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Abstract Cel5 from marine Hahella chejuensis is composed
of glycoside hydrolase family-5 (GH5) catalytic domain (CD)
and two carbohydrate binding modules (CBM6-2). The en-
zyme was expressed in Escherichia coli and purified to ho-
mogeneity. The optimum endoglucanase and xylanase activ-
ities of recombinant Cel5 were observed at 65 °C, pH 6.5 and
55 °C, pH 5.5, respectively. It exhibited Km of 1.8 and
7.1 mg/ml for carboxymethyl cellulose and birchwood xylan,
respectively. The addition of Ca2+ greatly improved thermo-
stability and endoglucanase activity of Cel5. The Cel5
retained 90 % of its endoglucanase activity after 24 h incuba-
tion in presence of 5 M concentration of NaCl. Recombinant
Cel5 showed production of cellobiose after hydrolysis of
cellulosic substrates (soluble/insoluble) and methylglucuronic

acid substituted xylooligosaccharides after hydrolysis of
glucuronoxylans by endo-wise cleavage. These results indi-
cated that Cel5 as bifunctional enzyme having both processive
endoglucanase and xylanase activities. The multidomain
structure of Cel5 is clearly distinguished from the GH5 bi-
functional glycoside hydrolases characterized to date, which
are single domain enzymes. Sequence analysis and homology
modeling suggested presence of two conserved binding sites
with different substrate specificities in CBM6-2 and a single
catalytic site in CD. Residues Glu132 and Glu219 were iden-
tified as key catalytic amino acids by sequence alignment and
further verified by using site directed mutagenesis. CBM6-2
plays vital role in catalytic activity and thermostability of
Cel5. The bifunctional activities and multiple substrate spec-
ificities of Cel5 can be utilized for efficient hydrolysis of
cellulose and hemicellulose into soluble sugars.
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Carbohydrate bindingmodule (CBM)

Introduction

The most abundant renewable lignocellulosic biomass is
mainly composed of three major biopolymeric substances:
cellulose, hemicellulose, and lignin. The cellulose and hemi-
cellulose can be utilized as a low cost feedstock for the
production of biofuel and biorefinery products (Van Dyk
and Pletschke 2012). Cellulases and xylanases hydrolyze the
feedstock into various monomer sugars; six carbon sugar (C6)
glucose and five carbon sugar (C5) xylose followed by their
further fermentation to ethanol (Moreno et al. 2012). Xylan is
the major hemicellulose component of the plant cell wall with
distinct chemical nature and heterogenecity. The polysaccha-
ride is made up of a backbone ofβ-1,4-xylose residues in their
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pyranose configuration, which are decorated at O2 with 4-O-
methyl-D -glucuronic acid and at O2 and/or O3 with
arabinofuranose residues, whereas the polysaccharide can also
be extensively acetylated (Correia et al. 2011). Thus, the
enzymes hydrolyzing cellulose and xylan are vital for biofuel
industries. Complete hydrolysis of cellulose to soluble sugars
requires complex enzymatic system which includes
cellobiohydrolase (CBH), endoglucanase, cellodextrinase,
and β-glucosidase (Warden et al. 2011). Xylan is also hydro-
lyzed via multistep process, in which xylanase and various
xylan debranching enzymes, such as β-xylosidase,
ace ty lxy lan-e s t e ra se , α -g lucuron idase , and α -
arabinofuranosidase are involved (Collins et al. 2005). There
have been few reports on bifunctional glycoside hydrolases,
which are single-domain enzymes (Duan et al. 2010; Shi et al.
2010). Due to importance of these enzymes in lignocellulose
hydrolysis, they have been developed by artificial fusion of
cellulase and xylanase catalytic domains or screening of ru-
men microbial metagenomes (Adlakha et al. 2011; Chang
et al. 2011).

Processive cellulases, typically CBHs, are the major com-
ponents of most cellulolytic systems and are responsible for an
efficient hydrolysis of crystalline cellulose (Kurasin and
Valjamae 2011). However, a few cellulolytic microorganisms
synthesize processive endoglucanases, which play a major
role in the hydrolysis of crystalline cellulose. Processive
endoglucanases normally cleave cellulose in both endo- and
exo-manners and release high percentage of cellobiose before
detaching from polysaccharide, which is called processivity
(Watson et al. 2009; Zheng and Ding 2013). Processive
endoglucanases belong almost exclusively to the GH9 family
of enzymes associated with bacterial cellulolytic systems
(Zhang et al. 2010). Processive endoglucanases belonging to
glycoside hydrolase family-5 (GH5) family have been recent-
ly reported in a marine bacterium, Saccharophagus
degradans 2–40 and a fungus Volvariella volvacea (Watson
et al. 2009; Zheng and Ding 2013).

In recent days, many cellulolytic marine microorganisms
have been isolated and their genomes are sequenced (Watson
et al. 2009; Yang et al. 2009). A bacterium that grows in
environment rich in cellulose and hemicelluloses can be ideal
candidate to search for novel cellulolytic enzymes. Hahella
chejuensis produces abundant extracellular polysaccharides
consisting of galactose, glucose, xylose, and ribose. It was
isolated from marine sediments rich in cellulosic and
hemicellulosic materials collected from Cheju Island,
Republic of Korea (Lee et al. 2001). The Gram-negative,
slightly halophillic, rod-shaped, aerobic and motile bacterium
has several genes related to cellulose degradation (http://www.
cazy.org/) but have not been investigated yet. Thus, the
present study was focused on this marine bacterium to find
out novel cellulases with distinct enzymatic properties.
Carbohydrate-active enzymes database (CAZy) analysis for

H. chejuensis does not report any genes annotated to
xylanases among major glycoside hydrolase families like
GH10, GH11, etc. It indicates the presence of some other
enzymes, viz., bifunctional glycoside hydrolase, which can
hydrolyze xylan. In this study, the multidomain GH5
endoglucanase, Cel5 from H. chejuensis was cloned,
expressed in Escherichia coli and characterized. Protein se-
quence analysis, enzyme properties, structure homology
modeling, and site-directed mutagenesis studies confirmed
that the Cel5 is modular bifunctional processive
endoglucanase efficiently hydrolyzing cellulose and xylan.

Materials and methods

Chemicals

Avicel (PH101), carboxymethyl cellulose (CMC), barleyβ-D-
glucan, p -nitrophenyl-β-D-cellobioside (p -NPC), birchwood
xylan, beechwood xylan, and xylose were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Cellobiose (G2),
cellotriose (G3), cellotetraose (G4), cellopentaose (G5),
xylobiose (X2), xylotriose (X3), xylotetraose (X4),
xylopentaose (X5), wheat arabinoxylan, and p -nitrophenyl
β-D-xylobioside (p -NPX) were obtained from Megazyme
(Wicklow, Ireland). Silica gel 60F254 thin layer chromatogra-
phy (TLC) plates were purchased from Merck (Darmstadt,
Germany).

