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Abstract The modular auxiliary activity (AA) family of pro-
teins is believed to cause amorphogenesis in addition to oxi-
dative cleavage of crystalline cellulose although the
supporting evidence is limited. HcAA10-2 is a modular
AA10 family protein (58 kDa) composed of a AA10 module
and a family two carbohydrate binding module (CBM2),
joined by a long stretch of 222 amino acids of unknown
function. The protein was expressed in Escherichia coli and
purified to homogeneity. Scanning electron microscopy and
X-ray diffraction analysis of Avicel treated with HcAA10-2
provided evidence for the disruption of the cellulose microfi-
brils (“amorphogenesis”) and reduction of the crystallinity
index, resulting in a twofold increase of cellulase adsorption
on the polysaccharide surface. HcAA10-2 exhibited weak
endoglucanase-like activity toward soluble cellulose and
cello-oligosaccharides with an optimum at pH 6.5 and
45 °C. HcAA10-2 catalyzed oxidative cleavage of crystalline
cellulose released native and oxidized cello-oligosaccharides
in the presence of copper and an electron donor such as
ascorbic acid. Multiple sequence alignment indicated that

His1, His109, and Phe197 in the AA10 module formed the
conserved copper-binding site. The reducing sugar released
fromAvicel by the endoglucanase Cel5 and Celluclast accom-
panying HcAA10-2 was increased by four- and sixfold, re-
spectively. Moreover, HcAA10-2 and Celluclast acted syner-
gistically on pretreated wheat straw biomass resulting in a
threefold increase in reducing sugar than Celluclast alone.
Taken together, these results suggest thatHcAA10-2 is a novel
multifunctional modular AA10 protein possessing
amorphogenesis, weak endoglucanase, and oxidative cleav-
age activities useful for efficient degradation of crystalline
cellulose.
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Introduction

Cellulose is one of the most abundant renewable biomass
available for the production of biorefinery products including
biofuel. Enzymatic degradation of cellulose into soluble fer-
mentable sugars is the key process for biofuel production. A
major barrier to the enzymatic hydrolysis of cellulose is its
crystalline structure. Intermolecular hydrogen bonding be-
tween adjacent cellulose chains and weak hydrophobic inter-
actions between cellulose sheets are largely responsible for the
insolubility and crystallinity of cellulose (Park et al. 2010).
The ability to increase the accessibility of cellulases toward
crystalline cellulose is necessary for biofuel production using
cellulosic biomass (Cheng and Sun 2002; Hall et al. 2011).
Cellulolytic microorganisms produce various nonhydrolytic
disruptive proteins for this purpose, which include swollenin,
expansin, and cellulose-binding modules (CBMs) appended
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to catalytic domains (Hall et al. 2011; Jäger et al. 2011; Kim
et al. 2009). The nonhydrolytic disruption of cellulosic sub-
strate can be mediated by the cellulose-binding modules of
cellulases (Hall et al. 2011), expansin-like protein from bac-
teria (Kim et al. 2009; Lee et al. 2010), and swollenin protein
from fungi (Chen et al. 2010). This phenomenon, known as
“amorphogenesis,” leads to an increase in the accessible cel-
lulose surface area for catalytic cellulases, thereby reducing
the enzyme load required for cellulose hydrolysis (Arantes
and Saddler 2010; Jäger et al. 2011; Wang et al. 2011).
Complete hydrolysis of cellulose to glucose is generally ac-
complished by a complex enzymatic system, which includes
cellobiohydrolase, endoglucanase, and β-glucosidase (Cheng
and Sun 2002). Recently, a novel class of oxidative enzymes,
the lytic polysaccharide monooxygenases (LPMOs), has been
shown to contribute to the cellulose hydrolysis process by
catalyzing the oxidative cleavage of insoluble polysaccharides
(Horn et al. 2012). LPMOs are described as proteins with
“auxiliary activities” (AAs) and are classified in AA9 (for-
merly glycoside hydrolases family 61; GH61), AA10 (former-
ly CBM33), and AA11 families (Hemsworth et al. 2013;
Levasseur et al. 2013). These proteins act on recalcitrant
polysaccharides by a combination of hydrolytic and oxidative
functions generating oxidized and native exposed chain ends
(Dimarogona et al. 2013; Vaaje-Kolstad et al. 2010). Fungal
AA9 proteins exhibit a weak endoglucanase activity and can
act synergistically with glycoside hydrolases to catalyze the
hydrolysis of crystalline cellulose (Jagtap et al. 2014; Koseki
et al. 2008). LPMOs have flat substrate-binding surfaces, and
some of them are able to break crystalline polysaccharide
chains via a metal-dependent oxidative cleavage mechanism
in the presence of molecular oxygen and an electron donor
(Forsberg et al. 2011). AA10 protein CelS2 from
Streptomyces coelicolor A3(2) (GenBank accession no.
CAB61600.1) cleaves Avicel and filter paper into a mixture
of oxidized and native cello-oligosaccharides (Forsberg et al.
2011), thereby acting synergistically with cellulases in the
presence of reduced glutathione as an electron donor. None
of the AA10 proteins characterized to date hydrolyze soluble
cello-oligosaccharides as well as carboxymethyl cellulose
(CMC) (Forsberg et al. 2011; Hemsworth et al. 2013). It has
been hypothesized that modular AA proteins containing one
or more additional binding modules either increase substrate
specificity or cause amorphogenesis, i.e., nonhydrolytic sub-
strate disruption (Arantes and Saddler 2010; Horn et al. 2012);
however, direct experimental evidence is lacking. Thus, mod-
ular AA proteins having both oxidative cleavage and
amorphogenesis activity can efficiently assist cellulases to
tackle recalcitrance of crystalline cellulose by increasing ac-
cessibility of the cellulases’ toward the substrate, thereby
promoting enzymatic hydrolysis. Hahella chejuensis KCTC
2396 is a Gram-negative, marine cellulolytic bacterium (Lee
et al. 2001). Its genome contains two genes encoding AA10

