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The N-Terminal GH10 Domain of a Multimodular Protein from
Caldicellulosiruptor bescii Is a Versatile Xylanase/[3-Glucanase That
Can Degrade Crystalline Cellulose
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The genome of the thermophilic bacterium Caldicellulosiruptor bescii encodes three multimodular enzymes with identical C-
terminal domain organizations containing two consecutive CBM3b modules and one glycoside hydrolase (GH) family 48
(GH48) catalytic module. However, the three proteins differ much in their N termini. Among these proteins, CelA (or C. bescii
Cel9A [CbCel9A]/Cel48A) with a GH9/CBM3c binary partner in the N terminus has been shown to use a novel strategy to de-
grade crystalline cellulose, which leads to its outstanding cellulose-cleaving activity. Here we show that C. bescii Xyn10C
(CbXyn10C), the N-terminal GH10 domain from CbXyn10C/Cel48B, can also degrade crystalline cellulose, in addition to heter-
ogeneous xylans and barley 3-glucan. The data from substrate competition assays, mutational studies, molecular modeling, and
docking point analyses point to the existence of only one catalytic center in the bifunctional xylanase/f3-glucanase. The specific
activities of the recombinant CbXyn10C on Avicel and filter paper were comparable to those of GH9/CBM3c of the robust CelA
expressed in Escherichia coli. Appending one or two cellulose-binding CBM3bs enhanced the activities of CbXyn10C in degrad-
ing crystalline celluloses, which were again comparable to those of the GH9/CBM3c-CBM3b-CBM3b truncation mutant of CelA.
Since CbXyn10C/Cel48B and CelA have similar domain organizations and high sequence homology, the endocellulase activity
observed in CbXyn10C leads us to speculate that CbXyn10C/Cel48B may use the same strategy that CelA uses to hydrolyze crys-
talline cellulose, thus helping the excellent crystalline cellulose degrader C. bescii acquire energy from the environment. In addi-
tion, we also demonstrate that CbXyn10C may be an interesting candidate enzyme for biotechnology due to its versatility in hy-
drolyzing multiple substrates with different glycosidic linkages.

lant cell wall polysaccharides (PCWPs), composed mainly of

cellulose and hemicellulose, are a promising rich resource for
renewable biofuel development (1). The complete deconstruction
of PCWPs into fermentable, simple mono- or oligosaccharides
requires the concerted action of a complex array of glycoside hy-
drolases (GHs), including cellulases and hemicellulases (2, 3). The
genomes of Gram-positive bacteria of the genus Caldicellulosirup-
tor encode an arsenal of thermophilic plant cell wall polysaccha-
ride-degrading enzymes (3-5), which are appealing candidates in
the design of novel, robust enzyme cocktails for PCWP decon-
struction.

In the genome of Caldicellulosiruptor bescii, there is a gene clus-
ter containing three genes which encode proteins harboring two
tandemly linked CBM3b modules and a GH family 48 (GH48)
cellobiohydrolase in the C terminus. These CBM3b and GH48
modules, as well as their linker sequences, are extremely similar
at the level of the amino acid sequence (see Fig. S1 in the supple-
mental material). Notably, however, the three multimodular en-
zymes differ much in their N termini: CelA (or C. bescii Cel9A
[CbCel9A]/Cel48A) has a GH9/CBM3c catalytic binary partner,
C. bescii Xyn10C (CbXyn10C)/Cel48B (GenBank accession num-
ber ACM60945) has a GH10 catalytic domain, and the third pro-
tein (GenBank accession number ACM60948) has a GH74 do-
main. While the GH9 and GH48 catalytic domains in CelA have
been extensively characterized (6, 7), no analysis of the GH10 and
GH74 catalytic domains has been carried out.

Many characterized xylanases belong to families 10 and 11 of the
glycoside hydrolases according to the classification of the Carbohy-
drate-Active Enzymes (CAZy) Database (http://www.cazy.org) (8).
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Members of GH11 were generally regarded to be true xylanases
due to their stringent substrate specificity on xylans. In contrast,
some members of the GH10 xylanases can hydrolyze other poly-
saccharides, such as tomatine (9) or barley 3-glucan (10), in ad-
dition to xylans. A few GH10 xylanases even have perceivable
activity on artificial cellulosic substrates, such as p-nitrophenol-
B-cellobiose (pNPC) (11) or sodium carboxymethyl cellulose
(CMC) (12). However, to the authors’ knowledge, no GH10 xyla-
nase has been reported to be able to hydrolyze both xylans and
crystalline cellulose, the two major components of PCWPs, as
feedstocks for biofuels.

In the present study, we focused on characterization of the
GH10 module from the multimodular protein CbXynl0C/
Cel48B. We cloned and functionally expressed the N-terminal
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TABLE 1 Primers used in this study

Primer Sequence” (5'-3") Usage
CbXynl0C-F GACGACGACAAGATGCCTGACTGGAACATTCCAAGTTTATATG Cloning of C. bescii xyn10C into pET46-Ek/LIC
CbXyn10C-R GAGGAGAAGCCCGGTTATGATGTCCCTGATGCTTCTATTACTGC

CbXyn10C-CBM3b-F
CbXyn10C-CBM3b-R
CbXyn10C-2CBM3b-F

CbXyn10C-2CBM3b-R

GGGAATTCCCTGACTGGAACATTCCAAGTTTATATG
GGCTCGAGGGTGTCGGTGTCACTGTCGGTG
GGGAATTCCCTGACTGGAACATTCCAAGTTTATATG

GGCTCGAGGGTTGGAGTTGGTGCTGGTGTG

Cloning of C. bescii xyn10C-CBM3Db into pET-28a(+)

Cloning of C. bescii xyn10C-CBM3b-CBM3b into
pET-28a(+)

Cloning of celDTM1 into pET28a

Mutation of Q94 to alanine

Mutation of L306 to alanine

Mutation of E140 to alanine

Mutation of E248 to alanine

CelDTM1-F GGGAATTCCAGAGCATACTGTATGAAAAGG
CelDTM1-R GGCTCGAGTTACTCAAAAAGGATATTGGTAAATC
Q94A-F CTTTAGTGTGGCACAGCGCGACGCCTGATTGG
Q94A-R CCAATCAGGCGTCGCGCTGTGCCACACTAAAG
L306A-F TTATTCATGGGCAAGATCTTTTAACG

L306A-R CGTTAAAAGATCTTGCCCATGAATAA

E140A-F ACGTTGTAAATGCAGCCATTGATGAGAATCAGTC
E140A-R TCATCAATGGCTGCATTTACAACGTCCCATGC
E248A-F ATAACAGCGCTTGATATGAGTTTATACAATTACGG
E248A-R CTCATATCAAGCGCTGTTATATGAATTTCTATGC

% The underlined nucleotides are the EcoRI (GAATTC) and Xhol (CTCGAG) restriction sites.