Bacterial strains and plasmid construction

The strains, plasmids, and genomic DNAs used in this study
are listed in Table 1. E. coli DH5α and E. coli BL21 (DE3)
(Invitrogen, Carlsbad, CA, USA) were used for gene cloning
and protein expression, respectively. H. chejuensis KCTC
2396 was grown at 30 °C in basal medium (Lee et al. 2001).
Cell pellet was used for genomic DNA extraction by DNeasy
Blood and Tissue Kit from Qiagen (Valencia, CA, USA). The
genes encoding endoglucanase Cel5 (Hch_03914, GenBank
accession no. ABC30636.1) and its truncated form (Cel5-CD)
with deletion of CBM6-2 modules were PCR amplified using
H. chejuensis genomic DNA as template and Phusion high-
fidelity DNA polymerase (Finnzymes, Vantaa, Finland).
Similarly, the gene encoding endoglucanase Cel5H
(Sde_3237, GenBank accession no. ABD82494.1) was am-
plified from S. degradans genomic DNA as described earlier
and used as a reference processive endoglucanase (Watson
et al. 2009). The PCR cloning primers were obtained from
Bioneer Co., Ltd. (Daejeon, South Korea). The PCR products
of Cel5 and Cel5-CD were inserted into NdeI and HindIII
sites of pET-28a(+) and pET-21b(+), respectively, and Cel5H
was inserted into BamHI and Xho I sites of pET-28a(+). The
recombinant plasmids were named as pECel5, pECel5-CD,
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and pECel5H, respectively (Table 1). The restriction enzymes
used for construction of recombinant plasmids were pur-
chased from New England Biolabs (Beverly, MA, USA).
DNA sequencing was done by Solgent Co., Ltd (Daejeon,
South Korea). Gel extraction and plasmid preparation kits
were purchased from Qiagen (Valencia, CA, USA).

Expression and purification of recombinant proteins in E. coli

The recombinant E. coli BL21(DE3) harboring pECel5,
pECel5-CD, and pECel5H were grown in LB broth supple-
mented with 50 μg/ml kanamycin or 100 μg/ml ampicillin at
37 °C under shaking condition (250 rpm). The cultures were
induced with 0.5 mM isopropyl β-D-thiogalactopyranoside at
exponential phase (OD600 of 0.5) and further incubated for
20 h at 18 °C. The cells were harvested by centrifugation at
10,000×g for 20 min, and lysis was carried out using
CelLyticB (Sigma, St. Louis, MO, USA) according to manu-
facturer’s instructions. The recombinant proteins were puri-
fied using a precharged nickel sepharose column (GE
Healthcare, Piscataway, NJ, USA) under native conditions.
Proteins were eluted with 500 mM imidazole in 50 mM
phosphate buffer (pH 7.5) and dialyzed overnight against

50 mM Tris–HCl buffer (pH 7.5) containing 0.1 M NaCl
and 20 % (v /v ) glycerol at 4 °C. Protein concentration was
determined by Pierce BCA protein assay kit (Thermo
Scientific, Rockford, IL, USA) with purified bovine serum
albumin as standard. Sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) was carried out on vertical
polyacrylamide slab gel with 5% (w /v ) polyacrylamide stack-
ing gel and 12 % (w /v ) polyacrylamide separating gel under
denaturing condition.

Endoglucanase and xylanase activity assay

Endoglucanase activity assays were carried out in 20 mM
piperazine-N ,N ′-bis(2-ethanesulfonic acid) (PIPES) (buffer
(pH 6.5) containing 5 mMCaCl2. One unit of enzyme activity
was defined as the amount of enzyme required to release
1 μmol of reducing sugar for 1 min of reaction. One percent
(1 % w /v ) of CMC and phosphoric acid swollen cellulose
(PASC) were used as substrates for the assay in 0.5 ml reaction
buffer for 10 min at 65 °C. PASC was prepared as described
previously (Zhang et al. 2006). The reactions were initiated by
adding 0.1 nmol of purified Cel5 or Cel5-CD. The reducing
sugar released was measured using 3,5-dinitrosalicylic acid

Table 1 Strains, plasmids, and primers used in this study

Materials Descriptions Source/references

Strains

E. coli DH5α F- f80, DlacZ , DM15, D (lacZYA-argF), U169deoR, recA1,
endA1, hsdR17(r-k, m

+
k), phoA, supE44λ

− thi-1, gyrA96 relA1
Invitrogen (Carlsbad, CA, USA)

E. coli BL21(DE3) fhuA2 [lon] ompT gal (λ DE3) [dcm] ΔhsdS λ DE3=λ sBamHIo
ΔEcoRI-B int::(lacI::PlacUV5::T7 gene1) i21 Δnin5

Invitrogen (Carlsbad, CA, USA)

Hahella chejuensis Gram-negative, cellulolytic marine bacterium KTCC 2396

S. degradans strain 2-40 Gram-negative, cellulolytic marine bacterium ATCC43961

Plasmids

pET-28a (+) PT7, pBR322 origin, lacI, and KanR Novagen (Madison, WI, USA)

pET-21b (+) PT7, pBR322 origin, lacI, and AmpR Novagen (Madison, WI, USA)

pECel5 pET-28a (+) containing Cel5 gene from H. chejuensis This study

pECel5-CD pET-21b (+) containing CBM6-2 coding sequence truncated
Cel5 (Cel5-CD) gene from H. chejuensis

This study

pECel5H pET-28a (+) containing Cel5H gene from S. degradans Watson et al. (2009)

Primersa

Cel5-F AGTCATATGGTGCCGCCGTTATCGG This study

Cel5-R ACAAGCTTTATTTTTGTCCTTTAGTGATCTTGAACC This study

Cel5-CD-F GCATATGAGCAAGAGATCAGAAAGAAGG This study

Cel5-CD-R CGAAGCTTGGAGCTTTGGATAATGGATTTC This study

Cel5M E132A-F GAAGTCTATAACGCACCGCTGGATGTG This study

Cel5M E132A-R CACATCCAGCGGTGCGTTATAGACTTC This study

Cel5M E219A-F CACTTTTCGTGACGGCGTGGGGAACCGTAG This study

Cel5M E219A-R CTACGGTTCCCCACGCCGTCACGAAAAGTG This study

Cel5H-F CCCGGATCCAATTCTTAGCGGTGGCCAGCAA Watson et al. (2009)

Cel5H-R CCCGCTCGAGCCAGCTACCAAATTGCAGGGTGT Watson et al. (2009)

a Restriction enzyme sites are indicated in boldface. Start and stop codons are underlined
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(DNS) method (Miller 1959) and cellobiose standard curve.
Hydrolysis of Avicel, 1 % (w /v ) and filter paper, 0.14% (w /v )
was carried out at 65 °C for 2 h using 1.0 nmol of purified
enzymes. The assay was stopped by incubating samples at
100 °C for 5 min. The substrate was then separated by centri-
fugation and hydrolyzed products were then digested with
excess β-glucosidase from almond (Sigma, St. Louis, MO,
USA) and release of glucose was measured using glucose
oxidase method (Sigma GAGO-20, St. Louis, MO, USA) as
described previously (Watson et al. 2009).