proteins, one of which is only composed of a AA10 module
while the other is composed of both AA10 and CBM2 mod-
ules. In the present study, the gene encoding the modular
AA10 protein, HcAA10-2 (Hch_00807, GenBank accession
no. ABC27701) having a distinct domain architecture, was
successfully expressed in Escherichia coli and characterized.
HcAA10-2 was studied for its amorphogenesis and oxidative
cleavage potential toward crystalline cellulose (Avicel). The
endoglucanase-like activity ofHcAA10-2 on CMC and cello-
oligosaccharides was explored for the first time. Additionally,
HcAA10-2 was analyzed for its synergistic action with
endoglucanase Cel5 (Hch_03914, GenBank accession no.
ABC30636) from H. chejuensis and the cellulase cocktail
Celluclast for the hydrolysis of crystalline cellulose. The
results suggest that HcAA10-2 is a novel multifunctional
LPMO that can be used as a cellulase synergist for efficient
degradation of crystalline cellulose.

Materials and methods

Chemicals and enzymes

Avicel (PH101), carboxymethyl cellulose (CMC), and cellu-
lase cocktail (CelluclastTM 1.5 L) from Trichoderma reesei
ATCC26921 were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Silica gel 60 thin-layer chromatography (TLC)
plates were obtained from Merck (Darmstadt, Germany).
Cellobiose (G2), cellotriose (G3), cellotetraose (G4),
cellopentaose (G5), and cellohexose (G6) were received from
Megazyme (Bray, Wicklow, Ireland).

Cloning of the gene encoding HcAA10-2

Cloning and expression of the gene encoding HcAA10-2 was
carried out in E. coli DH5α and E. coli BL21(DE3)
(Invitrogen, Carlsbad, CA, USA), respectively. Luria-Bertani
(LB) medium supplemented with kanamycin (50 μg/ml) was
used for cultivation of recombinant E. coli strains. The ex-
pression vector, pET-28a(+), was purchased from Novagen
(Madison, WI, USA). The gene encoding HcAA10-2 protein
was amplified fromH. chejuensisKCTC 2396 genomic DNA
using Phusion High-Fidelity DNA polymerase (Finnzymes,
Vantaa, Finland). Plasmids and PCR primers used in this study
are summarized in Table 1. The native secretion signal se-
quence of HcAA10-2 was removed and a factor Xa cleavage
site introduced prior to the sequence of the mature form of
HcAA10-2 starting with amino acid His1 (i.e., on the DNA
level 5′ATTGAAGGTCGT↓CAC 3′ for ILeGluGlyArg↓His1
was introduced; the factor Xa recognition motif is underlined,
His1 is in bold face, and a factor Xa cleavage site is indicated
by an arrow). The PCR product was cloned into pET-28a(+)
between NdeI and HindIII restriction sites for the construction
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of pEHcAA10-2 (Fig. S1 in the SupplementaryMaterial). The
primers were obtained from Bioneer Co., Ltd. (Daejeon,
South Korea). Restriction enzymes used for construction of
the recombinant plasmids were purchased from New England
Biolabs (Beverly, MA, USA). DNA sequencing was per-
formed by Solgent Co., Ltd. (Daejeon, South Korea). Gel
extraction and plasmid preparation kits were purchased from
Qiagen (Valencia, CA, USA). The recombinant plasmid
pECel5 (Ghatge et al. 2014) was used for expression of
endoglucanase Cel5 derived from H. chejuensis.

Expression and purification of recombinant HcAA10-2

E. coli BL21(DE3) harboring pEHcAA10-2 was grown in LB
medium containing kanamycin (50 μg/ml) at 37 °C.When the
culture reached an optical density of 0.5 at 600 nm (OD600),
isopropyl-β-D-thiogalactopyranoside (IPTG) was added to a
final concentration of 0.4 mM and further incubated overnight
at 20 °C under shaking condition (180 rpm). The cell pellet
was harvested by centrifugation at 10,000×g for 20 min at
4 °C. The recombinant HcAA10-2 was isolated from the
harvested cell pellet using the CelLyticB system (Sigma, St.
Louis, MO, USA) and purified using a precharged nickel
sepharose column (HisTrap affinity column, GE Healthcare,
Piscataway, NJ, USA) under native conditions. Binding was
achieved in the presence of 20 mM imidazole followed by
washing with 50 mM sodium phosphate buffer (pH 7.5–8.0)
containing 40 mM imidazole. Finally, elution was carried out
with 250 mM imidazole in 50 mM phosphate buffer (pH 7.5)
and dialyzed overnight against 50 mM Tris-HCl buffer (pH
7.5) containing 10 % (v/v) glycerol at 4 °C. The native N-
terminus of mature recombinant HcAA10-2 was obtained by
removing six-His-tag using the Factor Xa Cleavage Capture
Kit (Novagen, Madison, USA) as described previously

(Forsberg et al. 2011). Sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) was carried out to analyze
protein purity on a vertical slab gel with 5 % (w/v) staking gel
and 12% (w/v) separating gel under denaturing condition. The
purification of recombinant Cel5 was carried out as described
previously (Ghatge et al. 2014).

