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ABSTRACT As classified by the Carbohydrate-Active Enzymes (CAZy) database, en-
zymes in glycoside hydrolase (GH) family 10 (GH10) are all monospecific or bifunctional
xylanases (except a tomatinase), and no endo-3-1,4-glucanase has been reported in the
family. Here, we identified Arcticibacterium luteifluviistationis carboxymethyl cellulase
(AICMCase) as a GH10 endo-B-1,4-glucanase. AICMCase originated from an Arctic
marine bacterium, Arcticibacterium luteifluviistationis SM15047. It shows low identity
(<35%) with other GH10 xylanases. The gene encoding AICMCase was overex-
pressed in Escherichia coli. Biochemical characterization showed that recombinant Al-
CMCase is a cold-adapted and salt-tolerant enzyme. AICMCase hydrolyzes cello- and
xylo-configured substrates via an endoaction mode. However, in comparison to its
significant cellulase activity, the xylanase activity of AICMCase is negligible. Corre-
spondingly, AICMCase has remarkable binding capacity for cello-oligosaccharides but
no obvious binding capacity for xylo-oligosaccharides. AICMCase and its homologs
are grouped into a branch separate from other GH10 xylanases in a phylogenetic
tree, and two homologs also displayed the same substrate specificity as AICMCase.
These results suggest that AICMCase and its homologs form a novel subfamily of
GH10 enzymes that have robust endo--1,4-glucanase activity. In addition, given the
cold-adapted and salt-tolerant characters of AICMCase, it may be a candidate biocat-
alyst under certain industrial conditions, such as low temperature or high salinity.

IMPORTANCE Cellulase and xylanase have been widely used in the textile, pulp and
paper, animal feed, and food-processing industries. Exploring novel cellulases and
xylanases for biocatalysts continues to be a hot issue. Enzymes derived from the po-
lar seas might have novel hydrolysis patterns, substrate specificities, or extremophilic
properties that have great potential for both fundamental research and industrial
applications. Here, we identified a novel cold-adapted and salt-tolerant endo-3-1,4-
glucanase, AICMCase, from an Arctic marine bacterium. It may be useful in certain in-
dustrial processes, such as under low temperature or high salinity. Moreover, AICMCase
is a bifunctional representative of glycoside hydrolase (GH) family 10 that preferentially
hydrolyzes B-1,4-glucans. With its homologs, it represents a new subfamily in this family.
Thus, this study sheds new light on the substrate specificity of GH10.

KEYWORDS Arctic seawater, cellulase, glycoside hydrolase family 10, novel
subfamily, substrate specificity, xylanase

ellulose and xylan, the two most abundant polysaccharides in nature, exist in the
cell walls of terrestrial plants and a majority of marine algae (1). Cellulose consists of
B-1,4-linked glucose. Its depolymerization depends on the cellulase synergies of endo-
B-1,4-glucanases and exo-B-1,4-glucanases, and the released cello-oligosaccharides
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and cellobiose are further hydrolyzed by B-glucosidases (2, 3). Xylan is a complex
heteropolymer. Its 1,4-linked B-p-xylopyranosyl backbone can be replaced by a-L-
arabinose, 4-O-methyl-glucuronic acid, acetate, or ferulic acid. The complete de-
gradation of xylan requires a series of enzymes, including endo-B-1,4-xylanases,
B-xylosidases, a-L-arabinofuranosidases, and carbohydrate esterases (4). Cellulase and
xylanase are very important in the textile, pulp and paper, animal feed, and food-
processing industries. Thus, exploring novel cellulases and xylanases continues to be a
research highlight (2, 4).

Marine cellulase and xylanase play important roles in organic carbon degradation
and cycling in the ocean. Under polar geochemical conditions, e.g., Arctic seawater,
enzymes evolved to support the survival of microbes in these extreme environments (5,
6). These enzymes might present novel properties, such as cold adaptation, salt
tolerance, or unique substrate specificity (7). Thus, marine-derived enzymes exhibiting
these features have great potential for both fundamental research and industrial
applications and deserve to be explored (4).

To date, 162 glycoside hydrolase (GH) families have been described in the
Carbohydrate-Active Enzymes (CAZy) database and have been grouped into 18 GH
clans (A to R) (8; http://www.cazy.org). The GH-A clan includes the families GH1, -2, -5,
-10,-17,-26, -30, -35, -39, -42, -50, -51, -53, -59, -72, -79, -86, -113, -128, -147,-148, -157,
and -158. Enzymes in the GH-A clan share similar (8/a)g barrel (TIM-barrel) structures
and adopt a retaining mechanism to act on substrates with two glutamate residues as
the catalytic acid/base (9). GH10 enzymes reported so far include monospecific and
bifunctional xylanases, which can attack the 1,4-linked B-p-xylopyranosyl backbone.
Also, tomatinase activity has been reported in one case (10). Bifunctional enzymes in
GH10 that mainly exhibit 8-1,4-xylanase activity show additional B-1,3-xylanase (11),
B-1,3-glucanase (12), or B-1,4-glucanase (13-16) activity. In comparison to their xyla-
nase activity, GH10 bifunctional xylanases/cellulases display negligible cellulase activity
(9, 13-16). Up to now, no endo-B-1,4-glucanase has been reported in GH10.