GH10 domain in Escherichia coli. The recombinant protein, des-
ignated CbXyn10C, displayed activities on heterogeneous xylans,
barley B-glucan, and, surprisingly, all tested cellulosic substrates,
including CMC, phosphoric acid swollen cellulose (PASC),
Avicel, and filter paper. The molecular mechanism by which
CbXyn10C hydrolyzes xylan and cellulose was also explored using
combinatorial methods.

MATERIALS AND METHODS

Gene identification and cloning. The E. coli Transl strain (Transgen,
Beijing, China) was used for plasmid construction and propagation
throughout this study. The genome sequence of C. bescii was uploaded
and analyzed on the RAST (Rapid Annotation Using Subsystem Technol-
ogy; http://rast.nmpdr.org) server (13) as described previously (3). A
gene encoding a multimodular protein (GenBank accession number
ACMG60945) which contained a GH10 domain at its N terminus, two
CBM3b modules in the middle, and a GH48 domain at the C terminus was
identified to be cb1944, and the protein that it encoded was designated
CbXyn10C/Cel48B. The gene encoding the N-terminal GH10 domain
(amino acids [aa] 38 to 376) was amplified from the genomic DNA of C.
bescii DSMZ 6725 (purchased from the Deutsche Sammlung von Mikro-
organismen und Zellkulturen GmbH) using PrimeSTAR HS DNA poly-
merase (TaKaRa, Shiga, Japan) and cloned into pET-46/Ek-LIC to obtain
pET46-CbXyn10C according to the manual of the manufacturer (Merck
KGaA, Darmstadt, Germany). Additionally, the genes encoding the N-
terminal GH10 domain with one CBM3b module (aa 38 to 599) or two
CBM3b modules (aa 38 to 852) and a truncation mutant of CelD (desig-
nated CelDTM1) (14) were amplified from the genomic DNA of C. bescii
and subcloned into the EcoRI/Xhol-digested pET-28a(+) plasmid to
obtain pET28-CbXyn10C-CBM3b, pET28-CbXynl0C-2CBM3b, and
pET28-CelDTM1, which were used for expression of recombinant
CbXyn10C-CBM3b, CbXynl0C-CBM3b-CBM3b, and CelDTMI, re-
spectively. The primers used for cloning the genes are listed in Table 1.
Gene expression and protein purification. The pET46-CbXyn10C,
pET28-CbXyn10C-CBM3b, pET28-CbXyn10C-2CBM3b, and pET28-
CelDTM1 plasmids were individually transformed into E. coli BL21(DE3)
competent cells, and positive colonies on LB plates supplemented with
100 pg/ml of ampicillin were selected. Five to 10 colonies of the
BL21(DE3) strains carrying one of the plasmids were inoculated into 10
ml of LB medium with 100 pg/ml of ampicillin and cultured at 37°C for 6
h. The preculture was then transferred to 1 liter LB medium with 100
pg/ml of ampicillin and cultured with shaking for 2.5 h. Then, 0.8 mM
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(final concentration) IPTG (isopropyl-B-p-thiogalactopyranoside) was
added to the medium and the culture was continued at 25°C for another
16 h. The cells were harvested by centrifugation at 12,000 X g for 10 min
and then resuspended in a binding buffer (20 mM Tris-HCl, 500 mM
NaCl, 10% glycerol, pH 7.6). The cell wall was disrupted by sonication,
followed by centrifugation at 10,000 X g for 15 min. The supernatant was
separated and loaded into a nickel-nitrilotriacetic acid (NTA) chelating
column (GE Healthcare, Uppsala, Sweden). The bound protein was
eluted from the resin with a linear imidazole gradient (40 to 400 mM) in
the binding buffer. The eluted protein was analyzed on a 12% SDS-poly-
acrylamide gel, and the pure fractions were mixed. The purified protein
was extensively dialyzed against a protein storage buffer containing 50
mM Tris-HCl and 150 mM NaCl, pH 7.5.

Substrate specificity. The substrate specificity of CbXyn10C was de-
termined by incubating 10 wM purified CbXyn10C in pH 6.5 Mcllvaine
buffer (200 mM sodium phosphate, 100 mM sodium citrate) at 75°C with
different natural polysaccharides or artificial substrates, including 10
mg/ml of beech wood xylan, wheat arabinoxylan (WAX), barley 8-glucan,
lichenin, laminarin, CMC, Avicel, filter paper, arabic gum, debranched
arabinan, sugar beet arabinan, and xyloglucan; 5 mg/ml of konjac gluco-
mannan, carob bean gum, locust bean gum (LBG), and guar gum; 2.5
mg/ml of PASC and pectin; and 1 mM p-nitrophenyl B-p-glucoside
(pPNPG), p-nitrophenyl B-p-xylopyranoside (pNPX), and pNPC in a total
volume of 1.0 ml. The amount of reducing sugars released into the reac-
tion mixture was measured by using the 3,5-dinitrosalicylic acid (DNS)
method (15). The release of p-nitrophenol (pNP) was measured on a
Specord 205 spectrophotometer (Analytik, Jena, Germany) by monitor-
ing the change in the absorbance (AA) at 405 nm.

Determination of optimal pH and temperature. The optimal pH for
CbXyn10C activity was determined in McIlvaine buffer (pH 3.0 to 8.0),
100 mM Tris-HCI (pH 7.0 to 9.0), and 100 mM glycine-NaOH (pH 9.0 to
12.0) in a total volume of 1.0 ml at 80°C for 10 min. To determine the
optimal temperature for CbXyn10C activity, assays of activity were per-
formed at temperatures ranging from 37°C to 95°C at pH 6.5. For analysis
of pH stability, the protein was preincubated in 100 mM glycine-HCI (pH
1.0 to 3.0), Mcllvaine buffer (pH 3.0 to 8.0), Tris-HCI (pH 7.0 to 9.0), or
glycine-NaOH (pH 9.0 to 12.0) without substrate at 37°C for 1 h. Then,
the residual activities were measured under optimal conditions (pH 6.5,
85°C, and 10 min). The thermal stability of CbXyn10C was determined by
measuring its residual activity after incubation at 80°C, 85°C, or 90°C for
different periods of time.
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Assay of enzymatic activity. To determine the specific activities of
CbXyn10C on xylans, cellulose, and B-glucans, 100 .l of appropriately
diluted enzyme was incubated with 900 .l of beech wood xylan, WAX,
barley B-glucan, CMC, Avicel, filter paper, microcrystalline cellulose
(MCG; catalog no. 310697; Sigma), PASC, and lichenin (10 mg/ml final)
at the optimal temperature (or 75°C for Avicel, filter paper, and MCC) for
certain periods of time. Similarly, the specific activity of CbXyn10C-
CBM3b or CbXyn10C-CBM3b-CBM3b on 10 mg/ml of Avicel, MCC, or
filter paper was also determined. The released reducing sugars were deter-
mined by using the DNS method. The kinetic parameters of the wild-type
CbXyn10C as well as its site-directed mutants were determined in McIl-
vaine buffer containing 1 to 20 mg/ml of beech wood xylan, WAX, barley
B-glucan, and CMC-Na or 0.1 to 4.0 mM pNPX and pNPG at the optimal
pH and temperature. The K, and k_,, values were estimated by fitting the
data to the Michaelis-Menten equation using GraphPad Prism (version
5.01) software (GraphPad, San Diego, CA).