Scanning electron microscopy and X-ray diffractometer
analysis

Surface structure and crystallinity index of Avicel were ana-
lyzed using scanning electron microscopy (SEM) and X-ray
diffractometer analysis (XRD) after treatment with HcAA10-
2. Avicel, 1% (w/v) was treated with 50μg ofHcAA10-2 (i.e.,
10 mg/g of substrate) in 0.5 ml of 20 mM PIPES buffer (pH
6.5) at 45 °C for 48 h. The reaction mixtures were kept on
gentle shaking conditions on Intelli-mixer RM-2 (Rose
Scientific Ltd, Edmonton, Alberta, Canada). A negative con-
trol containing 50 μg of bovine serum albumin (BSA) instead
of HcAA10-2 was incubated simultaneously to exclude both
mechanical effect of the shaking and additive effect of protein
itself on Avicel. Samples for SEM analysis were prepared as
described in a previous report (Jäger et al. 2011). SEM anal-
ysis was performed using the microscope JSM-6380LV
(JEOL, Tokyo, Japan) and field emission of 5 kV. The crys-
tallinity index of Avicel treated withHcAA10-2was measured
by a high-resolution X-ray diffractometer XD-D1 (Shimadzu,
Tokyo, Japan) at 40 kVand 40 mA. X-ray diffraction patterns
were analyzed with a diffraction angle 2θ from 5° to 60° with
step size of 0.05. The crystallinity index (CrI, %) was calcu-
lated using the peak height method (Park et al. 2010) applying
the following equation: CrI (%)=[(I002−Iam)/I002]×100. I002 is
the maximum intensity of crystalline plane at 2θ=22.6°, and

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

Materials Descriptions 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) F− ompT gal dcm lon hsdSB(rB
− mB

−) λ(DE3 [lacI lacUV5-T7 gene 1 ind1 sam7 nin5]) Invitrogen (Carlsbad, CA, USA)

Hahella chejuensis Gram-negative, cellulolytic marine bacterium KTCC 2396

Plasmids

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

pEHcAA10-2 pET-28a(+) containing HcAA10-2 gene from H. chejuensis This study

pECel5 pET-28a(+) containing Cel5 gene from H. chejuensis Ghatge et al. (2014)

Primersa

HcAA10-2-F AATCATATGATTGAAGGTCGTCACGGCCTGATAGAAGACC This study

HcAA10-2-R ACTAAGCTTTACTGCCCGCACTCAGTCCC This study

a Restriction enzyme sites are indicated in boldface. The factor Xa cleavage site is underlined
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Iam is an intensity of scattering for amorphous plane at 2θ=
18.7°.

Determination of binding capacity

Change in binding capacity of endoglucanase Cel5 on Avicel
after treatment withHcAA10-2 was investigated. Avicel treat-
ed with HcAA10-2 or BSA was subjected to a binding reac-
tion for 2 h with 25 μg of Cel5 (i.e., 5 mg/g of substrate) in
0.5 ml of 20 mM PIPES buffer (pH 6.5) at 4 °C, to avoid
hydrolysis effects. The binding reaction mixtures were centri-
fuged at 10,000×g for 10 min, and the amount of unbound
Cel5 in the supernatants was determined by measurement of
endoglucanase activity using 1 % (w/v) CMC as a substrate.
The amount of bound Cel5 on Avicel was calculated from the
difference between initial total enzyme activity and unbound
enzyme activity in the supernatant. The results were expressed
in percentages of bound Cel5 concentration to the initial Cel5
concentration added during the assay.