In this study, we report a GH10 endo--1,4-glucanase. Arcticibacterium luteifluviista-
tionis SM15047 is a bacterium isolated from Arctic seawater (17). A GH10 enzyme from
the strain predicted by genomic annotation, which was named A. luteifluviistationis
carboxymethyl cellulase (AICMCase) in this study, was overexpressed in Escherichia coli
and characterized. AICMCase is a cold-adapted and salt-tolerant enzyme. Unlike other
GH10 enzymes, AICMCase displayed high endo-$-1,4-glucanase activity but negligible
xylanase activity. Correspondingly, AICMCase had remarkable binding capacities for
cello-oligosaccharides rather than for xylo-oligosaccharides. These results indicate that
AICMCase is an endo-B-1,4-glucanase in GH10. Furthermore, AICMCase and its ho-
mologs clustered as a group separate from the characterized GH10 xylanases in a
phylogenetic tree, and two homologs of AICMCase are also endo-B-1,4-glucanases.
Therefore, we suggest that these enzymes represent a new subfamily of GH10 enzymes
that have robust endo-B-1,4-glucanase activity.

RESULTS

AICMCase is a member of GH10. The gene encoding AICMCase originated from the
genome of strain SM15047, is 1,230 bp in length, and encodes a protein (AICMCase)
containing 409 amino acid residues. According to the predicted results from the NCBI
Conserved Domain Database (CDD) and SignalP 4.1, AICMCase contains a GH10 cata-
lytic domain and a 19-residue signal peptide (Met1-Ala19). Based on amino acid
sequence similarity, AICMCase shows low identity to characterized xylanases, with the
highest identity (35%; 88% coverage) to Rsgl6-GH10 from Clostridium thermocellum by
BLASTp against the UniProtKB database. Rsgl6-GH10 is a modular protein that has low
endo-B-1,4-xylanase activity and no cellulase activity (18). Compared to proteins with
structural data in the Protein Data Bank (PDB) database, AICMCase has the highest
identity (26%; 72% coverage) to TmxB (PDB ID 1VBR) from Thermotoga maritima, which
is a monospecific endo-B-1,4-xylanase containing only a GH10 catalytic domain (19). To
further ascertain the relationship of AICMCase to other GHs, we constructed a phylo-
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FIG 1 Phylogenetic analysis of AICMCase and other enzymes from families GH1, -5, -10, -30, -39, and -51 in the GH-A clan. The tree
was built by the neighbor-joining method with the Poisson model using 232 amino acid residues. A bootstrap test (500 replicates) was
conducted, and values above 50% are shown. The circles indicate bifunctional xylanases/cellulases in GH10. The triangles indicate the

homologs of AICMCase characterized in this study.

genetic tree of AICMCase and enzymes from GHI1, -5, -10, -30, -39, and -51, because
enzymes with xylanase or cellulase activity are reported only in these families in the
GH-A clan. In the phylogenetic tree, AICMCase and its homologs are clustered in a
separate group and are more closely related to GH10 xylanases than to other GHs (Fig.
1), further suggesting that AICMCase is a GH10 enzyme. To predict the catalytic residues
of AICMCase, multiple-sequence alignment was carried out with characterized mono-
specific xylanases (TmxB, XynA [GenBank accession no. ACN76857.1] from Glaciecola
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mesophila, and XynAS9 [PDB ID 3WUF] from Streptomyces sp.) and bifunctional xyla-
nases/cellulases (CbXyn10C [PDB ID 50FJ] from Caldicellulosiruptor bescii, Cex [PDB ID
1FHD] from Cellulomonas fimi, SIXyl10A [PDB ID 1EOX] from Streptomyces lividans,
Xyl10A [PDB ID 1E5N] from Pseudomonas cellulosa, and Mxyn10 [GenBank accession no.
ACM41799.1]1 from Demequina sp.) in GH10 and AICMCase and its two homologs
(BbCMCase [GenBank accession no. MENL01000062.1] from Bacteroidetes bacterium
GWB2_41_8 and CgCMCase [GenBank accession no. ATNM01000137.1] from Cyclobac-
terium gasimii M12-11B). The result revealed that two conserved glutamate residues,
Glu178 and Glu277 in AICMCase, are likely to be the catalytic acid/base (Fig. 2). These
two residues are also conserved in BbCMCase and CgCMCase. This result suggests that
AICMCase and its homologs probably adopt the same catalytic mechanism as other
GH10 enzymes. Taken together, the data show that AICMCase is a member of GH10
showing low identities to characterized xylanases and those with solved structures,
which deserves to be studied in detail.

AICMCase is a cold-adapted and salt-tolerant enzyme. Recombinant AICMCase
was expressed in E. coli BL21(DE3) and purified. The SDS-PAGE analysis showed that
AICMCase had high purity and displayed an apparent molecular mass of approximately
45 kDa (Fig. 3A), consistent with its calculated molecular mass of 46.0 kDa. AICMCase
displayed extremely low xylanase activities on wheat arabinoxylan (WAX) (25.3 £ 0.6
U/umol) and beechwood xylan (1.2 = 0.1 U/umol) but exhibited efficient hydrolysis on
carboxymethyl cellulose (CMC) (615.6 = 6.4 U/umol) and hydroxyethyl cellulose (HEC)
(386.0 == 41.9 U/umol) (Table 1). This result indicates that AICMCase mainly possesses
B-1,4-glucanase activity.