To study the effect of removing amorphous cellulose from crystal-
line cellulose on the hydrolyzing activity of CbXyn10C, 10 mg/ml of
Avicel was first incubated with 10 uM CelDTM1 (14) in pH 6.5 Mcll-
vaine buffer in a total volume of 1.0 ml at 70°C for 16 h. The ability of
CelDTMI to degrade amorphous cellulose has been reported by Ve-
likodvorskaya et al. (14). As a control, Avicel was incubated with
CelDTM1 that had been inactivated by boiling at 100°C for 10 min.
After the pretreatment, the reaction mixture was heated at 100°C for
10 min to denature the CelDTM1. Then, 10 uM CbXyn10C was added
to the pretreated Avicel and the reaction was carried out at 75°C. At
different time points (30 min, 60 min, 90 min, 120 min, and 150 min),
samples were taken out and the amounts of reducing sugars were mea-
sured using the DNS method.

Site-directed mutagenesis. In total, four single mutants (the Q94A,
L306A, E140A, and E248A mutants) and two double mutants (the Q94A/
L306A and E140A/E248A mutants) were generated by site-directed mu-
tagenesis, which was carried out by using a Fast mutagenesis system
(Transgen, Beijing, China) according to the instructions of the manufac-
turer. Briefly, primer pairs (listed in Table 1) bearing the mutations were
used to amplify the pET46-CbXyn10C plasmid. The PCR products were
then transformed into DMT chemically competent E. coli cells (Transgen,
Beijing, China). The mutant plasmids were verified for their integrity by
sequencing and transformed into E. coli BL21(DE3) cells for protein ex-
pression. The procedure used for purification of the mutants was the same
as that used for wild-type CbXyn10C.

Hydrolysis of Avicel, WAX, and xylo- and cellooligosaccharides for
thin-layer chromatography (TLC) and high-performance anion-exchange
chromatography with pulsed amperometric detection (HPAEC-PAD)
analyses. One micromolar CbXyn10C was incubated with 20 mg/ml of
Avicel in Mcllvaine buffer in a total volume of 1.0 ml at pH 6.5 and 75°C
for 16 h. Before analysis of the hydrolysis products, the enzyme was re-
moved from the reaction system by using a Nanosep centrifugal 3K device
(Pall, New York, NY). For oligosaccharides or WAX, the reactions were
performed by incubating 1 uM CbXyn10C with 2.5 mg/ml each of the
xylo- or cellooligosaccharides or 1 mg/ml of WAX in a total volume of 40
plor 1 mlat pH 6.5 and 75°C for 16 h.

TLC. TLC was used for analyses of the end products of hydrolysis of
xylan, xylooligosaccharides, or cellooligosaccharides. Hydrolysis prod-
ucts were spotted on 10- by 20-cm Whatman 60-A silica gel with a thick-
ness of 0.25 mm (Silica gel 60 F254; Merck, Darmstadt, Germany). The gel
was air dried at room temperature and then developed in a solution con-
taining n-butanol-acetic acid—H,O with a volumetric ratio of 2:1:1. After
drying at room temperature, the plate was soaked in ethanol-H,SO, (19:1,
vol/vol) and then incubated at 110°C for 5 min until clear spots could be
visualized.

HPAEC-PAD. HPAEC-PAD was used for analysis of the hydrolysis
products of Avicel. Briefly, 500 pl of appropriately diluted hydrolysates
was analyzed on a Thermo Scientific Dionex ICS-5000 (Dionex Corpora-
tion, Sunnyvale, CA) high-performance liquid chromatography (HPLC)
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instrument equipped with a CarboPac PA100 guard column (4 by 50 mm)
and an analytical column (4 by 250 mm). The flow rate was 1 ml/min, and
the temperature was 22°C. The samples were resolved in a mobile phase of
100 mM NaOH using glucose and cellooligosaccharides (G2 to G6) as
standards.

Amino acid sequence alignment. ClustalW software (16) and the on-
line BoxShade server (http://www.ch.embnet.org/software/BOX_form
.html) were used to align the amino acid sequence of CbXyn10C with the
amino acid sequences of selected GH10 enzymes from Cellulomonas fimi
(GenBank accession number AAA56792.1), Streptomyces lividans
(GenBank accession number WP_003978188.1), Paenibacillus sp. strain
E18 (GenBank accession number ACY69972.1), Pseudomonas cellulosa
(GenBank accession number WP_012488068), and Demequina sp. strain
JK4 (GenBank accession number ACM41799.1).

Hydrolysis of mixed substrates. To determine whether recombinant
CbXyn10C utilizes the same or separate active centers to hydrolyze mul-
tiple substrates, substrate competition assays using xylan and barley
B-glucan were performed as described previously (10). One hundred mi-
croliters of appropriately diluted CbXyn10C was incubated with mixtures
of the substrates with a constant total concentration of 20 mg/ml but
various concentrations of beech wood xylan (16 to 4 mg/ml) and barley
B-glucan (4 to 16 mg/ml) in pH 6.5 Mcllvaine buffer in a total volume of
1 ml at 85°C for 10 min. The observed overall activities of hydrolysis were
compared with the theoretical values calculated on the basis of the as-
sumption of the presence of a single or two catalytic centers (17).

Homology modeling of tertiary structure of CbXyn10C and molec-
ular docking. A homology model of CbXyn10C was built using the Mod-
Web server (https://modbase.compbio.ucsf.edu/modweb/) and the Bacil-
lus alkali thermostable GH10 xylanase (PDB accession number 2F8Q), to
which CbXyn10C has 45% identity, as a template. To perform docking
studies, the coordinate files of cellopentaose and xylopentaose ligands
were prepared in the PRODRG server (http://davapcl.bioch.dundee.ac
.uk/cgi-bin/prodrg) (18). The online AutoDockVina server (http://vina
.scripps.edu/) (19) was employed to calculate the relative binding free
energy and generate ligand-protein complexes.