Xylanase activity was analyzed by measuring released
reducing sugars as xylose equivalent. One unit of xylanase
activity is defined as the amount of enzyme liberating 1 μmol
of xylose per minute. The enzyme assays were carried out
using 1 % (w /v ) of birchwood xylan or beechwood xylan or
wheat arabinoxylan as substrates in 20 mM sodium acetate
buffer (pH 5.5) containing 5 mMCaCl2 at 55 °C for 10 min in
0.5 ml reaction mixture with 0.1 nmol of purified Cel5 or
Cel5-CD. Specific activities were given in units per milligram
of enzyme. The reducing sugar released was measured using
DNS method and xylose standard curve. Hydrolysis of
10 mM of p -NPC or p -NPX was analyzed by measuring the
released p -nitrophenol concentration at 410 nm after the ad-
dition of 0.1 M NaOH (Eckert et al. 2002).

Biochemical characterization of Cel5 and Cel5-CD

The optimal pH and temperature for endoglucanase and
xylanase activities were determined in pH range of 3.5–8.8
and temperature range of 30–75 °C, using 1 % (w /v) of CMC
and birchwood xylan as substrates, respectively. Sodium acetate
and PIPES buffers (20 mM) were used to maintain the pH range
of 3.5–5.5 and 6.5–8.8, respectively. Results were expressed in
percentage (%) of relative activity to the highest activity obtained
in its optimum conditions. In thermal and pH stability assay of
Cel5, the purified Cel5 (50 μg/ml) was incubated at temperature
range of 50–70 °C for 30–300 min in 20 mM PIPES buffer
(pH 6.5) containing 5mMCaCl2 or at pH 3.5–8.8 for 300min at
50 °C, using 1 % (w/v) of CMC as substrate.

The role of Ca2+ in thermostability of Cel5 was analyzed
by incubating the purified Cel5 at 65 °C for 2 h in 20 mM
PIPES buffer (pH 6.5) with and without 5 mM CaCl2. The
residual enzyme activity was measured using 1 % (w /v ) CMC
as substrate and represented as relative percentage of its initial
activity (100 %), obtained without the preincubation step.
Furthermore, the role of CBMs in thermostability of Cel5,
Cel5-CD, and Cel5H was analyzed. Equal amounts of each
purified enzymes (50 μg/ml) were incubated at 65 °C for
120 min in 20 mM PIPES buffer (pH 6.5) containing 5 mM
CaCl2. The residual enzyme activity was measured using 1 %
(w /v ) CMC as a substrate. The results were expressed in terms
of relative activity (%) to that of initial activity of each
enzyme, obtained without heat treatment at 65 °C.

Being a marine bacterial enzyme, hydrolytic activity of
Cel5 on 1 % (w /v ) CMC was analyzed in presence of various
salt concentrations starting from 0.1 to 5.0 M of NaCl, includ-
ing 0.5M of NaCl to reflect the ionic strength of seawater. The
activity obtained in absence of NaCl was defined as 100 %
and used as control. For the measurement of halo-stability,
Cel5 (50 μg/ml) was incubated in 20 mM PIPES buffer
(pH 6.5) containing 0–5 M NaCl at 50 °C for various time
intervals (6–24 h), and the residual activities (%) were deter-
mined. The activity without NaCl (0 M) after preincubation
step was defined as 100 %.

Effects of metal ions and ethylenediamintetraacetic acid
(EDTA) on endoglucanase and xylanase activities of Cel5
were analyzed using 5 mM of CaCl2, MnCl2, MgCl2, NiCl2,
ZnCl2, CuCl2, KCl, and sodium salt of EDTA in 20 mM
PIPES buffer (pH 6.5) and 20 mM sodium acetate buffer
(pH 5.5), respectively. The activities were measured using
1 % (w /v ) of CMC and birchwood xylan as substrate, respec-
tively. The results were expressed in terms of relative activity
(%). The activity obtained without addition of metal ions was
defined as 100 % and used as control.

Changes in viscosity of CMC solution after hydrolysis with
purified Cel5 and Cel5-CD were monitored using Brookfield
DV-III viscometer (Middleboro, MA, USA). The hydrolysis
reaction was initiated by adding 25 μg/ml of each purified
enzyme to 1 % (w /v ) CMC in 20 mM PIPES buffer (pH 6.5)
containing 5 mM CaCl2. The viscosity of CMC solution was
measured at 25 °C after the hydrolysis at optimum conditions
for different time intervals. Cel5 processivity was evaluated
by measuring the ratio of soluble reducing sugars (micro-
moles, cellobiose standard) to insoluble reducing sugars (mi-
cromoles, glucose standard) using glucose oxidase kit
(GAGO-20 from Sigma, MO, USA) and a modified
bicinchoninate assay, respectively (Telke et al. 2012). Filter
paper along with 67 μg/ml of each purified enzyme (Cel5 and
Cel5H) was used for the processivity test. Changes in the
viscosity and processivity of Cel5H was also measured and
compared with Cel5.

Kinetic parameters such as Km, k cat, and k cat/Km for
endoglucanase and xylanase activities of Cel5 and Cel5-CD
were determined using 25 μg/ml of enzyme with 1–10 mg/ml
of CMC and birchwood xylan as substrates under optimum
reaction conditions, respectively. The data were analyzed with
the Lineweaver–Burk plot using nonlinear regression with
GraphPad Prism, version 6.0 (http://www.graphpad.com/
scientific-software/prism/). All assays were performed in
triplicate, and results were expressed as mean±standard
deviation.

Avicel and xylan binding assay

Fifty micrograms per millimeters of Cel5 or Cel5-CD was
mixed with 1 % (w /v ) Avicel or insoluble fraction of
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birchwood xylan in 0.5 ml of 20 mM PIPES buffer (pH 6.5)
containing 5 mM CaCl2 in a low-adhesion microcentrifuge
tube (Sigma-Aldrich, MO, USA). The reaction mixtures were
incubated at 4 °C for 4 h in Intelli-mixture RM-2 (Rose
Scientific Ltd. Edmonton, AB, Canada) at 20 rpm. The reac-
tion mixtures were centrifuged at 10,000×g for 10 min to
separate the substrates. Pellet fractions were washed for four
to five times with the same binding buffer to remove unbound
and weakly bound proteins. Bound proteins were removed
from Avicel and birchwood xylan using sample buffer of
SDS-PAGE. The released proteins were analyzed qualitatively
by SDS-PAGE on 12 % (w /v ) polyacrylamide gel.