Using CMC as a substrate, we determined the biochemical characters of AICMCase.
AICMCase displayed the highest activity at 40°C and pH 6.0 in phosphate-buffered
saline (PBS) (Fig. 3B and C). While most of the tested metal ions and chemical reagents
had no obvious effect on AICMCase activity, 10 MM Fe2* and Mn2* increased its
activity to 131.3% and 161.5%, respectively, and 10 mM sodium dodecyl sulfate (SDS)
reduced its activity to 13.9% (Table 2). We also found that AICMCase has properties of
adaptation to Arctic seawater. AICMCase retained 23.3% of its maximum activity at 0°C
and 44.8% at 10°C (Fig. 3B), indicating that it is a cold-active enzyme. Furthermore,
AICMCase was quite thermally unstable. It lost almost all its activity after incubation at
35°C for 1 h or at 45°C for 3 min (Fig. 4A), and the thermal-unfolding temperature (T,,,)
of the enzyme was determined to be as low as 40.9°C (Fig. 4B). These results indicate
that AICMCase is a cold-adapted enzyme. In addition, NaCl can activate AICMCase
activity. AICMCase showed the highest activity in 1.0 M NaCl (172.6% of the activity in
0 M Nadl) (Fig. 4C), and it still retained more than 80% of the enzyme activity in 5.0 M
NaCl after incubation at 4°C for 24 h (Fig. 4D), indicating that it is a salt-active and
salt-tolerant enzyme. Moreover, NaCl significantly improved the thermostability of
AICMCase. After incubation at 35°C for 30 min, AICMCase retained only 26.1% activity in
0 M NaCl but more than 85% activity in 0.1 to 5.0 M NaCl (Fig. 4E), and its T,,, increased
from 40.9°C in 0 M NaCl to 47.4°C in 0.5 M NaCl (Fig. 4F). Altogether, AICMCase is cold
adapted and salt tolerant, well adapted to the cold and saline Arctic seawater where
strain SM1504T was isolated.

AICMCase is an endo-$3-1,4-glucanase with negligible xylanase activity. To
investigate the substrate specificity of AICMCase, we measured its activity on a variety
of cello- and xylo-configured substrates. The results showed that AICMCase exhibited
more than 15.3-fold higher activity on B-1,4-glucans than on B-1,4-xylans (Table 1).
It showed no activity on Avicel (cellulose microcrystalline, from cotton linters), lami-
narin, lichenan, starch, p-nitrophenyl-B-p-glucopyranoside (pNPG), or p-nitrophenyl-
B-p-xylopyranoside (pNPX), indicating that AICMCase has no exo-f-1,4-glucanase,
B-1,3-1,6-glucanase, B-1,3-1,4-glucanase, a-1,4-glucanase, -1,4-glucosidase, or 3-1,4-
xylosidase activity (Table 1). Among CMC, HEC, and WAX, AICMCase displayed the
highest k.., value and the lowest K,, value on CMC (Table 3; see Fig. S1 in the
supplemental material), showing that AICMCase had the highest catalytic efficiency on
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FIG 2 Amino acid sequence alignment of AICMCase with other GH10 enzymes. The

amino acid sequences were TmxB (PDB ID 1VBR) from T. maritima, XynA

(GenBank accession no. ACN76857.1) from G. mesophila, XynAS9 (PDB ID 3WUF) from Streptomyces sp., Xyl10A (PDB ID 1E5N) from P. cellulosa, SIXyl10A (PDB
ID 1E0X) from S. lividans, Cex (PDB ID 1FHD) from C. fimi, CbXyn10C (PDB ID 50FJ) from C. bescii, Mxyn10 (GenBank accession no. ACM41799.1) from Demequina
sp., AICMCase in this study (GenBank accession no. WP_111373332.1) from A. luteifluviistationis, BbCMCase (GenBank accession no. OFX60056.1) from
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FIG 3 Biochemical characterization of AICMCase. (A) SDS-PAGE analysis of purified AICMCase. (B) Effect of temperature on AICMCase
activity. (C) Effect of pH on AICMCase activity. The specific activity of AICMCase determined at 40°C in PBS (378.5 = 5.2 U/umol [B] and
345.1 = 25.6 U/umol [C]) was taken as 100%. The data shown in the graphs are from triplicate experiments (means =+ standard deviations

[SD]).

CMC. The k,/K,, value of AICMCase on CMC was 54.2-fold higher than that on WAX
(Table 3; see Fig. S1). These results indicated that AICMCase mainly acts on f3-1,4-
glycosidic linkages of cellulose with negligible xylanase activity.

We further analyzed the products released from cello-oligosaccharides (G, to Gg),
CMC, xylo-oligosaccharides (X, to Xg), and WAX by the hydrolysis of AICMCase with
thin-layer chromatography (TLC). For cello-oligosaccharides, AICMCase hydrolyzed cel-
lotriose, cellotetraose, cellopentaose, and cellohexaose (G5 to Gg), and the hydrolysis
products were glucose and cellobiose. When it acted on CMC, in addition to glucose
and cellobiose, oligosaccharides with higher degrees of polymerization (DP > 2) were
also observed (Fig. 5A), indicating that AICMCase adopts an endoaction mode on
cello-configured substrates. Similarly, the end products of xylo-oligosaccharides (X5 to
Xe) hydrolyzed by AICMCase were xylose and xylobiose. Xylobiose and a few xylo-
oligosaccharides (DP > 2) were detected when WAX was hydrolyzed (Fig. 5B). These
results indicated that AICMCase hydrolyzes cellulose and xylan with the same mode,
which adopts an endo-action pattern with a requirement for at least three glucose or
xylose units for effective cleavage.

To analyze the binding capacity of AICMCase for cello-oligosaccharides and xylo-
oligosaccharides, we performed site-directed mutagenesis on the predicted catalytic
residue Glu178 and obtained a mutant, E178Q, that showed no activity on CMC or WAX
(Fig. 6). Then, the capacity of E178Q to bind cello-oligosaccharides (G, to Gg) and
xylo-oligosaccharides (X, to X;) was determined by isothermal titration calorimetry
(ITC). The results showed that AICMCase could bind cello-oligosaccharides (G, to Gs)
but had no detectable capacity to bind to xylo-oligosaccharides (X, to X) (Fig. 7), which
may explain why AICMCase had negligible xylanase activity.