Viscosity reduction of mash. Mash was prepared as described by Ce-
lestino et al. (20) with some modifications. Five grams of triturated and
filtered malt was resuspended in 50 ml of Mcllvaine buffer (pH 6.5).
CbXyn10C (50 U, 80 U, 100 U, or 200 U) was incubated with 50 ml of
mash at 60°C for 30 min, 70°C for 30 min, 80°C for 60 min, and 85°C for
30 min and then boiled for 5 min. After centrifugation and filtration, the
viscosity of the mash supernatant (5 ml) was measured at 25°C by a cap-
illary viscometer with a 0.6-mm diameter. The reduction of the viscosity
was calculated according to the standard equation using the mash viscos-
ity in the absence of enzyme as a control.

RESULTS

Cloning, expression, and purification of CbXyn10C. A gene
(cb1944) encoding a putative multimodular enzyme was identi-
fied from the genome of C. bescii. Analysis of the Pfam database
(http://pfam.xfam.org/) for the amino acid sequence of the pro-
tein indicated that this large protein (1,478 aa) contains one N-
terminal GH10 domain, two nearly identical CBM3b domains in
the middle, and one C-terminal GH48 domain (Fig. 1A). The
CBM3b and GH48 domains are highly homologous to those
in CbCel9B/Man5A (4), CbMan5B/Cel44A (21), and CbCel9A/
Cel48A (6) or CelA (7, 22) from the same organism. Two GH
family 10 xylanases (CbXyn10A and CbXyn10B) from C. bescii
have been biochemically analyzed before. Thus, the N-terminal
GHI0 catalytic domain was designated CbXyn10C, and the full-
length protein was designated CbXynl10C/Cel48B. Although
CbXyn10C was computationally predicted to be a xylanase, no
data regarding its biochemical properties have been reported. The
genes encoding CbXyn10C, CbXyn10C-CBM3b, and CbXyn10C-
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FIG 1 Gene cloning, expression, and purification of CbXyn10C, CbXyn10C-CBM3b, and CbXyn10C-CBM3b-CBM3b and the basic biochemical properties of
CbXyn10C. (A) Domain organization of CbXyn10C/Cel48B. (B) Purification of CbXyn10C, CbXyn10C-CBM3b, and CbXyn10C-CBM3b-CBM3b. Lane M,
molecular mass markers; lane 1, CbXyn10C; lane 2, CbXyn10C-CBM3b; lane 3, CbXyn10C-CBM3b-CBM3b. (C) Optimal pH for CbXyn10C activity. (D) pH
stability of CbXyn10C. (E) Optimal temperature for CbXyn10C activity. (F) Thermostability of CbXyn10C. In panels C to F, we used the relative activities of
CbXyn10C (in percent), with the maximal activities at the optimal pH (32,000 = 120 pmol/min/umol of enzyme) (C) and the optimal temperature (39,000 =
160 pmol/min/pmol of enzyme) (E) or the activities before treatment (38,000 = 130 pmol/min/pwmol of enzyme [D]; 39,000 = 130 wmol/min/pwmol of enzyme

[F]) being used as the reference activities (100%).

CBM3b-CBM3b, which were devoid of a signal peptide, were thus
cloned from the genomic DNA of C. bescii (Fig. 1A). The recom-
binant proteins were successfully expressed in a soluble form in E.
coli and purified to near homogeneity, as resolved by SDS-PAGE
(Fig. 1B).

pH and temperature profile of CbXyn10C. The optimal pH
for CbXyn10C activity is 6.5 (Fig. 1C), which is close to the pHs of
the characterized C. bescii xylan-degrading enzymes, including
CbXynl10A, CbXynl10B, CbAra51A, CbAgu67A, and CbXyl3A
(5). CbXyn10C was a thermophilic enzyme for which the optimal
temperature was 85 to 90°C (Fig. 1E), as determined using beech
wood xylan as the substrate. The thermophilic character of
CbXyn10C is similar to that of other functionally characterized C.
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bescii glycoside hydrolases (4, 6, 22). Since C. bescii is a hyperther-
mophilic bacterium, this is not unexpected. CbXyn10C was stable
under extremely acidic (pH 1.0) and alkaline (pH 12.0) condi-
tions, retaining over 60% of its residual activity (Fig. 1D). When
CbXyn10C was incubated in buffers with pHs ranging from 1.0 to
12.0 for 1 h, it retained over 80% of its activity at pH 2.5 to 11.0
(Fig. 1D). CbXyn10C did not lose any activity when it was incu-
bated at 80°C for 1 h (Fig. 1F). At 85°C it gradually lost its activity,
with a residual activity of 43% after 1 h. At 90°C, it rapidly lost all
its activity within 20 min (Fig. 1F).

CbXyn10C hydrolyzes multiple glycosidic linkages. CbXyn10C
was incubated with a variety of model polysaccharide substrates,
including heterogeneous xylans (beech wood xylan and WAX),
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FIG 2 Screening of activity of CbXyn10C on various polysaccharides. The
reaction mixture contained 10 uM CbXyn10C in pH 6.5 Mcllvaine buffer with
each of a series of polysaccharides, including 10 mg/ml of beech wood xylan,
WAX, barley B-glucan, lichenin, laminarin, CMC, Avicel, filter paper, gum
arabic, debranched arabinan, sugar beet arabinan, and xyloglucan; 5 mg/ml of
konjac glucomannan, carob bean gum, locust bean gum (LBG), and guar gum;
and 2.5 mg/ml of PASC and pectin. The release of reducing sugars in the
reaction mixture was measured by using the DNS method.

