putative B-glucosidases, based on our in-house
sequence database of A. chevalieri MK86 (Takenaka et al.
2021). To further investigate these extracellularly produced
B-glucosidases, crude enzyme preparations were obtained
from solid-state culture of A. chevalieri strain MK86 and
active fractions were purified (Fig. S1). From the purified

Table 3 Hydrolysis of crude

. o Prepared laminarin solution
and purified laminarin from E.

Enzyme activity (U/mL)

bicyclis by BGL_MK86 1: Crude laminarin + water

2: Crude laminarin+ 50 mM sodium citrate buffer (pH 6.0)
3: Partially purified laminarin + 50 mM sodium citrate buffer (pH 6.0)
4: Commercially obtained laminarin 4+ 50 mM sodium citrate buffer (pH 6.0)

0.120+0.0134
0.126+0.0044
0.342+0.031

0.131+0.016%

Enzyme activities sharing a superscript capital letter * were not significantly different at the 5% level
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Fig.1 Phylogenetic analysis of BGL_MKS86 from Aspergillus
chevalieri MK86 and f-glucosidases from Aspergillus spp. Mul-
tiple alignment of amino acid sequences was performed using
GENETYX software ver. 14.0 (Genetyx Corp., Tokyo, Japan) and
an unrooted phylogenetic tree was constructed using the neighbor-
joining algorithm. Abbreviations: A. chevalieri_BGL_MKS86, BglC
from A. chevalieri MK86 (this study); A. clavatus_A1CRVO [ori-
gin A. clavatus NRRL1, accession no. A1CRVO, identity (%) with
BGL_MKS86 56% (235/417 amino acids (a.a.))]; A. fischer_A1D4Q5
[A. fischer NRRL181, A1D4Q5, 56% (238/418 a.a.)l; A. flavus_

enzymes, a salt-tolerant type of f-glucosidase, designated
BGL_MKS86, was selected (Fig. S1, Table S1). BGL_MKS86
had approximately 110% activity toward pNPBG in the pres-
ence of 18.2% (w/v) NaCl compared with the absence of
NaCl.

A 1359-bp fragment was amplified from genomic DNA of
strain MK86 with primers BGL_MKS86F and BGL_MKS86R,
with two introns interrupting the coding sequence. The
full-length cDNA of BGL_MKS86 was obtained by reverse
transcription-PCR using the same primers and contains an
open reading frame of 1248 bp (LC767509). SignalP analy-
sis (http://www.cbs.dtu.dk/services/SignalP/) indicated the
presence of an N-terminal signal peptide (amino acid resi-
dues 1-22). The mature BGL_MKS86 protein contains 393
amino acid residues with a calculated molecular mass of
43.4 kDa, which is consistent with the purified enzyme on
SDS-PAGE (Fig. S1). Based on analysis using the ExPASy
server (http://web.expasy.org/protparam/), the theoretical
isoelectronic point (pl), instability index, aliphatic index,
and grand average hydropathy of the mature enzyme were
4.51,24.20, 80.61, and -0.348, respectively. Protein—protein
BLAST search against the UniProtKB/SwissProt database,
along with the glucose tolerance described below, indicated
that BGL_MKS86 probably belongs to the aryl-phospho-f-
D-glucosidases (also called BgIC).

The SWISS-MODEL web server was used to perform
structural modeling of BGL_MKS86 using BglC from Can-
dida albicans [PDB ID, 2PB1; Global Model Quality Esti-
mate, 0.82; identity, 43% (170/393 amino acids (a.a.))] (Fig.
S2), which belongs to glycosyl hydrolase family (GH) 5,

L— A. chevalieri_BGL_MK86 (This study)
A. trreus_QOCR35

B8N151 [A. flavus NRRL3357, B8N151, 60% (235/388 a.a.)]; A.
Sfumigatus_Q4WKG60 [A. fumigatus Af293, Q4WK60, 56% (236/418
a.a.)]; A. nidulans_Q5B5X8 [A. nidulans FGSC A4, Q5B5X8, 59%
(226/378 a.a.)]; A. niger_A2RARG [A. niger CBS513.88, A2RARG,
56% (236/416 a.a.)]; A. oryzae_XP_001820101 [A. oryzae RIB40,
XP_001820101, 60% (235/388 a.a.)]; A. ruber_XP_04063068 [A.
ruber CBS135.680, XP_04063068, 89% (373/416 a.a.)]; A. sydowii_
XP_04073956 [A. sydowii CBS593.65, XP_04073956, 57% (240/416
a.a.)]; A. trreus_QOCR35 [A. terreus NHI2624, QOCR35, 56%
(237/419 a.a.)]