Analysis of hydrolysates of cellulosic and hemicellulosic
substrates

Hydrolysis products from soluble and insoluble cellulosic
substrates were analyzed using TLC (Watson et al. 2009;
Telke et al. 2012). The reaction was carried out under the
same conditions used in the activity assay and terminated by
heating the samples in boiling water bath for 10 min. After
centrifugation at 10,000×g for 10 min, samples were spotted
on silica 60F254 TLC plates and air-dried. Chromatograms
were developed in mixture of nitromethane, 1-propanol, and
water (2:5:1.5) (v /v /v ). Hydrolytic mode of action of Cel5 on
birchwood xylan and neutral xylooligosaccharide was ana-
lyzed by incubating 25 μg/ml of enzyme with 1 % (w /v ) of
birchwood xylan, xylotriose, xylotetrose, and xylopentose in
20 mM sodium acetate buffer (pH 5.5) containing 5 mM
CaCl2 at 55 °C for 18 h (Gallardo et al. 2010a, b). The
reactions were stopped by denaturing the enzymes in boiling
water bath for 10 min. One microliter of reaction sample was
spotted on the TLC plate and air-dried. The chromatogram
was developed in mixture of chloroform, acetic acid, and
water (3:6:1) (v /v /v ). Hydrolysis products were analyzed by
spraying the plates with an ethanol/concentrated sulfuric acid
mixture (95:5) (v /v ) and heating at 121 °C for 10 min.
Hydrolyzed products from birchwood xylan were also ana-
lyzed using matrix-assisted laser desorption/ionization mass
spectroscopy (MALDI-TOF-MS). One microliter of hydroly-
sate was mixed with 1 μl of matrix solution of 10 mg/ml 2,5-
dihydroxybenzoic acid (DHBA) dissolved in acetonitrile–wa-
ter (1:1) (v /v ) and 0.1 % (w /v ) trifluoroacetic acid. One
microliter of above mixture was spotted on the MALDI-
TOF plate and dried before analysis, and positive mass spectra
were collected as described previously (St John et al. 2006;
Valenzuela et al. 2012). Hydrolysis reaction of wheat
arabinoxylan was carried as described previously, followed
by the action of arabinofuranosidase from Cellovibrio
japonicus (CjAbf51A) (Megazyme, Wicklow, Ireland) at
40 °C for 12 h. Wheat arabinoxylan hydrolysis products were
analyzed on TLC using mixture of n -butanol, acetic acid, and
water (10:5:1) (v /v /v ) as a mobile phase (Moon et al. 2011).

Computational analysis

Nucleotide and amino acid sequences were analyzed using the
BLASTn and BLASTp programs (http://blast.ncbi.nlm.nih.
gov/Blast.cgi). The signal peptide of Cel5 was predicted using
SignalP 4.0 web program (http://www.cbs.dtu.dk/services/
SignalP/). Multiple sequence alignment was performed with
Clustal Omega program (http://www.ebi.ac.uk/Tools/msa/
clustalo/). Homology modeling of Cel5 catalytic domain and
CBM6-2 was performed with Discovery Studio (DS) 3.5
MODELER (http://accelrys.com/events/webinars/discovery-
studio/), using endoglucanase from Erwinia chrysanthemi
(PDB no. 1EGZ; sequence identity of 69 %) (Chapon et al.
2001) and CmCBM6-2 modules of Cellvibrio mixtus
endoglucanase 5A (PDB no. 1UXZ; sequence identity of
60 %) (Henshaw et al. 2004), as the templates. An automated
feature-based docking of substrates, cellotetraose (G4) and
aldopentaouronic acid (MeGlcX4) in the catalytic sites of the
Cel5 and template 1EGZ was performed using DS3.5 docking
program combined with CHARMM (http://www.charmm.
org/). The Autodock-VINAwas used to predict the orientation
of the substrates at the binding site of the enzymes and to
estimate the binding affinities between them (Trott and Olson
2010). The strength of hydrogen bonding interactions was
predicted by analyzing binding affinity of enzymes and sub-
strates after they have been docked. The active site residues
were set as flexible residues. Ten protein ligand conformations
generated were used for interpretation of docking interactions.

Site-directed mutagenesis

Mutants of Cel5 were generated using the QuikChange™
Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA,
USA). The primers used to generate mutants are listed in
Table 1. The point mutations, Glu132Ala and Glu219Ala,
were generated in the wild-type Cel5 DNA in the expression
plasmid. Mutated plasmids were transformed in E. coli
BL21(DE3) cells and confirmed by DNA sequencing.
Expression and purification of Cel5 mutants were carried out
using the same procedure described previously.

Amino acid sequence accession number

The amino acid sequence of Cel5 is available in the GenBank
with accession no. ABC30636.1.

Results

Computational analysis of Cel5

In the present study, Cel5 from H. chejuensis having
endoglucanase and xylanase activities was characterized. The
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Cel5 gene (Hch_03914, GenBank accession no. ABC30636.1)
has open reading frame of 1,857 bp encoding a protein of 619
amino acids with signal peptide of 46 amino acids (residues 1–
46) at N-terminal, predicted with SignalP 4.0 web program. The
mature endoglucanase Cel5 is composed of an unknown func-
tion region of 27 amino acids (residues 47–73), GH5 catalytic
domain of 231 amino acids (residues 74–304), linker region of
58 amino acids (residues 305–362), two CBM6 modules
(CBM6-2) of 121 amino acids, and 126 amino acids (residues
363–483 and residues 494–619) with Ca2+ binding sites joined
by linker region of 10 amino acids (residues 484–493) (Fig. S1
in the Supplementary Material).

Multiple sequence alignment of Cel5-CD with previously
reported GH5 family cellulases and xylanases showed con-
served catalytic residues and greater than 50 % of sequence
identity (Fig. S2 in the Supplementary Material). Protein blast
analysis of the catalytic domain of the Cel5 revealed 69 and
57 % of sequence identity together with 79 and 72 % of
sequence similarity to the endoglucanase Cel5 (PDB no.
1EGZ; Chapon et al. 2001) from E. chrysanthemi and Cel5g
(PDB no. 1TVN; Violot et al. 2005) from Pseudoalteromonas
haploplanktis , respectively. It also exhibited sequence identity
of 52 % and sequence similarity of 69 % with xylanase A
(GenBank accession no. EPX65158.1) from Cystobacter
fuscus DSM 2262. Cel5-CD showed 50 % of sequence iden-
tity and 68 % of sequence similarity with bifunctional cellu-
lase (GenBank accession no. AAC43478.1) from Bacillus sp.
Similarly, it presented 27 % of sequence identity and 43 % of
sequence similarity with CtXyl5A from Clostridium
thermocellum (PDB no. 2Y8K; Correia et al. 2011).

The sequence identity of 69% allows generating a Cel5-CD
computational model based on catalytic domain of
endoglucanase Cel5 (PDB no. 1EGZ) from E. chrysanthemi .
Homology model of Cel5-CD is composed of (α/β)8 barrel
and side β strands (Fig. 1a). The putative conserved catalytic
glutamate residues were identified as Glu132 and Glu219. On
the other hand, protein blast analysis of CBM6-2 of Cel5
showed 60 % of sequence identity with CmCBM6-2 modules
of C. mixtus endoglucanase 5A (PDB no. 1UXZ). Homology
model developed on the template 1UXZ indicated that the
binding site residues from CmCBM6-2 are strictly conserved
in CBM6-2 modules of Cel5, i.e., Tyr33 and Trp92 in the cleft
A ofCmCBM6-2 superimpose with Tyr345 and Trp401 in the
first module of CBM6-2, and Tyr476 and Trp533 in the second
module, while Trp39 and Glu73 in the cleft B of CmCBM6-2
superimpose with Trp351 and Glu382 in the first module of
CBM6-2, and Trp482 and Glu514 in the second module
(Fig. 1b, c).