B-glucans (barley B-glucan, lichenin, laminarin, and celluloses,
including CMC, PASC, Avicel, and filter paper), pectin, mannans
(carob bean gum, guar gum, locust bean gum), konjac flour, ara-
binans (arabic gum, debranched arabinan, sugar beet arabinan),
and xyloglucan. On the basis of the findings of the reducing sugar
assay, CbXyn10C was most active on the xylan substrates (Fig. 2),
with specific activities of 39,000 = 160 and 51,000 * 240 pwmol/
min/pmol of enzyme on beech wood xylan and WAX, respectively
(Table 2). It also had activities on barley B-glucan (3,400 * 15
pmol/min/pwmol of enzyme) and lichenin (180 = 3.8 pmol/min/
pmol of enzyme), two substrates with a mixed linkage of 3-1,3/
1,4-glucosidic bonds, but no activity on laminarin, which has
B-1,3/1,6-glucosidic linkages (Fig. 2; Table 2) or laminarihexaose
(a glucose hexamer with a B-1,3-glucosidic linkage; data not
shown). Unexpectedly, CbXyn10C displayed activities not only
on soluble CMC (39 * 3.3 pmol/min/pmol of enzyme) but also
on the amorphous cellulose PASC (1.2 = 0.4 pmol/min/pmol of
enzyme) and even on the crystalline cellulosic substrates Avicel
(3.4 = 0.8 wmol/min/pwmol of enzyme) and filter paper (5.4 = 0.3
pmol/min/pwmol of enzyme) (Fig. 2; Table 2). Note that the activ-
ities of CbXyn10C on four different forms of cellulose (CMC,
PASC, Avicel, and filter paper) did not differ much. The cellulose-
binding CBM3bs have been demonstrated to enhance the hydro-
lysis of crystalline cellulose by GH9/CBM3c in CbCel9B/Man5A
and CelA (4, 6). Since CbXyn10C was able to hydrolyze Avicel and
filter paper, two commonly used model crystalline cellulosic sub-
strates, we also determined if the two CBM3bs in CbXyn10C/
Cel48B could affect the hydrolysis of these two substrates by
CbXyn10C. Not surprisingly, appending one or two CBM3bs sig-
nificantly increased the activity of CbXyn10C on the two sub-
strates by 2.1- to 2.6-fold (Table 3).

Crystalline celluloses, including Avicel and filter paper, are
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not completely crystalline but, rather, have larger or smaller
amounts of amorphous cellulose. The degree of crystallinity is
indicated by the crystalline index (23). To obtain more insight
into how CbXyn10C acts on crystalline cellulose, microcrystal-
line cellulose (MCC), which has the amorphous regions re-
moved and is commercially available, was used as the substrate.
CbXyn10C showed a specific activity of 2.3 £ 0.0 pmol/min/
pmol of enzyme on MCC (Tables 2 and 3). Similarly, append-
ing one or two CBM3b modules enhanced its activity on MCC
to 4.9 £ 0.0 and 7.2 £ 0.0 wmol/min/pwmol of enzyme, respec-
tively (Table 3). In addition, the GH5-CBM28 truncation mu-
tant (designated CelDTM1) of C. bescii CelD, an enzyme specif-
ically hydrolyzing amorphous cellulose (14), was used to pretreat
Avicel. On pretreated, more crystalline Avicel, CbXyn10C dis-
played activity similar to that on Avicel incubated with inactivated
CelDTM1 (Fig. 3), as reflected by the slopes of the curves of the
amount of released reducing sugars against time. The results from
the two experiments collectively suggested that CbXyn10C can act
on highly crystalline celluloses.

CbXyn10C was also active on konjac flour, which has a back-
bone of mixed B-1,4-glucosidic/mannosidic linkages (Fig. 2). Ar-
abic gum and debranched arabinan, but not other substrates
(carob been gum, guar gum, locust bean gum, and xylogluan),
were also substrates of CbXyn10C (Fig. 2). CbXyn10C was also
active on pNPX and pNPG (Table 2) but not on pNP-cellobiose.
Taken together, CbXyn10C is a versatile glycoside hydrolase that
can degrade a variety of natural plant cell wall polysaccharides and
artificial substrates.

CbXynl0C hydrolyzes xylan and cellulose in different
modes. To gain insights into how CbXyn10C reacts with xylan
and cellulose, the two major plant cell wall polysaccharides pre-
ferred for biofuel production, the end reaction products of WAX
and Avicel hydrolysis by CbXyn10C were analyzed by TLC (for

TABLE 2 Substrate specificity and kinetic parameters of CbXyn10C*?

Sp act (nmol/

min/pmol of koK, (ml

Substrate enzyme) K, k57 sT'mgh)
Beech wood 39,000 = 160 0.3 * 0.1 mg ml™' 630 %= 16 2,100

xylan
WAX 51,000 =240 0.3 =0.0mgml ' 1,100 = 15 3,700
Barley - 3,400 = 15 2.7+ 0.2mg ml™' 8556 31

glucan
CMC 39 £33 43*0.0mgml™' 1.8=*0.0 0.42
PpNPX 19+ 0.4 47 £ 0.1 pM 0.1 £0.0 0.002
pNPG 0.5* 0.0 1.7 £ 0.0 pM 0.02 = 0.00 0.011
Avicel 34*0.8 ND ND ND
Filter paper 5.4 *= 0.3 ND ND ND
MCC 2.3*0.0 ND ND ND
PASC 1.2*+04 ND ND ND
Lichenin 180 * 3.8 ND ND ND

@ The specific activities and kinetic parameters of CbXyn10C on konjac flour, arabic
gum, and debranched arabinan were not determined in this study. No activity was
detected on laminarin, pectin, carob bean gum, guar gum, locust bean gum, sugar beet
arabinan, or xylogluan. The concentrations used for specific activity determination
were 10 mg/ml for all polysaccharide substrates, while a series of concentrations (1 to
20 mg/ml) was used for estimation of the kinetic parameters of CbXyn10C on these
substrates. The concentrations of pNPX and -pNPG used for specific activity
measurement were 1 mM, while those used for kinetic studies were 0.1 to 4.0 mM. The
released reducing sugars were determined by using the DNS method, and pNP was
monitored spectrophotometrically at 405 nm. ND, not determined.
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TABLE 3 Enzymatic activities of wild-type and mutant CbXyn10C on xylan and celluloses”

Sp act (pmol/min/pmol of

enzyme) CMC Xylan (k.. /K, for CMC)/
Filter K, (mg k. /K, (ml K, (mg  k,/K, (ml (k,/K,, for xylan)
CbXynl0C enzyme  Avicel paper MCC ke s ml™h) sT'mg™") ke (sTH mlTh sT'mg™") (107
Wild type 34+08 54*03 23*x00 1.8*00 43*0.0 042 630 16 0.3*0.1 2,100 2.0
Q94A 24*02 62*04 ND 1.3*x0.1 40X03 033 31012 03 *=0.1 1,000 3.3
L306A 29*+0.1 65*03 ND 1.0 0.0 26*0.0 0.38 39025 05*=0.1 780 4.9
Q94A/L306A 3401 62=*01 ND 08*00 33*0.0 0.24 360 =17 0.6 £0.1 600 4.0
E140A 0 0 0 ND ND ND ND ND ND ND
E248A 0 0 0 ND ND ND ND ND ND ND
E140A/E248A 0 0 0 ND ND ND ND ND ND ND
CbXynl0C-CBM3b  73*0.0 12*0.1 49*0.0 ND ND ND ND ND ND ND
CbXynl0C-CBM3b- 84 *0.0 14*0.1 72*00 ND ND ND ND ND ND ND

CBM3b

“ND, not determined; MCC, microcrystalline cellulose with the amorphous region removed (Sigma).