Therefore, by comparing the hydrolytic activities and binding capacities of AICM-
Case for xylo- and cello-configured substrates, it can be concluded that AICMCase is an
endo-B-1,4-glucanase with negligible xylanase activity.

AICMCase and its homologs form a new subfamily of endo-$-1,4-glucanases in
GH10. As shown in Fig. 1, AICMCase and its homologs form a new branch in GH10. To

FIG 2 Legend (Continued)
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Bacteroidetes bacterium GWB2_41_8, and CqCMCase (GenBank accession no. EPR66937.1) from C. gasimii M12-11B. The catalytic domains of all the sequences
were predicted with InterPro and used for alignment. Secondary structures and amino acid numbering for CbXyn10C (using ESPript) are shown above the
alignment. Loops, arrows, TT, and m indicate helices, strands, turns, and 3,,-helices, respectively. Amino acid numbering for AICMCase is shown below the
alignment in red. The stars indicate conserved catalytic residues (Glu178 and Glu277 in AICMCase) in GH10. In CbXyn10C, 17 residues interacting with xylo- or
cello-oligosaccharides are marked with circles (solid for 13 conserved residues and open for 4 nonconserved residues). The red circles indicate 2 residues that

are conserved in other GH10 enzymes but nonconserved in AICMCase and its homologs.
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TABLE 1 Substrate specificity of AICMCase?

Substrate Sp act (U/pmol) Description

CcMC 6156 £ 6.4 Substrate for endo-$-1,4-glucanase
HEC 386.0 = 41.9 Substrate for endo-$-1,4-glucanase
WAX 253 £ 0.6 Substrate for endo-B-1,4-xylanase
Beechwood xylan 1.2+0.1 Substrate for endo-$-1,4-xylanase
Avicel NDe Substrate for exo-B-1,4-glucanase
Laminarin ND Substrate for 8-1,3/1,6-glucanase
Lichenan ND Substrate for 8-1,3-1,4-glucanase
Starch ND Substrate for a-1,4-glucanase
pNPG ND Substrate for 3-1,4-glucosidase
pNPX ND Substrate for B-1,4-xylosidase

9The assays were carried out at 40°C in PBS containing 1.0 M NaCl. The substrates used were 12 mg/ml CMC,
24 mg/ml other polysaccharides, and 20 mM pNPG and pNPX. AICMCase concentrations were 0.94 umol for
CMC and 4.70 umol for other substrates. Reaction times were 10 min for CMC and HEC, 1 h for WAX, and
12 h for other substrates.

bND, enzyme activity was not detectable.

analyze whether other enzymes in this branch are also endo-g-1,4-glucanases, two
homologs of AICMCase, BbCMCase and CgqCMCase, were characterized. With CMC as a
substrate, BbCMCase showed the highest activity at 40°C in citrate buffer (pH 6.0)
containing 0.1 M NaCl (see Fig. S2A in the supplemental material), and CgCMCase
showed the highest activity at 40°C in citrate buffer (pH 6.0) containing 1.0 M NaCl (see
Fig. S2B). At their respective optimum temperatures, pHs, and NaCl concentrations, the
activities of BbCMCase and CgCMCase on CMC and WAX were determined. Similar to
AICMCase, both BbCMCase and CgCMCase showed high activity on CMC and extremely
low activity on WAX (Table 4). The ratios of k. /K, (CMC) to k./K, (WAX) for
BbCMCase and CgCMCase were 47.4 and 33.3, respectively, which were similar to that
for AICMCase (54.2) (Table 4; see Fig. S3 in the supplemental material). Therefore,
AICMCase and its two homologs have the same substrate specificity, and all predom-
inantly function as endo-$-1,4-glucanases. Based on these results, we suggest that
AICMCase and its homologs form a new subfamily of GH10 enzymes that have robust
endo-B-1,4-glucanase activity.

DISCUSSION
The well-studied GH10 bifunctional xylanases/cellulases include Xyl10A (13),
SIXylT0A (14), Cex (15), and CbXyn10C (16). To compare the catalytic efficiencies of

TABLE 2 Effects of metal ions and chemical reagents on AICMCase activity?

Relative activity (%) at:

Metal ion or chemical reagent® 1 mM 10 mM
Mg2+ 1039 £ 8.7 113.8 £ 04
Liz+ 1047 £ 84 100.8 + 0.44
Caz* 107.1 £3.9 100.8 = 0.44
Zn?* 1059 £5.2 1129 £10.2
K+ 119.2 £5.2 1127 £1.0
Ni2+ 1059 £ 29 1024 £ 6.4
Ba2* 1184 £5.4 1140 £1.8
Co2+ 116.8 £ 3.2 109.9 £ 3.9
Cu?* 106.4 = 8.6 88.3 £ 2.1
Fe2+ 109.7 + 2.2 1313+ 26
Mn2+ 102.2 £ 2.1 161.5 £ 4.1
DTT 1126 3.2 113.8 £8.2
Urea 1145 £ 4.8 104.5 £ 7.1
2-Mercaptoethanol 97.8 = 4.35 92.1 = 3.1
Thiourea 1116 =64 100.8 £5.2
EDTA 106.3 £ 2.6 79.2 £0.34
SDS 78.6 £ 4.5 139+ 1.0

aAICMCase activity was determined at 40°C in PBS containing the metal ion or chemical regent at a final
concentration of T mM or 10 mM. The specific activity of AICMCase under the same conditions without the
addition of the metal ion or chemical regent (388.1 = 12.9 U/umol) was taken as 100%.