as the template. The two catalytic glutamate residues [the
nucleophile (Glu209) and proton donor (Glu307)] and other
amino acid residues, Argl13, His156, Asn208, His267,
Tyr269, and Trp371 in BGL_MKS86 were conserved in C.
albicans BgIC (Cutfield et al. 1999) (Fig. S2). The (B/o)s-
barrel structure, commonly observed in structurally char-
acterized clan GH-A B-glucosidases (families GH 1, 5, and
30), was present in the structural model of BGL_MKS86.
Docking structure analysis of BGL_MKS86 with BglC from
C. albicans was carried out (Fig. S2). It revealed no signifi-
cant interaction of the enzymatic reaction product glucose
with active site residues, as suggested by Zada et al. (2021)
(Fig. S2). This observation could explain the glucose toler-
ance observed for BGL_MKS86.

Phylogenetic analysis revealed that BGL_MKS6 is closely
related to the putative BglCs from A. ruber CBS135680
(XP_040638068) and A. terreus NIH2624 (QOCR35) that
belong to family GHS (Fig. 1). A. ruber and A. terreus were
categorized as xerophilic (Marvig et al. 2014; Oritiz-Lemus
et al. 2021) and/or salt-tolerant fungi (Zhao et al 2016).
Therefore, these putative BgICs may also be stable and
exhibit activity in moderately-high-salt conditions.

Characterization of rBGL_MK86

Recombinant BGL_MKS86 (rBGL_MKS86) was secreted
following heterologous expression in A. oryzae and
purified through a single-column chromatography step,
resulting in a 100-fold purification with an overall yield
of 32.5% (Table S2). Notably, rBGL_MKS86 production
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was significantly higher (4.4 mg from 20 mL of filtered
culture) than that of the native BGL_MKS86 from A.
chevalieri strain MK86 (0.11 mg from 150 mL of crude
enzyme preparation). rBGL_MKS86 showed increasing
activity toward pNPBG and laminarin from L. digitata
with increasing NaCl concentration, indicating salt-
tolerance (Fig. 2a); this salt-tolerance was clear via an
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Fig.2 Factors affecting enzymatic activity and stability of rBGL_
MKS86. a Effect of NaCl The effect of NaCl on hydrolysis of
p-nitrophenyl-p-D-glucopyranoside (pNPBG) and laminarin from
Laminaria digitata was determined at 40 °C for 30 min in a reaction
mixture without and with NaCl. The relative activities were calcu-
lated based on the hydrolytic activities toward pNPBG (0.058 U/mg)
and laminarin (1.2 U/mg) in the absence of NaCl. b Effect of D-glu-
cose The effect of D-glucose on hydrolysis of pNPBG was deter-
mined at 40 °C for 30 min in a reaction mixture without and with
D-glucose. The relative activities were calculated based on the hydro-
Iytic activity toward pNPBG (0.058 U/mg). ¢ Effect of pH Enzyme
assays using pNPBG were carried out over pH range 4.0-10.0 at
40 °C for 30 min in the following 100 mM buffers: sodium acetate
(pH 4.0-6.0, cyan), MES-NaOH (pH 5.5-7.0, orange), sodium potas-
sium phosphate (pH 5.0-8.0, black), Tris—HCI (pH 7.5-9.0, yellow),
and glycine—NaOH (pH 9.0-10.0, green). The relative activities were
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increase in both substrate affinity (K,) and the turnover
number of rBGL_MKS86 (k.,,) (Table 2). While salt-tol-
erant GH1 p-glucosidases have been characterized from
Thermobifida halotolerans YIM 90462 (Yin et al. 2021),
Alteromonas sp. L82 (Sun et al. 2018), and Bacteroides
cellulosilyticus DSM 2522 (Wu et al. 2018), the effect of
NaCl on the kinetic parameters of these enzymes is not
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calculated based on the hydrolytic activity toward pNPBG at pH 5.5
(0.063 U/mg). d pH stability The purified enzyme was incubated at
various pHs for 15 h, in the following 100 mM buffers: sodium ace-
tate (pH 4.0-6.0, cyan), MES-NaOH (pH 5.5-7.0, orange), sodium
potassium phosphate (pH 5.0-8.0, black), Tris—HCI (pH 7.5-9.0, yel-
low), and glycine—NaOH (pH 9.0-10.0, green); the residual activity
toward pNPBG was measured at pH 6.0. The relative activities were
calculated based on the hydrolytic activity toward pNPBG of enzyme
preincubated at pH 6.5 (0.064 U/mg). e Temperature The effect of
temperature on the activity of the purified enzyme was determined at
20-65 °C. The relative activities were calculated based on the hydro-
lytic activity toward pNPBG at 45 °C (0.067 U/mg). f Thermostabil-
ity The stability was evaluated by preincubating purified enzyme at
20-95 °C for 30 min; the residual activity toward pNPBG was then
measured at pH 6.0. The relative activities were calculated based on
the hydrolytic activity of enzyme preincubated at 40 °C (0.058 U/mg)
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well understood. The salt-tolerant GH1 p-glucosidase from
Bacillus sp. SJ-10 exhibited high activity toward pNPBG
in the presence of 15% (w/v) NaCl and a kinetic profile
similar to that of rBGL_MKS86 (Lee et al. 2015), but the
underlying mechanism remains unclear (Lee et al. 2015).