Determination of endoglucanase activity of HcAA10-2

The endoglucanase activity of HcAA10-2 was investigated
using the Congo-red halo assay on CMC agar plates contain-
ing 0.1 % (w/v) CMC in 20 mM PIPES buffer (pH 6.5).
Twenty-five and 50 μg ofHcAA10-2 was spotted on the plate
followed by incubation at 45 °C for 2–3 h. The plates were
stained with 1 % (w/v) Congo-red solution for 15 min and
destained with 1 M NaCl for 15 min. Optimum pH and
temperature for the endoglucanase activity ofHcAA10-2 were
determined using 20 mM of sodium acetate (pH 3.5 to 5.5)
and PIPES (pH 6.5 to 8.5) buffers at temperatures ranging
from 16 to 75 °C. These reactions were carried out using
50 μg/ml of HcAA10-2 in 0.5 ml reaction buffers containing
1 % (w/v) CMC as substrate for 1 h. The reducing sugar
released from CMC hydrolysis was measured using the
DNS method (Miller 1959). One unit of endoglucanase activ-
ity was defined as the amount of enzyme producing 1 μmol of
reducing sugar per minute using glucose as a standard.
Hydrolysis of soluble cello-oligosaccharides ranging from
G4 to G6 byHcAA10-2 was carried out for 24 h under similar
assay conditions. Hydrolyzed products from CMC and solu-
ble cello-oligosaccharides by HcAA10-2 were identified
using thin-layer chromatography (TLC) as described in a
previous report (Telke et al. 2012). Effects of ethylenedi-
aminetetraacetic acid (EDTA) and metal ions on
endoglucanase activity of HcAA10-2 were analyzed. In order
to remove bound divalent cations from HcAA10-2, samples
were treated in 20 mM Tris-HCl buffer (pH 6.8) containing
500 μM of EDTA at room temperature for 6 h and then kept
overnight at 4 °C (Vaaje-Kolstad et al. 2012). The
endoglucanase activity without and after EDTA treatment
was measured using 1 % (w/v) CMC as a substrate. For

reactivation of the EDTA-treated HcAA10-2, the chelating
agent was removed with 20 mM PIPES buffer (pH 6.5) using
a Millipore concentrator (Merck, Darmstadt, Germany) of
10K NMWC. Metal chloride salts such as CaCl2, MnCl2,
MgCl2, NiCl2, ZnCl2, and CuCl2 were tested at a final con-
centration of 0.1 mM during the reactivation experiment,
using 50 μg/ml of metal-free HcAA10-2. The results were
expressed in terms of relative activity (%), where the highest
activity was defined as 100 %.

Computational analysis of the HcAA10 module

Homology of theH. chejuensisAA10module (HcAA10) was
identified using PSI-BLAST and BLASTP programs (http://
blast.ncbi.nlm.nih.gov/Blast.cgi). Multiple sequence
alignment of AA10 modules from different bacteria was
executed with the Align123 alignment method implemented
in Discovery Studio (DS) 3.5 (Accelrys Inc., San Diego, CA,
USA). Bacillus amyloliquefaciens AA10 protein (PDB ID:
2YOX; BaAA10) was used as a template (Hemsworth et al.
2013) for comparative homology modeling as the sequence of
HcAA10 module showed the highest sequence identity of
25 % and sequence similarity of 43 % with it. The structure
of the HcAA10 module was constructed by MODELER
(Eswar et al. 2006; Martí-Renom et al. 2000) in DS 3.5 and
validated by PROCHECK (Laskowski et al. 1993) and
ProSA-web (Wiederstein and Sippl 2007) programs for eval-
uating its stereochemical qualities.

Oxidative cleavage of cellulose by HcAA10-2 and product
analysis

Oxidative cleavage of crystalline cellulose was carried out at
45 °C for 48 h using 1 % (w/v) Avicel as a substrate and 50 μg
of HcAA10-2 in 0.5 ml of 20 mM PIPES buffer (pH 6.5)
containing 0.1 mM CuCl2 and 2 mM ascorbic acid. Control
reactions with HcAA10-2 or ascorbate alone were carried out
in a similar manner. The reaction mixtures were vortexed
vigorously after completion of the assay to release all cello-
oligosaccharides cleaved from Avicel and then centrifuged at
10,000×g for 10 min. The supernatants were digested with
50 U of β-glucosidase (BG) (Sigma, St. Louis, MO, USA) at
37 °C for 1 h. Finally, glucose was measured using the glucose
oxidase method (Sigma GAGO-20, St. Louis, MO, USA).
The soluble oxidative cleavage products released from
Avicel by HcAA10-2 activity were analyzed using MALDI-
TOF-MS (matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry) as described previously (Vaaje-
Kolstad et al. 2010). TheHcAA10-2 reactions for this analysis
were performed in 20 mM Tris-HCl buffer instead of the
PIPES buffer which is not appropriate for MALDI-TOF anal-
ysis. One microliter of concentrated supernatant was then
mixed with a drop of a solution of 9 mg/mL of 2,5-
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dihydroxybenzoic acid (DHB) in 30 % acetonitrile and dried
under an air stream. Spectra were obtained using the reflectron
mode and pulsed ion extraction in the positive ion mode as
described in a previous report (Vaaje-Kolstad et al. 2010).

Synergistic action of HcAA10-2 with cellulases in hydrolysis
of Avicel and pretreated wheat straw