WAX) or HPLC (for Avicel). Xylobiose was the most prominent
product of WAX hydrolysis, with a slight amount of xylose and minor
amounts of xylooligosaccharides being produced (Fig. 4A). Some
products could not be aligned with the xylooligosaccharide standards
(Fig.4A). Since WAX is composed of a B-1,4-xylosidic backbone with
arabinose side chains, the unaligned spots might be xylooligosaccha-
rides with arabinose side chains. However, the nature of these spots
needs further studies. A dominant amount of cellobiose with minor
amounts of glucose, cellotriose, cellotetraose, cellopentaose, and cel-
lohexaose was detected from the end product of Avicel hydrolysis
(Fig. 4B). A further hydrolysis using xylooligosaccharides (xylobiose
[X2] to xylohexaose [X6]) as the substrates revealed that CbXyn10C
was inactive on xylobiose but hydrolyzed xylotriose, xylotetraose, xy-
lopentaose, and xylohexaose into xylose and xylobiose (Fig. 4C). In
contrast, the end products of cellooligosaccharide hydrolysis were a
series of shorter oligosaccharides and glucose (Fig. 4D). The results
clearly demonstrate that CbXyn10C binds xylan and cellulose sub-
strates differently and hydrolyzes these substrates via different modes
of action.

CbXyn10C has one catalytic center. A bifunctional glycoside

1.6 - —0—CelDTM1—CbXyn10C
I —®—Inactivated CeIDTM1—CbXyn10C
1.4

12
1o}
038
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04

g
021

Reducing ends (mM)

1 1 1 1 1 1 1 1

0
0O 20 40 60 80 100 120 140 160
Time (min)

FIG 3 Effect of removing the amorphous region from Avicel on the activity of
CbXyn10C. Avicel (10 mg/ml) was first incubated with 10 puM CelDTM1 in
pH 6.5 Mcllvaine buffer at 70°C for 16 h. As a control, Avicel was incubated
with CelDTM1 that had been inactivated by boiling at 100°C for 10 min. Then,
the samples were boiled at 100°C for 10 min to degrade the CeIDTM1. Ten
micromolar CbXyn10C was added to the pretreated Avicel, and the reaction
was carried out at 75°C. At different time points (30 min, 60 min, 90 min, 120
min, and 150 min), samples were taken out and the reducing sugars were
measured using the DNS method.

3828 aem.asm.org

Applied and Environmental Microbiology

hydrolase may use one (4) or two (24) centers for catalyzing the hy-
drolysis of different substrates. By comparing the enzyme activities
observed on mixed substrates with those obtained by calculation, the
number of catalytic centers in bifunctional glycoside hydrolases can
be estimated (4, 25). If one enzyme has one active center, the two
substrates will compete for the same center, leading to activity on
mixed substrates lower than that obtained for the enzyme if it is as-
sumed that it has two separate, noncompeting centers. On the basis of
the observation that B-1,4-xylosidic and 3-1,3/1,4-glucosidic bonds
were the two preferred linkages cleaved by CbXyn10C, we deter-
mined the activity of CbXyn10C on mixed substrates containing var-
ious concentrations of beech wood xylan and barley B-glucan, which
contain B-1,4-xylosidic and -1,3/1,4-glucosidic linkages, respec-
tively. As shown in Table 4, in the presence of decreasing concentra-
tions of beech wood xylan (16 to 4 mg/ml) with increasing concen-
trations of barley 3-glucan (4 to 16 mg/ml), the measured activities of
CbXyn10C were 0.20 to 0.22 AA/min/mg, which were much more
similar to those calculated for enzymes with a single catalytic center
(0.16 to 0.18 AA/min/mg) than to those calculated for enzymes with
two different active centers (0.27 to 0.29 AA/min/mg) (Table 4). This
suggests that CbXyn10C may have one rather than two catalytic cen-
ters for multiple substrates. Moreover, mutating either or both of the
two glutamate catalytic residues (E140 and E248, where E is gluta-
mate) (Fig. 5) to alanine simultaneously abolished the catalytic ability
of CbXyn10C on xylan, barley 3-glucan, and Avicel, further support-
ing the suggestion that CbXyn10C has one catalytic center (Table 3).

Mutation of the xylan/cellulose-discriminating residues in-
creased the substrate selectivity on cellulose over xylan. Some
GHI10 xylanases are also able to cleave 3-1,4-glucosidic bonds, in
addition to the B-1,4-xylosidic linkage (9, 10). The amino acid
sequences of such proteins were aligned with the amino acid se-
quence of CbXynl10C (Fig. 5). Among these proteins, Cex of C.
fimi (CfCex) can degrade fluoro- and aryl-B-cellobiosides
(11), Xyl10A of P. cellulosa (PcXyl10A) can degrade pNPC and
4-methylumbelliferyl-B-cellobioside (MUG) (26), Xyl10A of S.
lividans (SIXyl10A) can degrade pNPC (27), Mxynl0 of Deme-
quina sp. JK4 (DsMxyn10) can degrade CMC (12), and XynBE18
of Paenibacillus sp. E18 (PsXynBE18) can degrade barley 3-glucan
and lichenan (10), in addition to xylans. The two Glu catalytic
residues E140 and E248 are well conserved among all of these
proteins (Fig. 5). In PcXyl10A, Y87 and L314 are responsible for
discriminating xylan and cellulosic substrates (26). Y87 has a
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FIG 4 Hydrolysis products of WAX (A), Avicel (B), xylooligosaccharides (C), and cellooligosaccharides (D) by CbXyn10C analyzed by thin-layer chromatog-
raphy (A, C, and D) or HPAEC-PAD (B). One micromolar CbXyn10C was incubated with 20 mg/ml of Avicel, 2.5 mg/ml each xylo-/cellooligosaccharides, or 1
mg/ml of WAX in Mcllvaine buffer at pH 6.5 and 75°C for 16 h. X1, xylose; X2 to X6, xylobiose to xylohexaose; G1, glucose; G2 to G6, cellobiose to cellohexaose.