rBGL_MKS86 was categorized as a glucose-tolerant
B-glucosidase based on its response to glucose, and as a
GHI1 family p-glucosidase in clan GH-A (Salgado et al.
2018) (Fig. 2b). Its pH stability was broader than that of
the GH1 family p-glucosidases from 7. halotolerans YIM
90462, Alteromonas sp. L82, Bacteroides cellulosilyticus
DSM 2522, and Bacillus sp. SJ-10 (Fig. 2c and d). How-
ever, there were no significant differences in thermosta-
bility and optimum reaction temperature among the five
enzymes including rBGL_MKS6 (Fig. 2e and f). In addi-
tion to hydrolyzing pNPBG, rBGL_MKS86 showed activity
toward p-nitrophenyl-B-D-xylopyranoside and laminaribi-
ose (pB-1,3-linked glucose dimer) (Fig. 3), but not cello-
biose (B-1,4 linked glucose dimer) or gentiobiose (B-1,6
linked glucose dimer) (Table 1). rBGL_MKS86 showed
higher activity toward laminarin (a linear polymer of
B-1,3 glucan) from the seaweed L. digitata than lamina-
rin (B-1,3/p-1,6 glucan) from E. bicyclis, likely due to its
inability to act on gentiobiose. TLC analysis indicated that
rBGL_MKS6 had transglycosylation activity and produced
glucose from laminaribiose, consistent with the properties
of exoglucanases (Guo et al. 2015; Jiang et al. 2016; Kim
et al. 2018).

G1L2G2 002505 1 2
Standard Reaction time (h)

Fig.3 Thin-layer chromatography (TLC) analysis of hydrolysis of
laminaribiose by rBGL_MKS86. Products were analyzed by TLC (Sil-
ica Gel 60 F254) with n-butanol-acetic acid—water (2:1:1, v/v/v) as
the solvent. Plates were visualized by exposure to 10% sulfuric acid
in ethanol. Lanes: G1, D-glucose; L2, laminaribiose; G2, gentiobiose;
0, 0.25, 0.5, 1, and 2, reaction time of incubation of laminaribiose
with rBGL_MKS86 (in h)

Table 4 Effect of NaCl on hydrolysis of partially purified laminarin
from E. bicyclis by -BGL_MKS86

Concentration of NaCl Enzyme activity (U/mL) Relative

[% (wiv)] activity
(%)

0 0.332+0.0234 100

1.7 0.299 +0.043 90

3.3 0.340+0.051 102

5.0 0.279+0.031B 84

6.7 0.270+0.012€ 81

8.3 0.202 +0.028 61

16.7 0.160+0.009ABC€ 48

Enzyme activities sharing a common superscript capital letter A5 °rC

were statistically different at p<0.05

Proposed molecular mechanism of salt adaptation
in salt-tolerant BGL

Enzymes that are halophilic or salt-tolerant typically have
a higher proportion of acidic amino acids (Asp and Glu)
located on the protein surface than non-halophilic/salt-
tolerant enzymes (Gao et al. 2018, 2020; Mokashe et al.
2018). This results in a reduction in the theoretical pl and
an increase in the hydration of the protein surface (Gao
et al. 2018, 2020; Mokashe et al. 2018). As noted above,
the molecular mechanism responsible for the salt tolerance
of B-glucosidases is not yet fully understood. However, Cai
et al. (2019) proposed that Glu492, which is located close
to the acid/base active site residue Glu493, may contribute
to the halophilic properties of f-glucosidase 2 (MH744150)
from A. niger ZJUBE-1 (Cai et al. 2019). Although there is
no non-salt-tolerant -glucosidase that shows high similar-
ity to BGL_MKS86, C. albicans BglC was chosen for com-
parison. The number of acidic amino acid residues in BGL_
MKS86 and C. albicans BglC was 59 and 45, respectively,
and the theoretical pI of BGL_MKS86 (4.51) was lower than
that of C. albicans BgIC (5.35). The pls of the BgICs from
A. ruber CBS135680 and A. ferreus NIH2624, which belong
to the same group as BGL_MKS86 (Fig. 1) were 4.31 and
4.41, respectively. Further experimental studies are needed
to test the salt tolerance of C. albicans BgIC, but it is possi-
ble that acidic amino acid residues contribute to the salt tol-
erance of BGL_MKS86 and other salt tolerant -glucosidases.