Synergistic action of HcAA10-2 (50 μg) and endoglucanase
Cel5 (25 μg) in hydrolysis of 1 % (w/v) Avicel was analyzed
in 20 mM PIPES buffer (pH 6.5) containing 0.1 mMCuCl2 in
the presence or absence of 2 mM ascorbic acid. The reactions
were performed at 45 °C for 24–72 h. Under similar assay
conditions, the synergistic action of HcAA10-2 with
Celluclast (0.5–2filter paper unit (FPU)/g of substrate) was
investigated in 20 mM sodium acetate buffer at pH 4.8,
adjusted to the optimal pH of Celluclast activity (Horn et al.
2012). Substrate blank, enzyme blank, and negative control
with BSA instead of HcAA10-2 were also carried out simul-
taneously. The resulting fold synergy was calculated from the
ratio of reducing sugar released by cellulase in combination
with HcAA10-2 to that of cellulase alone. Pretreatment of
milled wheat straw was carried out by modification of a
previous method (She et al. 2012). The straw was treated with
60 % (v/v) ethanol solution containing 0.25 M NaOH in solid
to liquid ratio of 1:30 (g/ml) at 75 °C for 3 h on an Intelli-
mixer RM-2 with rotation. The pretreated wheat straw (PWS)
was harvested by centrifugation at 10,000g for 20 min and
dried in an oven at 50 °C for 24 h. Synergistic effects of
HcAA10-2 (50 μg) and Celluclast (0.5 FPU/g) on 1 % (w/v)
PWS were studied at 45 °C for 48 h in 0.5 ml of 20 mM
sodium acetate buffer (pH 4.8) containing 0.1 mMCuCl2, 1 %
(v/v) Tween 20, and 2 mM ascorbic acid. All experiments
were run in triplicate. After completion of the hydrolysis,
reaction substrates were removed by centrifugation at
10,000g for 10 min. The content of reducing sugars of the
supernatants was measured using the DNS method (Miller
1959). Further effects of HcAA10-2 treatment on the surface
structure of PWS was analyzed using SEM. PWS was treated
with HcAA10-2 in the presence or absence of Tween 20 with
gentle shaking, and SEM images were taken after 48 h of
treatment.

Results

Gene cloning, expression, and purification of recombinant
HcAA10-2

The modular AA protein HcAA10-2 from H. chejuensis was
expressed in E. coli and characterized. The HcAA10-2 gene
has an open reading frame of 1662 bp encoding 554 amino

acids including a secretion signal peptide of 23 amino acids at
the N-terminal as predicted by the SignalP 4.0 web program
(http://www.cbs.dtu.dk/services/SignalP/). The HcAA10-2
protein has two different binding modules, AA10 (formerly
CBM33; 203 residues) and CBM2 (106 residues), joined by a
region of 222 residues of unknown function (Fig. 1a).
Recombinant HcAA10-2 was purified from the soluble
protein fraction of E. coli cell pellet by using a six-His-tag
located at the N-terminus of the protein. Mature His1, includ-
ing its N-terminal amino group, is crucial for the LPMO
activity of AA proteins (Forsberg et al. 2011; Hemsworth
et al. 2013). The His-tag and additional N-terminal amino

Fig. 1 Domain architecture and protein expression analysis. a Compar-
ative domain structure of AA10 family proteins andHcAA10-2.MW and
a.a. represent molecular weight of proteins in kilodalton (kDa) and
number of amino acids in each domain, respectively. b SDS-PAGE
analysis for expression and purification of HcAA10-2. Lanes represent
whole cell proteins (W), soluble proteins (S), cell pellet proteins (P),
molecular weight markers (M), and mature protein after cleavage of
His-tag (MP)
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acids inserted because of the incorporation of the cloning site
NdeI into the plasmid construct were removed using factor Xa
protease in conjunction with the factor Xa cleavage site.
Purified HcAA10-2 (mature protein after cleavage of the
His-tag) showed a single band on SDS-PAGE at 58 kDa
(Fig. 1b).

Amorphogenesis activity of HcAA10-2

The role of modular HcAA10-2 in the amorphogenesis of
crystalline cellulose was explored using SEM and XRD. SEM
images showed disruption, swelling, and loosening of the crys-
talline structure of Avicel when treated withHcAA10-2 (Fig. 2).
However, Avicel treated with PIPES buffer alone or BSA
instead of HcAA10-2 did not undergo any noticeable destruc-
tion of the crystalline cellulose; hence, the substrate surface was
observed as smooth and regular. Changes in the crystallinity
index (CrI) of Avicel treated with HcAA10-2 were examined
using XRD analysis (Fig. S2 in the Supplementary Material).
The HcAA10-2 treatment decreased the CrI of Avicel by 8–
10 %, while the treatment with PIPES buffer alone or BSA did
not result in a significant reduction (Fig. 3a). Further, we calcu-
lated the binding affinity of endoglucanase Cel5 on Avicel
treated withHcAA10-2. There was a twofold increase in bound
Cel5 concentration on the HcAA10-2-treated Avicel compared
with the buffer control and BSA-treated Avicel (Fig. 3b).

Endoglucanase activity of HcAA10-2

The endoglucanase activity of HcAA10-2 was examined
using a Congo-red halo assay on 0.1 % (w/v) CMC agar
plates. Clear halo zones indicating degradation of CMC
were found at the application points of HcAA10-2
(Fig. 4a). The optimum pH and temperature for
endoglucanase activity of HcAA10-2 were determined as
pH 6.5 and 45 °C, respectively (Fig. 4b, c). The protein
has 70 % of its activity at pH 4.8. The endoglucanase
activity of HcAA10-2 on CMC was found to be 5.2 U/mg
of protein. In TLC analysis cellobiose, cellotriose,
cellotetraose, and a very small amount of cellopentaose
were identified as the hydrolyzed products released from
CMC by the action of HcAA10-2 (Fig. 4d). Cellotetraose
was partially hydrolyzed into a mixture of cellobiose and
cellotriose while cellopentaose and cellohexose were
completely hydrolyzed to cellobiose, cellotriose, and
cellotetraose by HcAA10-2. The endoglucanase activity
was enhanced by 60 % in the presence of 0.1 mM of Cu2+

while the addition of Ca2+ and Mg2+ resulted in a 20 and
12 % improvement, respectively, compared with the ac-
tivity in the absence of extra supplementation of metal
ion. Addition of EDTA caused complete loss of
endoglucanase activity. Similarly, metal ions like Zn2+

and Ni2+ inhibited the endoglucanase activity (Fig. S3 in
the Supplementary Material).