Lanes M, molecular mass markers.

counterpart of Gln in all five other proteins, including CbXyn10C,
while L314 is conserved in CbXyn10C and PsXynBE18 but re-
placed by a valine in CfCex or an arginine in SIXyl10A and
DsMxynl0 (Fig. 5). The two corresponding residues in
CbXyn10C (Q94 and L306) were thus mutated to alanine individ-
ually or in combination. The kinetic parameters of the mutants on
xylan and cellulosic substrates were compared to those of the wild
type. Mutation of L306 to alanine decreased both the k., of
CbXyn10C on CMC from 1.8 = 0.0 s~ ' to 1.0 = 0.0 s™ ' and the
K, from4.3 = 0.0 mg/ml to 2.6 = 0.0 mg/ml, while the k_, and K,
values of the Q94A mutant and the wild type were comparable.
Mutation of both residues further decreased the k., to 0.8 = 0.0

cat

TABLE 4 Hydrolysis of mixed substrates by CbXyn10C

Total calculated

velocity of
hydrolysis (AA/

Substrate concn in
reaction mixture

(mg/ml) min/mg) with:
Beech Same Different
Reaction  wood Barley Observed value  active active
no. xylan B-glucan  (AA“/min/mg) center  center
1 16 4 0.20 = 0.00 0.18 0.27
2 12 8 0.21 £ 0.00 0.18 0.29
3 10 10 0.21 £ 0.00 0.18 0.29
4 8 12 0.22 = 0.00 0.17 0.29
5 4 16 0.21 £ 0.00 0.16 0.29

“ AA, change in absorbance at 540 nm.
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s~ '. The mutant with the Q94A mutation had a decreased k_,, of
310 = 125~ ' on xylan, whereas that for the wild type was 630 + 16
s~ ', while the K,, did not change significantly. The L306A mutant
had a decreased k_,, of 390 = 25 s~ ! but an increased K,, of 0.5 *
0.1 mg/ml on xylan, leading to a further decrease of catalytic effi-
ciency of 780 mls™' mg~'. The Q94A/L306A double mutant had
a much lower catalytic efficiency of 600 ml s ' mg™' due to a
decreased k,, and an increased K,,,. Notably, the substrate prefer-
ence for cellulose over xylan upon single or double mutation sig-
nificantly increased, as indicated by the change of the ratio of the
k../K,, for CMC to the k_,/K,, for xylan from 2.0 X 10™* (for the
wild type) to 3.3 X 10~ * (for the Q94A mutant), 4.9 X 10~* (for
the L306A mutant), and 4.0 X 10~ * (for the Q94A/L306A double
mutant) (Table 3). The specific activities of the single and double
mutants on the crystalline celluloses Avicel and filter paper were
comparable to those of CbXyn10C (Table 3).

Application potential of CbXyn10C. The ability of CbXyn10C
to hydrolyze multiple types of plant cell wall polysaccharides
makes it an interesting candidate enzyme for potential industrial
usages. The raw materials barley and malt in the brewing industry
have considerable amounts of xylan and (3-1,3/1,4-glucan, which
increase wort viscosity and decrease yields. The xylan- and 3-glu-
can-degrading enzymes are, hence, commonly used to decrease
the viscosity of mash. Bearing both xylanase and 3-1,3/1,4-gluca-
nase activities, CbXyn10C is regarded to be potentially useful in
brewing. Its ability to reduce the viscosity of mash was thus deter-
mined using an increasing amount of the enzyme. Addition of 50
U, 80 U, 100 U, and 200 U CbXyn10C increasingly reduced the
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CbXyn10C 1 PRL YES YRNDFRITE P Ak ——CERNDRD R RN NP S LLAG
CfCex 1 RPEBFMDPNE-——— ADSTHRY /\EN‘ IKIDATEPS
PcXyl10A 1 brP—— TSTININASGGNADTE(ISY RADRNO]! QRVSYMYSG
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FIG 5 Amino acid sequence alignment of CbXyn10C with selected GH10 xylanase sequences. The organisms (GenBank accession numbers) used as sources for
the sequences were C. bescii (ACM60945) for CbXyn10C, Paenibacillus sp. strain E18 (ACY69972) for PsXynBE18, C. fimi (AAA56792) for CfCex, S. lividans
(WP_003978188.1) for SIXyll0A, Demequina sp. strain JK4, (ACM41799) for DsMxyn10, and P. cellulosa WP_012488068 for PcXyl10A. Empty triangles,
conserved catalytic residues; filled triangles, Q94 and L306, the residues for discriminating xylose- and glucose-configured substrates; hyphens, gaps in protein

sequences.

viscosity of mash by 16%, 20%, 22%, and 24%, respectively (data
not shown).

DISCUSSION

The genomes of members of the genus Caldicellulosiruptor encode
an arsenal of glycoside hydrolases attacking a variety of plant cell
wall polysaccharides (28). Within the Caldicellulosiruptor genus,
C. besciiis one of the best-characterized species regarding the pres-
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ence of PCWP-degrading enzymes. The multimodular protein C.
bescii CelA is appealing due to its superior crystalline cellulose-
degrading ability, which results from a unique domain organiza-
tion representing a newly discovered strategy of cellulose hydro-
lysis (7). The gene structure of CelA entails an N-terminal GH9/
CBM3c endocellulase and a C-terminal GH48 exocellulase
separated by two consecutive CBM3b domains. The specific cel-
lulase activity of CbXynl0C on Avicel is 3.4 * 0.8 pwmol/min/
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FIG 6 Modeled structure of CbXyn10C, in which cellopentaose (A) and xylopentaose (B) are docked into the substrate binding cleft. The three-dimensional
structure of CbXyn10C was modeled by using the online ModWeb server (https://modbase.compbio.ucsf.edu/modweb/). Molecular docking was done by using

the PRODRG server (http://davapcl.bioch.dundee.ac.uk/cgi-bin/prodrg).

pmol of enzyme, which is lower than but still in the same order of
magnitude of that of CelA’ (18 pumol/min/pmol of enzyme) (21),
which was purified from the culture broth of C. bescii and roughly
contains the native GH9/CBM3c binary partner. This specific ac-
tivity of CbXyn10C is, however, very similar and comparable to
that of GH9/CBM3c module of CelA recombinantly expressed in
E. coli (6). As has been observed by Zverlov et al., CelA has post-
translational modifications (22) which were regarded to be re-
sponsible for the observed difference in the specific activities be-
tween natural and recombinant CelA proteins and its truncation
mutants (6).

The substrate competition experiment suggested that CbXyn-
10C most likely harbors only one catalytic center. Two facts fur-
ther support the existence of one active center: first, replacement
of the two catalytic residues (E140 and E248) with alanine simul-
taneously abolished the catalytic ability of CbXyn10C on xylan,
cellulose, and barley 3-glucan; second, single or double mutations
of the two discriminating residues Q94 and L306 to alanine in-
creased the substrate preference of CbXyn10A for cellulose rather
than for xylan, although at the cost of enzyme activity, which is
consistent with the findings for other GH10 xylanases with sub-
strate promiscuity on xylan and cellulose (29). A computationally
modeled tertiary structure of CbXyn10C revealed that the protein
has an open cleft (Fig. 6), which is usually observed in the endo-
acting glycoside hydrolases and complies with the endo faction of
CbXyn10C on both xylose- and glucose-configured substrates. In
addition, xylopentaose and cellopentaose can easily be docked
into this cleft (Fig. 6), further confirming that CbXyn10C uses one
catalytic center for hydrolyzing multiple substrates.