Expression and purification of recombinant proteins

To investigate hydrolytic activities of Cel5 and role of its C-
terminal CBM6-2 module in hydrolysis of cellulose and xylan,

the genes encoding H. chejuensis Cel5 and its CBM6-2 trun-
cated derivative (Cel5-CD) were cloned and expressed in
E. coli . During PCR amplification of Cel5 gene, the native
secretion signal sequence of the nascent full length (ns Cel5)
gene was removed, while Cel5-CD gene was amplified along
with the signal sequence (Fig. S1 in the Supplementary
Material). The enzymes were expressed using pET-28a(+)
and pET-21b(+) with N- and C-terminal His-tag, respectively,
and purified to homogeneity by affinity chromatography using
Ni-trap column. SDS-PAGE analysis showed that the purified
enzymes Cel5 and Cel5-CD migrated as single dominant band
with apparent molecular masses of 62 and 28 kDa, respectively
(Fig. 2a, b). Similarly S. degradans Cel5H 62 kDa protein was
expressed in E. coli and purified as described previously
(Watson et al. 2009).

Biochemical properties of Cel5

The effect of pH and temperature on endoglucanase and
xylanase activities of Cel5 was analyzed using the standard
assay conditions, but varying the pH and temperature. The
maximum activity of Cel5 for hydrolysis of CMC and
birchwood xylan was observed at pH and temperature of 6.5/
65 °C and 5.5/55 °C, respectively (Fig. 3a, b). Cel5-CD also
showed similar optimum conditions for hydrolysis of both
substrates (data not shown). In the pH stability test, Cel5 was
incubated within pH range of 3.5–8.8 at 50 °C for 300 min.
Cel5 retained >60 % of its activity within the pH range of 3.5–
6.5, while it showed only 10% of its original activity at alkaline
pH of 8.8 (Fig. 3c). The thermostability study showed that Cel5
lost 50 % of its initial activity after incubation at 65 °C for
120 min and it was stable below 55 °C (Fig. 3d).

Effect of Ca2+ on the thermostability of Cel5 was analyzed.
In absence of Ca2+, Cel5 retained only 15 % of its initial activity
(100 %), which was obtained without the preincubation step at
65 °C for 120 min (Fig. 4a). It was found that Cel5, Cel5-CD,
and Cel5H retained 50, 15, and 30 % of their initial activities,
respectively, when each of the purified enzymes (50 μg/ml)
were incubated at 65 °C for 120 min in 20 mM PIPES buffer
(pH 6.5) containing 5 mMCaCl2 (Fig. 4b). Effect of various salt
concentrations on endoglucanase activity of Cel5 was analyzed.
The enzyme activity was not inhibited up to the concentration of
5MNaCl, while small increase in enzyme activity was observed
in presence of 0.1–5 M NaCl (Fig. 4c). The enzyme retained
>90 % of its endoglucanase activity, when incubated in presence
of various salt concentrations, 0–5 M of NaCl for 24 h at 50 °C,
which revealed a halotolerant nature of Cel5 (Fig. 4d).

In addition, the effect of metal ions on endoglucanase and
xylanase activities of Cel5 was investigated. Endoglucanase
activity of Cel5 was enhanced by 50 and 38 % in presence of
5 mM of Ca2+ and Mg2+, respectively whereas Ni2+ and Co2+

significantly reduced the endoglucanase activity (Table 2).
Similarly, xylanase activity was stimulated by 20 and 26 %
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in presence of Ca2+ and Mg2+, respectively, while an inhibi-
tory effect was observed with Mn2+, Ni2+, and Co2+. Both the
endoglucanase and xylanase activities of Cel5 were reduced
by 25 and 35 % in the presence of 5 mM of chelating agent
EDTA, indicating metal dependency of Cel5. At the same
time, KCl did not affect both endoglucanase and xylanase
activities of Cel5.

The kinetics study demonstrated Km and k cat values of
Cel5 as 1.8 mg/ml and 1.78 min−1 for CMC and 7.1 mg/ml
and 0.81 min−1 for birchwood xylan, respectively (Table S1 in
the Supplementary Material). Increase in Km values and de-
crease in kcat values of Cel5-CD towards both the substrates
indicates importance of CBM6-2 in hydrolytic action of Cel5.
Analysis of catalytic efficiency of both Cel5 and Cel5-CD

Fig. 1 Homology modeling of
Cel5 catalytic domain (Cel5-CD)
and CBM6 modules. a Predicted
3D structural model of Cel5-CD
of H. chejuensis using
endoglucanase Cel5 (PDB no.
1EGZ) as template, consists
of α-helixes (red), β-strands
(blue), random coils (yellow), and
putative catalytic residues (pink).
b , c Superimposition of each
CBM6 from Cel5 (sky blue) and
CmCBM6 (purple) showing
different binding clefts (clefts A
and B) with conserved binding
site residues (brown and green),
respectively. Arrows indicates
the respective sites

Fig. 2 SDS-PAGE analysis of
expression and purification
of a Cel5 and b Cel5-CD. Lanes
represent (W) whole cell proteins,
(S) soluble proteins, (P) cell
pellet proteins, (M) molecular
weight markers, (HP1) His-tag
purified Cel5, and (HP2) His-tag
purified Cel5-CD. Arrows
indicates the target protein band
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showed more efficient hydrolysis of CMC than that of
birchwood xylan.

Substrate specificity of Cel5 and role of CBM6-2

The purified Cel5 and Cel5-CD were evaluated for substrate
specificities and hydrolytic activities on various cellulosic sub-
strates, aryl glycoside, and xylans (Table 3). Cel5 was most
active on barley glucan (100 %), moderate on CMC (83 %),
and weak on PASC (14 %) and p-NPC (5 %). The hydrolytic
activity of Cel5 was analyzed on insoluble cellulose. It showed
higher activity on filter paper (0.040 U/mg) than on Avicel
(0.030 U/mg). Cel5 also hydrolyzed xylans from different
source of origins. Glucuronoxylans, i.e., birchwood and
beechwood xylans were hydrolyzed efficiently by Cel5. The
Cel5 exhibited weak activity on wheat arabinoxylan, whereas
no activity was detected on p-NPX and oat spelt xylan.

The coding sequence for CBM6-2 was artificially removed
from the nascentCel5 (nsCel5 ) to investigate the CBMs’ role
in hydrolysis of cellulosic substrates and xylan. It was found
that the removal of the CBMs showed complete loss of activity
on insoluble celluloses with crystalline structure, such as filter
paper and Avicel, while the activities on CMC and barley
glucan were moderately reduced by 30 and 10%, respectively,
when compared to Cel5 (Table 3). In addition, the activity of
Cel5-CD on birchwood xylan and wheat arabinoxylans was
reduced to 21 and 19 %, respectively, when compared with
Cel5 (Table 3). The binding affinities of Cel5 and Cel5-CD on
Avicel and insoluble fraction of birchwood xylan were ana-
lyzed to determine the role of CBM6-2 on cellulase binding to
the insoluble substrates. The bound and unbound fractions of
both Cel5 and Cel5-CD to the insoluble substrates were ana-
lyzed using SDS-PAGE (Fig. S3 in the Supplementary
Material). Cel5 showed strong binding affinity to the insoluble

Fig. 3 Biochemical properties of Cel5. a Effects of pH and b effect of
temperature on endoglucanase (filled circle) and xylanase (empty circle)
activities of Cel5 using CMC and birchwood xylan as substrates, respec-
tively. The highest activity was defined as 100 % and results expressed as
relative activity (%). c pH stability of Cel5. The enzyme was incubated at
50 °C in buffers of different pHs for 300 min, and residual activity was
determined using 1 % (w /v) of CMC as substrate. The initial activity

without preincubation step was defined as 100 %. d Thermostability of
Cel5. Enzyme was incubated in 20mM PIPES buffer (pH 6.5) containing
5 mM CaCl2, at indicated temperatures (50–70 °C) for different time
intervals, and residual activities were measured under optimum condi-
tions using 1 % (w /v) of CMC as substrate. The initial activity without
preincubation step was defined as 100 %. Values represent the means±
standard deviation of the results of triplicate experiments
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substrates because the enzymewas only observed in the bound
fraction. However, Cel5-CD did not bind to Avicel, while it
showed weak binding towards birchwood xylan as most of the
protein remained in the unbound fraction.