Fig. 2 Scanning electron
micrographs of Avicel treated
with a PIPES buffer (pH 6.5), b
BSA in PIPES buffer, and c, d
HcAA10-2 in PIPES buffer
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Computational analysis of the metal ion binding site
of HcAA10-2

Computational structure-based sequence alignment and ho-
mology modeling approaches were applied to investigate the
conserved active site residues in the metal ion binding site of
the HcAA10 module and other AA10 proteins with known
crystal structures from B. amyloliquefaciens (BaAA10)
(Hemsworth et al. 2013), Serratia marcescens (SmAA10)
(Vaaje-Kolstad et al. 2005), and Enterococcus faecalis
(EfAA10) (Vaaje-Kolstad et al. 2012) (Fig. 5). The three-
dimensional structure model of the HcAA10 module was
constructed by a homology modeling method based on the
template AA10 protein from B. amyloliquefaciens (PDB ID:
2YOX) and validated for its stereochemical qualities (Fig. S4
in the Supplementary Material). The structure-based sequence
alignment and homology model of the HcAA10 module
showed two insertions, highlighted in red boxes, that form
loops near the metal binding sites unlike other AA10 proteins
(Fig. 5a). The structural analysis of AA10 proteins using their
surface representations highlighted the regions that were the
most different in the metal binding site of the HcAA10 model
structure (Fig. 5b, c). Figure 5d shows a superimposed view of
the metal ion binding site of the template AA10 protein and
the HcAA10 model structure. The residues His1, His109, and

Phe197 of theHcAA10model were highly conserved with the
metal binding site residues of other AA10 proteins, with the
exception of Gly107 of the HcAA10 model corresponding to
Ala123 of the template structure. The presence of an alanine
close to the apical coordination site of the Cu2+ ion suggests
that the ion is restricted by a combination of this residue with
Phe196, which is located on the opposite apical site of the
template AA10 protein (Hemsworth et al. 2013).

Oxidative cleavage of Avicel by HcAA10-2

Oxidative cleavage involves incorporation of molecular oxy-
gen into C–H bonds adjacent to the glycosidic linkage of the
polysaccharide thus releasing both soluble and exposed cello-
oligosaccharides oxidized at the C1 or C4 position of the sugar
ring (Beeson et al. 2012). Oxidative cleavage activity of AA9
and AA10 proteins can bemeasured by addition of BG, which
converts the released soluble cello-oligosaccharides into glu-
cose (Langston et al. 2011). Avicel was oxidatively cleaved in
a significant amount only in the presence of a combination of
HcAA10-2 and ascorbic acid while no oxidative cleavage was
observed withHcAA10-2 or ascorbic acid alone (Fig. 6a). The
oxidative cleavage of Avicel by HcAA10-2 was further con-
firmed by MALDI-TOF-MS analysis (Fig. 6b). The mass
spectrum demonstrated formation of both native and oxidized
cello-oligosaccharides with degrees of polymerization (DP) of
5 to 9 when compared with chromatographic standards as
shown by Forsberg et al. (2011) and Westereng et al. (2011).
The spectrum represents dominance of oxidized soluble prod-
ucts with an even number of sugar residues (indicated by the
DP6 region). Peaks of native and oxidized cello-
oligosaccharides were not detected when Avicel was treated
with HcAA10-2 or ascorbic acid alone, which also indicates
that the weak endoglucanase activity of HcAA10-2 is limited
to only soluble substrates. Figure 6c represents an enlarged
spectral view of the DP6 region showing the major cello-
oligosaccharides in the lactone and aldonic acid forms along
with their m/z ratios.

Hydrolysis of Avicel

The reducing sugar released from the hydrolysis of Avicel by
Cel5 increased to 95 mg/l in the presence of HcAA10-2
comparedwith that obtained from the reactionwith Cel5 alone
(49 mg/l) (Fig. 7a). The negative control using BSA instead of
HcAA10-2 did not show a significant increase in the sugar
yield (65 mg/l). The synergistic action of HcAA10-2 with
Cel5 was even more pronounced in the presence of ascorbic
acid, resulting in a fourfold higher amount of reducing sugar
(i.e., 196 mg/l). The synergistic effect of HcAA10-2 was also
investigated using the cellulase cocktail Celluclast from
T. reesei (Fig. 7b). The amorphogenesis activity of
HcAA10-2 leads to a 4.5-fold enhancement in reducing sugar

Fig. 3 Changes in physical properties of Avicel after treatments with
PIPES buffer alone, BSA, and HcAA10-2. a Changes in crystallinity
index of Avicel. b Changes in Cel5 binding capacity toward Avicel.
Values represent the means±standard deviation of the results of triplicate
experiments
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release (420 mg/l) compared with Celluclast alone (93 mg/l)
after 48 h of reaction. In the presence of ascorbic acid, the
reducing sugar released from Avicel by the synergistic action
of HcAA10-2 (50 μg) and Celluclast (0.5 FPU/g of substrate)
was increased to 565 mg/l, which was sixfold higher than the
reducing sugar obtained from Celluclast alone (93 mg/l). The
synergistic effect of HcAA10-2 decreased with an increase in
Celluclast concentration from 0.5 to 2 FPU/g of substrate.
However, the Celluclast loading of 2 FPU/g of substrate still
released 3.5-fold higher amounts of reducing sugar in the
presence of HcAA10-2 and ascorbic acid (1568 mg/l) than
Celluclast alone (448 mg/l) (Table 2).