bDTT, dithiothreitol.
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FIG 4 Properties of AICMCase adaptation to Arctic seawater. (A) Effect of temperature on AICMCase stability.
AICMCase was incubated at 25°C, 35°C, and 45°C for different periods. The residual activity was determined at 40°C
and pH 6.0. The specific activity of AICMCase incubated at 4°C (415.9 = 21.6 U/umol) was taken as 100%. (B)
Determination of the T, of AICMCase. The T,, was determined by DSC as the temperature increased from 20°C to
90°C at a heating rate of 1°C/min. The red line represents the fitting curve of the initial data. (C) Effect of NaCl on
AICMCase activity. The specific activity of AICMCase in 0 M NaCl (453.7 = 18.1 U/umol) was taken as 100%. (D) Effect
of NaCl on AICMCase stability. The residual activity was determined after incubating AICMCase in 0 to 5.0 M NaCl
at 4°C for 24 h. The specific activity of AICMCase in 0 M NaCl (438.6 + 29.9 U/umol) was taken as 100%. (E) Effect
of NaCl on AICMCase thermostability. AICMCase in PBS containing 0 to 5.0 M NaCl was incubated at 35°C for 30 min.
The residual activity was determined at 40°C and pH 6.0. The specific activities of AICMCase in the corresponding
concentrations of NaCl incubated at 4°C were taken as 100%. (F) Comparison of the T, values of AICMCase
incubated with and without 0.5 M NaCl. The data shown in the graph are from triplicate experiments (means =+ SD).

these enzymes on xylan and cellulose, we calculated the ratios of k_,/K,, (xylan) to
keat/K,, (cellulose) based on the kinetic parameters reported in the literature. With aryl
glycosides as substrates, the ratios of k_,./K,,, (p-nitrophenyl-B-p-xylobiose [pNPX2]) to
kea/K,,, (p-nitrophenyl-B-p-cellobiose [pNPG2]) for Xyl10A, SIXyl10A, and Cex were
2,915, 714, and 83, respectively (Table 5) (13-15). This indicates that these bifunctional
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Characterization of an Endo-B-1,4-Glucanase in GH10

TABLE 3 Kinetic parameters of AICMCase on CMC, HEC, and WAX“

Vimax (mmol/min/pmol Keat/ Ky
Substrate of enzyme) Keae (s77) K, (mg/ml) (s=" mg/ml—")
CcMC 830.0 = 38.8 13.8 = 0.65 53*05 2.60
HEC 482.6 £ 253 8.0*+04 11.5*+1.0 0.70
WAX 395+ 1.8 0.66 = 0.03 146 = 1.1 0.048

aKinetic parameters were calculated by nonlinear regression fitted directly to the Michaelis-Menten equation
using Origin8 software. The initial rates were determined with 0 to 24 mg/ml CMC, 0 to 42 mg/ml HEC, and
0 to 32 mg/ml WAX. The nonlinear fit curves for the hydrolysis of CMC, HEC, and WAX by AICMCase are
shown in Fig. S1.

xylanases/cellulases hydrolyze xylan more efficiently than they hydrolyze cellulose.
With polysaccharides as substrates, the differences are even more significant. The
catalytic efficiency of Cex on soluble oat spelt xylan (OSX) is more than 10,000-fold
higher than that on CMC (13), similar to the difference observed for CbXyn10C on WAX
and CMC (Table 5) (16). Thus, these bifunctional GH10 xylanases/cellulases have robust
xylanase activity. Up to now, no endo-$-1,4-glucanase has been reported in GH10. In
this study, we found that A. luteifluviistationis AICMCase, which is a GH10 enzyme based
on sequence alignment, functions as an endo-B-1,4-glucanase that can efficiently
hydrolyze 3-1,4-linked CMC, HEC, and cello-oligosaccharides (DP > 2). However, AICM-
Case has extremely low xylanase activity. Compared to CbXyn10C (39,000 U/umol),
AICMCase showed 32,500-fold lower activity (1.2 U/umol) on beechwood xylan and
2,015-fold lower activity (51,000 U/umol for CbXyn10C versus 25.3 U/umol for AICM-
Case) and 49-fold higher K,,, (0.3 mg/ml for CbXyn10C versus 14.6 mg/ml for AICMCase)
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FIG 5 TLC analysis of the products released from cello- and xylo-configured substrates by the hydrolysis
of AICMCase. (A) Products from cello-oligosaccharides and CMC. (B) Products from xylo-oligosaccharides
and WAX. Each cello-configured substrate was incubated with AICMCase at 25°C for 12 h, and each
xylo-configured substrate was incubated with AICMCase at 25°C for 36 h. The products were analyzed by
TLC. Lanes: M, a mixture of authentic cello-oligosaccharides; G, glucose; G,, cellobiose; G;, cellotriose; G,
cellotetraose; G, cellopentaose; G, cellohexaose; X, xylose; X,, xylobiose; X5, xylotriose; X,, xylotetraose;
X5, xylopentaose; X,, xylohexaose. The data are representative of the results of triplicate experiments.
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FIG 6 Activities of AICMCase mutants on CMC and WAX. The reaction mixture for cellulase activity
contained 0.94 uM enzyme and 12 mg/ml CMC, and that for xylanase activity contained 4.70 uM enzyme
and 24 mg/ml WAX in PBS containing 1.0 M NaCl. The specific activity of wild-type (WT) AICMCase
(600.6 = 12.8 U/umol on CMC or 23.7 = 0.1 U/umol on WAX) was taken as 100%. The error bars
indicate SD.

on WAX (Tables 1 and 3) (16). In contrast, with CMC as the substrate, the specific activity
of AICMCase was in the range of 345.1 to 615.6 U/umol, which is comparable to those
of the GH5 cellulases metagenome-derived Cel5A (2,863 U/umol), CelE1 (600 U/umol),
and Volvariella volvacea EG1 (1,470 U/umol) (Table 5) (20-22) and much higher than
those of Cex (3.1 U/umol) (15) and CbXyn10C (39 U/umol) (16). These data indicate that
AICMCase is a GH10 cellulase rather than a xylanase.