Mode of action and hydrolysis pattern of cellulose
and xylan by Cel5

Hydrolytic mode of action of Cel5 and Cel5-CD was investi-
gated by measuring change in viscosity of CMC solution and
compared with the Cel5H from S. degradans as the standard
processive endoglucanase (Watson et al. 2009). Cel5 rapidly
decreased viscosity of CMC solution compared to S. degradans

Cel5H at its optimum reaction conditions (pH 6.5, 65 °C) when
analyzed for different time intervals (2–15 min) using a viscom-
eter (Fig. S4 in the SupplementaryMaterial). In case of Cel5-CD,
relatively slow reduction in viscosity of CMC solution was
observed.

TLC was performed to analyze the hydrolysis products of
cellulosic substrates by Cel5. Cellotetraose and cellopentaose
were hydrolyzed into cellobiose and cellotriose, whereas
cellotriose was not cleaved by both Cel5 and Cel5-CD
(Fig. 5a). Cellobiose was major product detected after hydro-
lysis of filter paper and Avicel (Fig. 5b), while CMC and PASC
were cleaved into mixture of cellobiose and cellotriose
(Fig. 5c). As expected, Cel5-CD could not hydrolyze filter

Fig. 4 a Effect of CaCl2 on thermostability of Cel5. Enzyme was
incubated in 20 mM PIPES buffer (pH 6.5) with and without 5 mM of
CaCl2 at 65 °C for 2 h. The initial activity without heat treatment was
defined as 100 % and residual activities were measured under optimum
conditions using 1 % (w /v) of CMC as substrate. b Role of CBM in
thermostability. Equal amounts of each purified enzymes Cel5, Cel5-CD,
and Cel5H (50 μg/ml) were incubated at 65 °C for 120 min in 20 mM
PIPES buffer (pH 6.5) containing 5 mM CaCl2. The residual enzyme
activity was measured using 1 % (w /v) CMC as a substrate. The results
were expressed in terms of relative activity (%) to that of initial activity of

each enzyme, obtained without heat treatment. c Effect of NaCl on
endoglucanase activity of Cel5. The endoglucanase assays were carried
out in 20 mM PIPES buffer (pH 6.5) containing 5 mM CaCl2 and 0–5 M
of NaCl at 65 °C. The activity without addition of salts was defined as
100 %. d Halotolarance of Cel5 after incubation with 0–5 M concentra-
tions of NaCl in 20 mM PIPES buffer (pH 6.5) at 50 °C for various time
intervals (6–24 h) and residual activities (%) were determined. The
activity without NaCl (0 M) after preincubation step was defined as
100 %. Values represent the means±standard deviation of the results of
triplicate experiments
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paper and Avicel because of the absence of CBMs. However, all
other soluble substrates were hydrolyzed by Cel5-CD with sim-
ilar pattern of hydrolysis to those of Cel5 (data not shown).
Furthermore, the processivity of Cel5 was analyzed using filter

paper as reaction substrate and compared with processive
endoglucanase Cel5H from marine bacterium S. degradans .
Cel5 produced 84.5 % soluble and 15.5 % insoluble reducing
sugar after hydrolysis of filter paper (Table S2 in the
Supplementary Material).

Xylobiose and xylotriose were released from xylotetraose and
xylopentaose (X4 andX5) by the hydrolytic action of Cel5, while
xylotriose was not cleaved by Cel5 (Fig. 6a). Glucuronoxylan
(birchwood xylan) was hydrolyzed by Cel5 to a mixture of
products showing different mobility’s to those of linear
xylooligosaccharides (Fig. 6b),which indicatedmethylglucuronic
acid-substituted xylooligomers as possible hydrolysis products.
The hydrolyzed products were further characterized using
MALDI-TOF-MS. The mass spectrum showed the presence of
molecular ions of substituted xylooligomers identified as sodium
and potassium adducts. The major ions corresponded to
methylglucuronic acid (MeGlcA) substituted xylooligomers
(aldouronic acids) ranging from 4 to 13 xylopyranosyl residues
(Table 4) and higher neutral xylooligosaccharides (X6–X13),
which was in accordance with the results of TLC. Xylose,
xylobiose, xylotriose, and arabinosewere detected after sequential
digestion of wheat arabinoxylan by Cel5 and arabinofuranosidase
from C. japonicus (CjAfb51A) (Fig. 6c).

Site-directed mutagenesis and substrate docking studies

Site-directed mutagenesis of catalytic residues was performed
to verify whether the endoglucanase and xylanase activities of
Cel5 are derived from the same active site. The amino acids
Glu132 and Glu219 were located in the predicted active site
and expected to act as proton donor and nucleophile, respec-
tively, equivalent to Glu133 and Glu220 in endoglucanase
Cel5 (PDB no. 1EGZ; Chapon et al. 2001). The replacement
of Glu132 and Glu219 with Ala resulted in complete loss of
endoglucanase and xylanase activities (data not shown).

Molecular docking is an important tool for understanding
enzyme substrate interaction and its function (Jommuengbout
et al. 2009). To test this, the substrates cellotetraose (G4) and
aldopentaouronic acid (MeGlcX4) were docked in the active
site of both template 1EGZ (Fig. S5 in the Supplementary
Material) and homology model of Cel5-CD (Fig. S6 in the
Supplementary Material). Both the substrates were easily
docked in the active site of Cel5. The amino acids involved
in binding of both the substrates are Trp27, His97, His99,
Glu132, Trp169, Asn131, Gln171, Ala225, Tyr193, His197,
Ala225, Ser226, Gly227, and Trp253.