Hydrolysis of PWS

Wheat straw was first treated with an ethanol/alkali solution to
remove lignin and hemicellulose, which are not accessible by
cellulases (Cheng and Sun 2002). Hydrolysis of PWS by the
synergistic action of HcAA10-2 and Celluclast released
1075 mg/l of reducing sugar, which was 1.7-fold higher than
the reducing sugar produced (625 mg/l) by Celluclast alone
(Fig. 7c). The effect of a nonionic surfactant such as Tween 20
on the synergism of HcAA10-2 was also investigated. It was
observed that the amorphogenesis action of HcAA10-2 was
stimulated by the addition of Tween 20, resulting in the

extensive disruption of PWS (Fig. S5 in the Supplementary
Material). The reducing sugar released from PWS by the
synergistic action of HcAA10-2 and Celluclast reached
1450 mg/l upon the addition of Tween 20. The synergistic
effect of HcAA10-2 was further enhanced by the addition of
ascorbic acid. In the presence of ascorbic acid, the mixture of
HcAA10-2, Celluclast, and Tween 20 released threefold more
reducing sugar (1965 mg/l) from PWS than Celluclast alone
(Fig. 7c).

Discussion

In the present study, the role of modular HcAA10-2 in the
destruction, swelling, loosening, and possible oxidative cleav-
age of insoluble crystalline cellulose was investigated. AA10-
2 protein CelS2 from S. coelicolor A3(2) characterized by
Forsberg et al. (2011) consists of the AA10 (191 residues) and
CBM2 (86 residues) modules joined by a short linker of 39
residues. The HcAA10-2 characterized herein has its own
unique domain architecture, comprising an AA10 domain, a
222 residue region of unknown function, and a CBM2 domain
indicating structural variations compared with CelS2 and oth-
er previously characterized AA10 proteins (Forsberg et al.

Fig. 4 Endoglucanase activity of
HcAA10-2. a Congo-red halo
assay using 0.1 % (w/v) CMC
agar plate. HcAA10-2 (25 and
50 μg/ml) was spotted on the
CMC agar plate along with the
negative control of BSA
(50 μg/ml). Effect of b pH and c
temperature on endoglucanase
activity ofHcAA10-2. The results
were expressed as relative activity
(%) where the highest activity
was defined as 100 %. Values
represent the means±standard
deviation of the results of
triplicate experiments. d TLC
analysis of hydrolyzed products
from CMC and cello-
oligosaccharides in the absence
(−) and presence (+) of HcAA10-
2. The marker M is a mixture of
sugars where G1 to G6 represent
glucose, cellobiose, cellotriose,
cellotetraose, cellopentaose, and
cellohexose, respectively
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Fig. 5 Computational analysis of HcAA10 module. a Structure-based
sequence alignment of HcAA10 with known crystal structures of AA10
proteins. The positions of insertion in the vicinity of metal ion binding site
of HcAA10 model structure are highlighted with light-red boxes. Dark
blue, blue, and light-blue colors show identical, strong, and weak simi-
larity in all four sequences. The three conserved residues in metal ion
binding site are highlighted by black arrows. b, c Surface representations
of HcAA10 module from H. chejuensis and B. amyloliquefaciens,

respectively, showing the metal binding site colored by blue. The red
surface inH. chejuensis HcAA10module corresponds to the red box in a.
d Superposition of the metal binding sites of the homology model of
HcAA10 (yellow) with template (PDB ID: 2YOX, colored green). The
red sphere indicates the copper ion bound in the template structure. The
A123 which is corresponding residue of G107 in the template is labeled
with green color
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2011; Hemsworth et al. 2013). Amorphogenesis of crystalline
cellulose occurs because of the weakening and splitting of
hydrogen bonds between the cellulose fibers by means of
steric or hydrophobic action of CBMs (Pinto et al. 2004).
Amorphogenesis activity toward crystalline cellulose was
not observed for the AA9 and AA10 proteins characterized