It has been reported that CbXyn10C has effective binding capacity for xylo-
oligosaccharides (X, to X,) (23), similar to two GH10 monospecific xylanases, XT6 and
IXT6, from Geobacillus stearothermophilus T-6 (24), and the binding capacity of
CbXyn10C for xylo-oligosaccharides was much stronger than that for cello-
oligosaccharides (Gs to Gg) (23). This is consistent with CbXyn10C being a robust
xylanase. In contrast to these xylanases, AICMCase shows remarkable binding capacity
for cello-oligosaccharides (G, to G;) and no detectable binding capacity for xylo-
oligosaccharides (X, to Xs) (Fig. 7), implying that the substrate binding pocket of
AICMCase is more suitable for cellulose substrate. Structural analysis showed that GIn94
and Trp305 in CbXyn10C form a steric hindrance for cellulose substrate due to the
additional hydroxymethyl of glucose at C-6 (16, 23), just as in the cases of Xyl10A,
SIXyl10A, and Cex (13-15). This hindrance results in the poor binding of these enzymes
to cellulose, leading to their negligible cellulase activity (13-15, 23). In CbXyn10C, 17
residues have been shown to interact with xylo- or cello-oligosaccharides via hydrogen
bonding or hydrophobic stacking (23). Among these residues, 13 residues are con-
served or relatively conserved in GH10 enzymes and 4 residues are not conserved (Fig.
2). The conserved residues play important roles in the hydrolysis of xylan or cellulose
(23). Sequence alignment showed that the conserved GIn94 (in CbXyn10C) has a
counterpart in phenylalanine (Phe138 in AICMCase) and Asn186 (in CbXyn10C) has a
counterpart in aspartic acid (Asp216 in AICMCase) in AICMCae and its homologs (Fig. 2).
However, when site-directed mutagenesis was performed on Phe138 and Asp216
in AICMCase, no increased xylanase activity was detected in the F138Q, D216N, or
F138Q/D216N mutant (Fig. 6). Thus, there should be other structural elements in
AICMCase related to the poor binding capacity for xylo-oligosaccharides, which needs
further study based on structural analysis in the future.

We found that two homologs of AICMCase have the same substrate specificity as
AICMCase, both mainly having -1,4-glucanase activity. Because AICMCase and its
homologs are grouped into an independent branch in the phylogenetic tree of GH10
enzymes (Fig. 1), we suggest that these enzymes form a new subfamily of GH10
enzymes that have robust endo-$-1,4-glucanase activity.

It has been reported that certain metal ions can increase the activity of some
glycoside hydrolases. For example, the activity of the xylanase XynB from Xanthomonas
axonopodis pv. citri was activated by Ca2*™ and Mg2* (25), the activity of the xylosidase
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FIG 7 ITC analysis of the capacity of the inactive E178Q mutant to bind to cello-oligosaccharides (G, to G;) and xylo-oligosaccharides (X, to X;). The experiment
was carried out at 25°C in 50 mM Tris-HCl (pH 7.0) containing 1.0 M NaCl. The concentrations of E178Q and oligosaccharides were 0.25 mM and 2.5 mM,
respectively. ND indicates no detectable binding capacity. Data representative of the results of triplicate experiments are shown.

rSWU43A from Streptomyces sp. strain SWU10 was activated by Fe2™ and Mn2* (26),
and the activity of the metagenome-derived cellulase CellMM5.1 was activated by
Mn2+ and Co2* (27). In this study, we found that Fe2* and Mn2" increased AICMCase
activity (Table 2). In addition, as an Arctic marine-derived enzyme, AICMCase possesses
potential attractiveness for industrial applications. It has cold-adapted and salt-tolerant
properties, suggesting that it may be a candidate biocatalyst for industrial processes
under low temperature or high salinity, such as seafood and saline-food processing.

MATERIALS AND METHODS

Materials and strains. CMC, hydroxyethyl cellulose, beechwood xylan, Avicel, laminarin, starch,
pNPG, pNPX, glucose, cellobiose, and xylose were purchased from Sigma (St. Louis, MO). WAX, lichenan,
cello-oligosaccharides (G; to Gg), and xylo-oligosaccharides (X, to X,) were purchased from Megazyme
(Ireland). A. luteifluviistationis SM1504T (GenBank accession no. CP029480.1) was previously isolated from

September 2019 Volume 85 Issue 18 e01029-19

Molar ratio

Ligand: Xylopentaose
Binding: ND

1sanb Aq 0z0zZ ‘0z Jequialdas uo /Bio wse war//:dny woll papeojumoq

aem.asm.org 11


https://www.ncbi.nlm.nih.gov/nuccore/CP029480.1
https://aem.asm.org
http://aem.asm.org/