Discussion

Large numbers of processive endoglucanases were character-
ized from different glycoside hydrolase families, which effi-
ciently hydrolyze cellulosic substrates, but are unable to

Table 2 Effect of metal ions on endoglucanase and xylanase activities of
Cel5

Metal ionsa Relative activity (%)b

Endoglucanase activity Xylanase activity

No addition 100±0.3 100±0.2

Ca2+ 150±0.9 120±0.4

Mg2+ 138±1.8 126±0.5

K+ 105±1.5 101±1.1

Mn2+ 95±2.1 57±0.8

Ni2+ 28±1.1 67±0.7

Co2+ 40±1.1 36±0.3

Zn2+ NDc ND

Cu2+ ND ND

EDTA 75±2.2 65±1.5

Values represent the means±standard deviation of the results of triplicate
experiments
a Salts of metal ions and EDTA were added in 20 mM PIPES buffer
(pH 6.5) at concentration of 5 mM
bThe activity without supplementation of metal ion was defined as 100 %
cND represents that no activity was detected

Table 3 Substrate specificity and hydrolytic activity of Cel5 and Cel5-
CD on cellulosic and hemicellulosic substrates

Specific activity (U/mg)a

Substrates Cel5 Cel5-CD

CMC 77.19±5.01 53.96±3.75

Barley glucan 93.12±4.65 83.72±5.52

PASC 13.02±1.21 9.65±2.20

Avicel 0.030±0.004 NDb

Filter paper 0.040±0.005 NDb

p-NPC 4.65±0.21 1.54±0.11

Birchwood xylan 9.19±0.45 2.05±0.12

Beechwood xylan 7.52±0.60 2.10±0.14

Wheat arabinoxylan 4.25±0.25 0.85±0.05

p-NPX NDb NDb

Oat spelt xylan NDb NDb

The reducing sugar released from CMC, barley glucan, and PASC was
measured using the DNS method and cellobiose standard curve. The
hydrolysis of Avicel and filter paper was carried out as described previ-
ously (Watson et al. 2009). Xylanase activity was measured using the
DNS method with xylose standard curve
a Values represent the means±standard deviation of the results of triplicate
experiments
b ND represents that no activity was detected
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hydrolyze xylans (Gilad et al. 2003; Watson et al. 2009).
Bifunctional enzymes having both xylanase and endoglucanase
activities could be applied in the production of biofuels, bio-
chemicals, and animal feeds (Lu and Feng 2008; Perez-Avalos
et al. 2008). Enzymes showing bifunctional activities have been
characterized, all of which belong to GH5 or GH10 family.
They are Cel5A/Cel5B from bovine rumen metagenome
(Rashamuse et al. 2013), RuCelA from yak rumen
metagenome (Chang et al. 2011), Mxyn10 from Demequina
sp. JK4 (Meng et al. 2009), and XynBE18 from Paenibacillus
sp (Shi et al. 2010). These bifunctional cellulases and xylanases
are single domain enzymes, consisting of a catalytic domain

except Mxyn10, which is composed of a GH10 catalytic do-
main and a CBM2 module. The enzyme that we characterized
from H. chejuensis , Cel5, is a modular glycoside hydrolase
composed of a single GH5 catalytic domain and two CBM6
modules.

Multiple sequence alignment analysis of the catalytic do-
main proposed that Cel5 is a possible bifunctional enzyme
capable of hydrolyzing cellulosic and hemicellulosic sub-
strates (Fig. S2 in the Supplementary Material). Homology
model of Cel5-CD based on template 1EGZ showed a (TIM)-
like barrel structure with a larger substrate binding cleft as
observed in case of endo-acting glycosyl hydrolases such as

Fig. 5 Thin-layer chromatography (TLC) analysis of hydrolysis products
of various cellulosic substrates by Cel5. a Hydrolysis products from
cellotriose (G3), cellotetraose (G4), and cellopentaose (G5) by Cel5. b
Products of filter paper (FP) and Avicel (AV) hydrolysis by Cel5. c

Hydrolysates of CMC and PASC by Cel5. The marker (M) is a mixture
of sugars where G1 to G5 represent glucose, cellobiose, cellotriose,
cellotetraose, and cellopentaose, respectively. The reactions were per-
formed in absence (−) and presence (+) of the enzyme

Fig. 6 Thin-layer chromatography (TLC) analysis of hydrolysis products
of various hemicellulosic substrates by Cel5. a Hydrolysis products from
xylotriose (X3), xylotetraose (X4), and xylopentaose (X5) by Cel5. b
Products of birchwood xylan and c wheat arabinoxylan by Cel5. Wheat
arabinoxylan was hydrolyzed by sequential digestion with Cel5 and
arabinofuranosidase (AF). The marker (M) is a mixture of sugars where

X1 to X5 represent xylose, xylobiose, xylotriose, xylotetraose, and
xylopentaose, respectively. MeGlcA3x1–MeGlcA3x18 and AR represent
methylglucuronic acid-substituted xylooligomers and arabinose, respec-
tively. The reactions were performed in absence (−) and presence (+) of
the enzyme
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endoglucanases, α-amylases, xylanases, and β-1,3-1,4-
glucanases, which may allow binding of variety of sugar units
and makes the enzyme active on various substrates (Henrissat
et al. 1995). We found that Cel5 utilizes the single catalytic
site for hydrolysis of both cellulose and xylans, as the active
site mutants showed loss of both endoglucanase as well as
xylanase activities. Substrate docking studies also proved that
CD of Cel5 can bind both cellotetraose and aldopentaouronic
acid with high affinity (−6.8 and −6.2 kcal mol−1, respective-
ly) and strong hydrogen bonding interactions (Fig. S6a, b;
Table S3 in the Supplementary Material). On the other hand
endoglucanase 1EGZ bind cellotetraose with high affinity
(−6.5 kcal mol−1) and strong hydrogen bonding interactions,
while it exhibited low affinity (−5.6 kcal mol−1) and weak
hydrogen bonding interactions towards aldopentaouronic acid
(Fig. S5a, b; Table S4 in the Supplementary Material). These
results correlate well with bifunctional activities of Cel5 and
only endoglucanase activity of 1EGZ.

Two different binding clefts (clefts A and B) with varying
substrate specificity are structural characteristics of CmCBM6-
2 (Henshaw et al. 2004). The cleft A presents absolute speci-
ficity for xylooligosaccharides, while the cleft B can accom-
modate β-1,4 and β-1,3 mixed linked glucans. However, bind-
ing of CmCBM6-2 modules to insoluble cellulose seems to
occur by synergistic action of both clefts A and B. Cleft A of
CmCBM6-2 is composed of a pair of aromatic amino acids,
Tyr33 and Trp92, which bind to the terminal or central sugar of
the ligand (xylooligosaccharides), while cleft B is composed of
an aromatic amino acid Trp39 and several polar amino acids,
out of which Glu73 plays an important role in binding of the
ligand (β-1,4 and β-1,3 glucans). In consideration of the con-
served binding site residues and high sequence identity, CBM6-
2 in Cel5 is suspected to have the multiple substrate binding
property like CmCBM6-2 (Henshaw et al. 2004).