Effect of NaCl on hydrolysis of laminarin from E.
bicyclis by rBGL_MK86

The halophilic B-glucosidase from Trichoderma harzianum
HTASA has shown potential for saccharification of cel-
lulosic raw materials in the presence of NaCl in practical
conditions (Sun et al. 2022). To investigate the salt-toler-
ance characteristics of rBGL_MKS6, its hydrolytic activity

@ Springer
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profiles were examined using various grades of laminarin
from E. bicyclis as substrate (Tables 3 and 4). Partially puri-
fied laminarin (0.32 g) was obtained from 2.5 g of dried
E. bicyclis as described in Materials and methods. Crude
laminarin solutions 1 and 2 (see Table 3) were prepared by
subjecting the partially purified laminarin to HCI treatment
and NaOH neutralization. After neutralization, these solu-
tions contained approximately 0.079 M NaCl [equivalent to
0.46% (w/v) NaCl] and 0.91% (w/v) laminarin. Enzymatic
hydrolysis by rBGL_MKS86 was performed using this crude
laminarin solution diluted twofold with water (to form solu-
tion 1) or citrate buffer (solution 2, Table 3). rBGL_MKS86
exhibited its highest activity toward partially purified E.
bicyclis laminarin (solution 3, Table 3). The hydrolysis of
the crude laminarin samples showed no significant differ-
ence compared with hydrolysis of commercially obtained
E. bicyclis laminarin (solution 4, Table 3). The hydrolysis
capability of rBGL_MKS86 for the crude laminarin was
investigated (Fig. 4). The total sugar content in the crude
laminarin solution (solution 2, refer to Table 3), measured
using the phenol-sulfuric acid method, was determined to
be 8.33 +0.55 mg/ml (as D-glucose equivalent). During the

2.0
g @
S_15F i
BE |
o L
g§10
S5 |,
©
'§g)0.5
()
e 0 | 1 1
0 2 4 6 8
Time (h)
(b)
- .
w
e ' .
OO 0 G o v
G1G2 0 1 2 3 5 7 G1

Reaction time (h)

Fig.4 Time course of crude laminarin hydrolysis by rBGL_MKS6.
The reactions were performed in 50 mM citrate buffer (pH 6.0) at
40 °C with the crude laminarin solution s (see Table 3) and the puri-
fied rBGL_MKS86 (0.4 U/ml). Total sugar content measured by the
phenol-sulfuric acid method was 4.16+0.28 mg/ml (as D-glucose
equivalent) in the initial reaction mixture. a Measurement of reduc-
ing sugars Produced reducing sugars (as D-glucose equivalent) were
measured using the 3,5-dinitrosalicylic acid method. b TLC analysis
for products The products formed in the reaction mixture were ana-
lyzed by TLC, as described in the legend of Fig. 3

@ Springer

5 h-reaction period, continuous production of reducing sug-
ars, predominantly consisting of D-glucose, was observed
through hydrolysis of the crude laminarin by rBGL_MK&86
(Fig. 4). However, the increase reached a plateau after that. It
was estimated that 37.5% of the crude laminarin in the reac-
tion mixture was released as reducing sugar, mainly D-glu-
cose (Fig. 4). Further investigation of the hydrolysis profiles
of the crude laminarin in combination with other endo-act-
ing enzymes is required for efficient saccharification.

Additionally, the effect of NaCl concentration on lami-
narin hydrolysis was investigated (Table 4). rBGL_MK86
showed approximately 80% relative activity at the same salt
concentration as seawater [around 3.5% (w/v) NaCl]. These
findings indicate that rBGL_MKS86 exhibits salt-tolerant
characteristics and can effectively hydrolyze laminarin from
E. bicyclis. The ability of the enzyme to tolerate high salt
concentrations might provide potential advantages for the
production of oligosaccharides from crude and/or pretreated
laminarin.

Conclusions

In this study, a salt-tolerant p-glucosidase (named BGL_
MKS86) from the xerophilic mold A. chevalieri MK86
was identified and characterized. Phylogenetic analysis
showed that BGL_MKS86 belongs to the aryl-phospho-f-
D-glucosidase (BglC) family. The recombinant enzyme
(rBGL_MKS86) displayed broad pH tolerance and glucose
tolerance, making it a versatile enzyme for various bio-
catalytic applications. Additionally, rBGL_MKS86 showed
the ability to hydrolyze crude laminarin preparations in the
presence of NaCl, indicating its potential for use in the sac-
charification of marine biomass. Overall, these properties
make rBGL_MKS6 a promising candidate for inclusion in
enzyme cocktails for industrial bioprocessing.
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