Zhao et al. Applied and Environmental Microbiology

TABLE 4 Comparison of the substrate specificities and kinetic parameters of AICMCase and its homologs?®

cMC WAX

Sp act K., Keate Kot/ Koy Sp act K., Keate Kot/ Koy
Protein (U/pmol) (mg/ml) (s71) (s~ mg/ml=") (U/pnmol) (mg/ml) (s71) (s~ mg/ml=")
AlCMCase 615.6 = 6.4 53+ 05 13.8 =06 2.60 253+ 0.6 146 + 1.2 0.66 * 0.03 0.048
BbCMCase 809.8 + 179 45+0.2 147 £ 04 3.27 429+ 1.2 127 +34 0.88 = 0.15 0.069
CgCMCase 359.8 = 27.2 40=*03 6.5*0.3 1.63 30.7 =14 124+19 0.61 = 0.07 0.049

aTwo homologs of AICMCase are BbCMCase (GenBank accession no. OFX60056.1) from Bacteroidetes bacterium GWB2_41_8 and CqCMCase (GenBank accession no.
EPR66937.1) from C. gasimii M12-11B. Nonlinear fit curves for the hydrolysis of CMC and WAX by CqCMCase and BbCMCase are shown in Fig. S3.

Arctic seawater (17). The strain was grown in Difco marine broth 2216 (Becton, Dickinson) at 20°C. E. coli
DH5a and E. coli BL21(DE3) (TransGen Biotech, China) were used for plasmid construction and gene
expression, respectively. They were grown in Luria-Bertani (LB) medium at 37°C.

Gene cloning, mutation, and enzyme expression and purification. The gene that encodes
AICMCase (GenBank accession no. WP_111373332.1) was cloned from the genomic DNA of SM1504T by
PCR amplification and inserted into the pET22b vector (Novagen, USA). Using pET22b-alCMCase as the
template, site-directed mutation was introduced with the QuikChange mutagenesis kit Il (Agilent
Technologies, USA) to construct E178Q, F138Q, D216N, and F138Q/D216N mutants. The primers used are
shown in Table 6. The genes encoding BbCMCase from Bacteroidetes bacterium GWB2_41_8 (GenBank
accession no. MENL01000062.1), and CqCMCase from C. gasimii M12-11B (GenBank accession no.
ATNMO01000137.1) without the predicted signal peptide were synthesized in the Beijing Genomics
Institute (BGI) (Beijing, China) and inserted into pET22b. The constructed plasmids were transferred into
E. coli BL21(DE3). The cells were cultured in LB medium containing 100 wg/ml ampicillin to an optical
density at 600 nm (ODg,) of 0.8 to 1.0 and then induced by 0.5 mM isopropyl-B-b-thiogalactopyranoside
(IPTG) at 20°C for 16 h. The cells were harvested and disrupted with high pressure. Then, recombinant
proteins were purified by nickel chromatography on an Ni?*-nitrilotriacetic acid (NTA) column (GE
Healthcare, USA) and gel filtration on a Superdex G200 column (GE Healthcare, USA). The purities of
enzymes were determined by SDS-PAGE.

Enzyme assay. AICMCase activities on xylo- and cello-configured polysaccharides were determined
by the dinitrosalicylic acid (DNS) method (28). For cello-configured polysaccharides, the 125-ul reaction
mixture contained 0.94 uM AICMCase and 12 mg/ml polysaccharide in PBS (pH 6.0, containing 6.15 mM
NaH,PO, and 43.85 mM Na,HPO,). After incubation at 40°C for 10 min, the reaction was terminated by
the addition of 100 wl DNS, and the reaction mixture was boiled for coloring. Then, the absorbance at
550 nm was measured. When p-nitrophenyl (oNP) derivatives, pNPG and pNPX, were used as substrates,
the 100-ul reaction mixture contained 4.70 uM AICMCase and 20 mM pNPG or pNPG in PBS. After
incubation at 40°C for 10 min, 600 ul Na,CO, was added, and the absorbance at 405 nm was measured.
For xylo-configured polysaccharides, the reaction system contained an additional 1.0 M NaCl, and the
AICMCase concentration and the reaction time were increased to detect the extremely low activity of
AICMCase on these substrates. The activities of BbCMCase and CgqCMCase on CMC and WAX were also
determined by the DNS method in citrate buffer (pH 6.0, containing 9.50 mM citric acid and 40.50 mM
sodium citrate) at 40°C and their respective optimum NaCl concentrations. One unit of enzyme activity
is defined as the amount of enzyme required to release 1 umol glucose, xylose, or p-nitrophenol per min.
The protein concentration was determined by the bicinchoninic acid (BCA) method using a BCA protein
assay kit (Thermo, USA) with bovine serum albumin (BSA) as the standard.

Biochemical characterization. The substrate specificity of AICMCase was determined with the
following polysaccharides: CMC, hydroxyethyl cellulose, WAX, beechwood xylan, Avicel, laminarin,
lichenan, and starch, as well as pNPG and pNPX, at 40°C in PBS containing 1.0 M NaCl. The optimum
temperature for AICMCase activity was determined to range from 0°C to 60°C at intervals of 10°C. The

1sanb Aq 0z0zZ ‘0z Jequialdas uo /Bio wse war//:dny woll papeojumoq

TABLE 5 Comparison of the substrate specificities of AICMCase, GH10 monospecific xylanases, GH10 bifunctional xylanase/cellulases, and
GH5 cellulases