The modes of recognizing xylose- or glucose-configured sub-
strates by the same catalytic center of CbXyn10C are apparently
different, determined from analyses of the hydrolysis products of
xylo- or cellooligosaccharides. While xylose and xylobiose were
the only two end products of xylooligosaccharide hydrolysis, cel-
looligosaccharides with higher degrees of polymerization, in ad-
dition to glucose and cellobiose, were present in the hydrolysis of
glucose oligomers. This may suggest that the substrate binding
cleft of CbXynl10C interacts with glucose-configured substrates
less stably than xylose-configured substrates, thereby requiring
more glucose units. While the catalytic efficiency of pNPX and
PNPG differs by only 5-fold, the relative activities of CbXyn10 on
celluloses were ~10° less than those on xylans (Table 2), similar to
the findings observed for PcXyl10A (30), suggesting that the bind-
ing of glucose-configured substrates by the distal regions of the
substrate binding cleft is not optimized. Note that the activities of
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CbXyn10C on crystalline, amorphous, and soluble cellulose do
not differ much. CMC is often a much better substrate for many
endoglucanases. However, the manually introduced carboxy-
methyl groups on certain hydroxyl groups of the glucopyranose
monomers may become a steric hindrance for the binding cleft of
CbXyn10C, which is not optimized for cellulosic substrates. The
similar activities of CbXyn10C on three different forms of cellu-
lose are not unique. For example, a GH131 endoglucanase from
Podospora anserina has activities of 2.0 = 0.4,2.0 = 0.1, 6.3 = 0.3,
and 15 * 2.7 U/mg on Avicel, PASC, hydroxyethyl cellulose, and
CMC, respectively (31).

In comparison with the activities of the xylanases, many cellu-
lose-degrading enzymes have activities on the 3-1,4-xylosidic
linkage. For example, the GH3 CdxA (cellodextrinase A) from
Prevotella bryantii B,4 is highly active on cellohexaose, but it can
also degrade xylohexaose to some extent (32). The GH7 endoglu-
canase I of Trichoderma reesei can degrade birch wood xylan, in
addition to cellulosic substrates (33). Substrate promiscuity is
rarely observed for xylanases, particularly for crystalline cellulose.
One possible reason may be that the glucose unit has a larger
group (—CH,OH) than xylose (—H,) attached to the sugar ring.
The modeled CbXyn10C-cellopentoase complex structure re-
vealed many direct hydrogen bonds between cellopentaose and
the binding cleft of CbXyn10C. The amino acid residues that were
predicted to be involved in binding were N186, Q216, H218,
W223, E248, N255, and G257. A hydrophobic interaction be-
tween Y185 and the glucose unit at the —2 subsite was also found.
Cellopentaose displayed an extended conformation. An anomeric
carbon on cellopentaose was 3.7 A away from the nucleophile
E248, suggestive of the formation of a stable enzyme-substrate
complex. Further mutational studies and biochemical assays are,
however, required to provide experimental evidence on the roles
of key residues in hydrolyzing cellulose.

CbXyn10C/Cel48B (Athe_1857) is the third most abundant
glycoside hydrolase secreted by C. bescii grown on the crystalline
cellulose Avicel (34). As a GH10 xylanase, CbXyn10C has evolved
to be able to hydrolyze multiple substrates with different glyco-
sidic linkages. Based on our biochemical data, we hypothesize that
CbXyn10C/Cel48B may help C. bescii acquire energy from various
plant cell wall polysaccharides. In CelA, the GH48 module is
weaker than GH9/CBM3c in degrading crystalline cellulose (6),
raising the question of why an N-terminal xylanase but not an
endocellulase, like that in CelA, exists in the large multimodular
protein CbXyn10C/Cel48B. As the endocellulase activity of
CbXyn10C has been discovered to be comparable to that of GH9/
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CBM3cexpressed in E. coli, it is noteworthy that addition of one or
two cellulose-binding CBM3bs enhanced the hydrolyzing activi-
ties of both CbXyn10C and GH9/CBM3c on crystalline celluloses.
These improved activities were again comparable to each other.
For CbXyn10C-CBM3b-CBM3b, the activities on Avicel and filter
paper were 8.4 * 0.0 and 14 * 0.1 pmol/min/pmol of enzyme,
respectively, while those for GH9/CBM3c-CBM3b-CBM3b of
CelA were 10 * 1.0 and 7.0 * 1.8 wmol/min/pmol of enzyme,
respectively. As the C-terminal tandem CBM3b-CBM3b-GH48 in
CbXyn10C/Cel48A both is structurally identical to CelA and has a
sequence highly homologous to that of CelA (see Fig. S1 in the
supplemental material), it is now reasonable to speculate that the
entire CbXyn10C/Cel48B protein may also utilize the same strat-
egy that CelA uses to hydrolyze crystalline cellulose and thus har-
bor good cellulose-degrading activity. This, however, remains to
be elucidated when the entire recombinant or natural purified
protein becomes available in the future. Note that no colonies
could be obtained when the pET plasmids bearing any of the three
C. bescii gh48-containing full-length genes were transformed into
BL21(DE3). The third (and last) multimodular protein with a
GH48 exocellulase in C. bescii contains a GH74 domain (GenBank
accession number ACM60948) in the N terminus, followed also
by the highly similar CBM3b-CBM3b-GH48 in the same order.
The GH74 enzymes have substrate promiscuities for cellulose (35)
and xyloglucan (36). Therefore, it would be interesting to investi-
gate if the GH74 domain also harbors a cellulase activity.

CbXyn10C is able to effectively reduce the viscosity of mash,
which contains xylan and 3-1,3/1,4-glucan as major components.
From the experiments using MCC or the more crystalline Avicel
with the amorphous regions removed by CelDTM1, it was further
demonstrated that CbXyn10C is able to act on highly crystalline
cellulose. This character would be appealing to the biofuel and
biorefinery industry. In conclusion, the versatility of CbXyn10C
in hydrolyzing multiple substrates, including crystalline cellulose,
makes CbXyn10C an interesting enzyme for understanding how
C. bescii utilizes various plant polysaccharides and the molecular
mechanism underlying the substrate promiscuity of GH10 en-
zymes and a candidate enzyme with potential applications in bio-
technology.
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