The biochemical data confirmed that Cel5 is a bifunctional
enzyme having endoglucanase and xylanase activities. The
enzyme has the highest activity towards barley glucan when
compared to other substrates studied probably because of twist-
ed conformation in polysaccharide chains and additional β-1,3
linkages, which seem to be more accessible to the active site of
the enzyme (Lo Leggio et al. 2001). Variations in pH and
temperature optima for endoglucanase and xylanase activity
of Cel5 were similar to RuCelA and XynBE18 (Chang et al.
2011; Shi et al. 2010). Both endoglucanase and xylanase activ-
ities of Cel5 were completely inhibited in presence of 5 mM
concentration of Zn2+ and Cu2+ as reported in case of free
endoglucanase (E2, GH5) from Fusarium verticillioides and
xylanase from Geobacillus sp. (De Almeida et al. 2013; Liu
et al. 2012). The stimulation of endoglucanase and xylanase
activities of Cel5 by Ca2+ and its thermostability at elevated
temperature might be result of stabilization of the enzymatic
structure due to binding of metal ions (Karnchanatat et al. 2008;
Shi et al. 2013a, b) especially by Ca2+, as there are two CBM6
modules with Ca2+ binding sites at C-terminal of CD. At the
same time stimulation of endoglucanase activity of Cel5 with
Mg2+ was reported (Liang et al. 2011; Chapon et al. 2001).

Cel5 has greater thermostability at the temperature of 65 °C
compared to previously reported bifunctional enzymes,
XynBE18 and RuCelA, which rapidly lost their activities after
incubation at temperatures >50 °C (Chang et al. 2011; Shi et al.
2010). The endoglucanase activity of Cel5 was not affected in
presence of high salt concentrations. Cellulases originated from
marine environment possess predominantly negatively charged
residues at the surface (Delgado-Garcia et al. 2012; Kern et al.
2013). Based on a homology model, the surface charge distri-
butions of Cel5-CD and endoglucanase 1EGZ were analyzed
using PyMOL (http://www.pymol.org/). Cel5-CD and its ter-
restrial homologue endoglucanase 1EGZ showed 13.9 and 10.
6 % of acidic amino acids, respectively. The distribution of
these negatively charged acidic amino acids is restricted to the
catalytic pocket region in case of endoglucanase 1EGZwhereas
the acidic amino acids in case of Cel5-CD were largely distrib-
uted on the surface of the protein (Fig. S7 in the Supplementary
Material). The greater negative charges on the surface of CD of
Cel5 are responsible for its high hydrolytic activity in presence
of high salt concentrations which also supports halotolerance of
Cel5, as reported (Liang et al. 2011; Shi et al. 2013a, b). GH5
family endoglucanases originated from non halophilic bacteria
rapidly decreased their activities in presence of high salt con-
centrations (Liang et al. 2011; Voget et al. 2006). Many halo-
philic enzymes require minimum 2 M salt for proper function
and are unstable at low salt concentration (Zhang et al. 2011).
Despite originating from a slightly halophilic bacterium (Lee
et al. 2001), Cel5 was not only halotolerant but also salt
independent, as reported (Shi et al. 2013a, b).

The role of CBMs in hydrolysis of hemicellulosic substrates
was investigated by analyzing kinetic parameters, specific

Table 4 Identification of xylooligosaccharides using MALDI-TOF-MS
after hydrolysis of birchwood xylan by Cel5

Xylooligomers M r m /z

Na+Na Na+K

MeGlcAX3 604 625.3 650.2

MeGlcAX4 736 736.1 755.3

MeGlcAX5 868 891.2 906.2

MeGlcAX6 1,000 1,023.3 1,045.3

MeGlcAX7 1,132 1,155.4 1,177.9

MeGlcAX8 1,264 1,287.5 1,301.2

MeGlcAX9 1,419 1,419.6 1,435.1

MeGlcAX10 1,550 1,551.7 1,574.2

MeGlcAX11 1,682 1,683.8 1,705.2

MeGlcAX12 1,814 1,815.9 1,836.1

Mr molecular weight
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activities, and binding affinities of both Cel5 and Cel5-CD. The
results suggested that the CBM6-2 modules are responsible for
enhancing the catalytic activity of Cel5, as it enhances the
productive interaction between catalytic domain and substrates
by increasing the Cel5 concentration on the surface of sub-
strates, i.e., the proximity function of CBMs (Ali et al. 2005;
Boraston et al. 2003; Goldstein et al. 1993). The presence of
two CBM6 modules with Ca2+ binding sites in Cel5 also
contributes to its thermostability at elevated temperature com-
pared to Cel5-CD and Cel5H from S. degradans , which is
composed of single CBM6 (Watson et al. 2009).

Cel5 and Cel5-CD decreased the viscosity of a CMC
solution, indicating endo-wise hydrolysis reaction mode
(Fig. S4 in the Supplementary Material). TLC analysis of
hydrolysis products of both soluble and insoluble cellulosic
substrates showed cellobiose as a major hydrolysis product.
The release of cellobiose from hydrolysis of various cellulosic
substrates is an evidence for processivity of Cel5 like as
Cel5H from S. degradans and EG1 from V. volvacea
(Watson et al. 2009; Zheng and Ding 2013). The processive
ratio of 5.75 in Cel5 was higher than the ratio of 4.25 in Cel5H
from S. degradans (Table S2 in the Supplementary Material).
These results indicated high hydrolytic activity of Cel5 on
filter paper compared to S. degradans Cel5H, an extensively
characterized processive endoglucanase from marine bacteri-
um (Watson et al. 2009).

The endoglucanase and xylanase activities of previously
reported bifunctional enzymes from different sources were
summarized in Table S5 of the supplementary material
(Duan et al. 2009; Rashamuse et al. 2013). None of these
enzymes hydrolyzed insoluble crystalline cellulose, Avicel.
The H. chejuensis Cel5 efficiently hydrolyzed both soluble
and insoluble cellulose in comparison with other bifunctional
enzymes. Most of GH5/GH30 family xylanases including
XynA (Urbanikova et al. 2011), Xyn5B (Gallardo et al.
2010a, b), XynC (St John et al. 2006), and Xyn30D
(Valenzuela et al. 2012) are only active on glucuronoxylans,
but not on arabinoxylans, while CtXyl5A is an arabinoxylan-
specific xylanase (Correia et al. 2011). Recently, XYLD from
fungus Bispora sp. MEY-1 has been characterized as active
on both glucuronoxylans and arabinoxylans (Luo et al. 2010).
In the same way, Cel5 from H. chejuensis presented versatile
substrate specificity towards glucuronoxylans and
arabinoxylan. GH10 and GH11 family glycoside hydrolases
are the major group of xylanases (CAZy). The extensive
decoration of the xylan backbone generally restricts the ca-
pacity of these enzymes to attack the polysaccharide (Pell
et al. 2004). Thus, the versatile substrate specificity of Cel5
will be useful for assisting the activities of GH10 and GH11
xylanases as the enzyme Cel5 hydrolyzed decorated polysac-
charides such as glucuronoxylans and arabinoxylan.

These findings suggested that endoglucanase Cel5 from
H. chejuensis is one of the crucial enzymes responsible for

depolymerization of hemicellulosic biomass in natural habitat.
The distinct domain architecture, multiple substrate specifici-
ty, processivity, thermostability, and halotolerance are the
unique properties of Cel5. Detailed crystallization study of
substrate enzyme complex is required to mechanistically un-
derstand the versatile substrate specificity of Cel5. Taken
together, these data suggest that Cel5 from H. chejuensis is
the first modular bifunctional processive endoglucanase effi-
ciently hydrolyzing crystalline cellulose and xylans.
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