GH family Enzyme activity Enzyme Description® Reference
GH10 Monospecific xylanase XynA 3,300 U/umol on beechwood xylan 33
TmxB 1.84 X 10° U/umol on OSX 34
Bifunctional xylanase/cellulase Xyl10A (keat/ Ky [DNPX2])/(keoi/K,, [PNPG2]) = 2,915 13
SIXyl10A (Keat/Kppy LONPX2])/(kcar/ K., [PNPG2]) = 714 14
Cex (keat/K.y [DNPX2])/(koi/K,, [PNPG2]) = 83 15
(keat/Ky [OSXD/(kcae/K,, [CMC]) > 10,000 13
CbXyn10C (kea/ Ky IWAXD)/ (K o/K,, [CMC]) = 8,800 16
Bifunctional cellulase/xylanase AICMCase (keat/ Ky IWAXD)/ (K oe/K,, [CMC]) = 0.018
345.1 to 615.6 U/umol on CMC
GH5 Cellulase Cel5A 2,863 U/umol on CMC 20
CelE1 600 U/umol on CMC 21
EG1 1,470 U/umol on CMC 22

a0ne unit of enzyme activity is the amount of enzyme that liberates 1 umol of reducing group (xylose, glucose, or p-nitrophenol) per min.
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TABLE 6 Primers used in this study

Applied and Environmental Microbiology

Gene product Primer Sequence (5’ to 3')?
AICMCase AICMCase-F AAGAAGGAGATATACATATGCAATACGAAGGCATTGAAAA
AICMCase-R TGGTGGTGGTGGTGCTCGAGGAACTCAACTTCTACCCTAC
E178Q E178Q-F GTCTTCATAAAAATTGCCATGAATCATCTGGTTGTTTAGATCATATTCTACAAAACG
E178Q-R CGTTTTGTAGAATATGATCTAAACAACCAGATGATTCATGGCAATTTTTATGAAGAC
F138Q F138Q-F TTCTTTGAGCCAAGGCTGCACCTGCTTCTCAATGCCCCAAAAGAT
F138Q-R ATCTTTTGGGGCATTGAGAAGCAGGTGCAGCCTTGGCTCAAAGAA
D216N D216N-F CGTTTTCCTGTCAGAATATTATAATCGTTTAACCATAACTTGGCATTTGG
D216N-R CCAAATGCCAAGTTATGGTTAAACGATTATAATATTCTGACAGGAAAACG

aSequences identical to that of vector pET22b are underlined.

optimum pH for AICMCase activity was determined to be from pH 3.0 to pH 11.0. The buffers used were
50 mM citrate buffer at pH 3.0 to 6.0, 50 mM PBS at pH 6.0 to 8.0, 50 mM Tris-HCl at pH 8.0 to 9.0, and
50 mM glycine-NaOH at pH 9.0 to 10.0. To analyze the effects of metal ions and chemicals on AICMCase
activity, each ion or chemical reagent was added to the reaction mixture at final concentrations of 1 mM
and 10 mM. Then, the AICMCase activity was determined at 40°C and pH 6.0. For the thermal-stability
assay, residual activity was determined at 40°C and pH 6.0 after incubation of AICMCase at 25°C, 35°C, or
45°C for different periods. The effect of NaCl on AICMCase activity was determined in 0 to 5.0 M NaCl. For
the halotolerance assay, AICMCase was incubated in 0 to 5.0 M NaCl at 4°C for 24 h before the residual
activity was determined at 40°C and pH 6.0. The thermal-unfolding (T,,) value of 1.0 mg/ml AICMCase was
determined as the temperature increased from 20°C to 90°C at a heating rate of 1°C/min by differential
scanning calorimetry (DSC) on a MicroCal VP-Capillary DSC (Malvern, United Kingdom). Kinetic param-
eters were determined by nonlinear curve fitting based on the Michaelis-Menten equation using Origin8
software. The initial reaction rates were assayed with 0 to 24 mg/ml CMC or 0 to 32 mg/ml WAX at 40°C
in PBS containing 1.0 M NaCl. The optimum temperatures, pHs, and NaCl concentrations and the kinetic
parameters of BbCMCase and CqCMCase were determined by the same methods as for AICMCase. Each
experiment was performed in triplicate independently.

Thin-layer chromatography. Cello-oligosaccharides (G, to Gg; 0.4 mg/ml each) and CMC (0.4 mg/ml)
were incubated with 8.7 uM AICMCase in PBS at 25°C for 12 h. The products were then concentrated and
analyzed by TLC. Xylo-oligosaccharides (X, to X,; 2.5 mg/ml each) and WAX (10 mg/ml) were incubated
with 108.9 uM AICMCase in PBS containing 1.0 M NaCl at 25°C for 36 h. Before TLC analysis, the enzyme
was removed from the reaction mixture by ultrafiltration. The solvent system in TLC analysis was
1-butanol-acetic acid-pure water (13:12:2 [vol/vol/vol]). Oligosaccharides were visualized by heating
silica gel plates (Sigma, USA) at 100°C for 10 min after spraying with sulfuric acid-ethanol (1:10 [vol/vol]).

Isothermal titration calorimetry. ITC measurements were performed using MicroCal PEAQ-ITC
(Malvern, United Kingdom) at 25°C. The concentrations of E178Q and oligosaccharides were 0.25 mM and
2.5 mM, respectively, in 50 mM Tris-HCI (pH 7.0) containing 1.0 M NaCl. Each oligosaccharide was injected
into the protein cell 19 times with a stirring speed of 800 rpm (23, 24). The data were analyzed with
Microcal PEAQ-ITC analysis software.

Bioinformatics. The signal peptide of AICMCase was predicted by the SignalP 4.1 server (29), and
domain analysis was performed in the NCBI Conserved Domain Database (30) and InterPro (http://www
.ebi.ac.uk/interpro/). The molecular masses of proteins were calculated by ExPASy (https://www.expasy
.org/). Multiple-amino-acid sequence alignment was carried out with CLC Sequence Viewer 6 and ESPript
3.0 (31). The phylogenetic tree was built with MEGA7 (32).

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/AEM
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