previously (Forsberg et al. 2011; Harris et al. 2010). CBP21
has been shown to cause amorphogenesis of crystalline chitin,
albeit with limited experimental evidence, leading to structural
changes in the substrate and increased substrate accessibility
(Vaaje-Kolstad et al. 2005). SEM and XRD studies of the
surface structure and CrI of Avicel treated with HcAA10-2
suggests the modular HcAA10-2 is the first known bacterial
AA10 protein with amorphogenesis activity toward crystal-
line cellulose and that the importance of these proteins for
enhancing the fiber porosity of crystalline cellulose is similar
to that of swollenin protein from fungi (Jäger et al. 2011). It
should be noted that the amorphogenesis experiments were
intentionally performed in the absence of an electron donor to
avoid the oxidative cleavage of the substrate because an
electron donor is essential for LPMO activity of AAs
(Forsberg et al. 2011; Horn et al. 2012). Recently, it has been
speculated that LPMOs with additional binding modules
might show different activities toward a crystalline substrate
in addition to oxidative cleavage (Hemsworth et al. 2014). As
previously reported, CBM2 from bacterial endoglucanases
can disrupt the structure of cellulose fibers to release fine
particles from the fibers (Din et al. 1991; Linder and Teeri
1997). It has also been reported that the CBM domain of
T. reesei Cel7A is responsible for the 5–7 % reduction in the
CrI of Avicel because of an increase in fiber porosity provided
by interaction with the protein domain (Hall et al. 2011). The
significance of the linker region connecting the CBMwith the
catalytic domain in the nonhydrolytic disruption of crystalline
cellulose has been shown in the study of cellobiohydrolase,
suggesting mechanism of the intramolecular synergy between
the catalytic domain and the CBM (Gao et al. 2001; Wang
et al. 2008). According to this mechanism, the function of
CBM is not only to help to position the free cellobiohydrolase
in close proximity with the cellulose fibrils but also to assist in
structural disruption of the fiber surface. Hence, we consider
that the amorphogenesis activity of HcAA10-2 described

�Fig. 6 Oxidative cleavage of Avicel by HcAA10-2. a Oxidative
cleavage assay was carried out at standard assay conditions either in the
presence or absence of 2 mMascorbic acid (AA) using 1% (w/v) Avicel as
a substrate at 45 °C for 48 h. Values represent the means±standard
deviation of the results of triplicate experiments. b Identification of
soluble cello-oligosaccharides hydrolyzed from Avicel by HcAA10-2
using MALDI-TOF-MS. The spectrum shows range of native and
oxidized cello-oligosaccharides released from Avicel when it was
incubated with HcAA10-2 in the presence of AA. Na-adducts of
oxidized cello-oligosaccharides in lactone form and Na-salt of Na-
adducts of aldonic acid form annotated as DPnLA (cello-oligosac-
charides with n−1 glucose residues+one gluconolactone, i.e.,
[Glc(n−1)GlcLA]) and DPnox (cello-oligosaccharides with n−1
glucose residues+one gluconic acid, i.e., [Glc(n−1)GlcA]),
respectively, were shown along with its m/z ratio. c Enlarged view of
MALDI-TOF-MS spectra of the DP6 region showing lactone form
(DPnLA), native form (DPn), minor reduced form (DPnR), and aldonic
acid form (DPnox) of oxidized cello-oligosaccharide along with its m/z
ratio, where n represents number of glucose residue
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herein might be governed by CBM2 and the suspected
HcAA10-2 linker region using a mechanism similar to intra-
molecular synergy. Unfortunately, further characterization of
the individual domains was restricted because of domain
truncations of AA10, the inability to define the function of
the linker region, and difficulties in purifying the CBM2 from
HcAA10-2 to homogeneity as it was expressed within inclu-
sion bodies (data not shown). AA10 proteins are potential
bacterial analogs of AA9 and swollenin proteins from fungi
(Gilbert 2010; Karkehabadi et al. 2008). Some of these AA9
and swollenin proteins are known to exhibit weak
endoglucanase-like activity (Chen et al. 2010; Koseki et al.
2008). Hence, the endoglucanase activity of HcAA10-2 was
investigated. The endoglucanase activity of HcAA10-2 to-
ward CMC was found to be 5.2 U/mg, which was significant-
ly higher than those of Aspergillus fumigatus Swo1 (2.6 U/
mg) and Aspergillus kawachii AA9 protein (0.02 U/mg)
(Chen et al. 2010; Koseki et al. 2008). Confirmation of hy-
drolyzed cello-oligosaccharides ranging from G2 to G4 by
TLC and formation of halo zones on a CMC agar plate
indicated the presence of endoglucanase-like activity.
HcAA10-2 is distinct from other AA10 family proteins that
do not hydrolyze soluble cellulose (Forsberg et al. 2011;
Vaaje-Kolstad et al. 2010). Thus, this is the first report of a
AA10 protein having endoglucanase-like activity toward sol-
uble cellulose. Very recently, a C4 oxidizing AA9 LPMO
from Neurospora crassa (NcLPMO9C), which can cleave
both cellulose and cello-oligosaccharides, has been character-
ized (Isaksen et al. 2014). The shorter substrate binding sur-
face of NcLPMO9C contributes to its preferential binding
toward cello-oligosaccharides compared with other AA9 fam-
ily proteins. Similarly, compared with other AA10 family
proteins, HcAA10-2 might have a smaller substrate binding
surface, which contributes to its activity toward soluble cello-
oligosaccharides. To test whether the cello-oligosaccharide
hydrolytic activity ofHcAA10-2 is specific or is a nonspecific
side reaction, the enzyme was incubated with other oligosac-
charides and polysaccharides such as xylo-oligosaccharides,
birchwood xylan, and beachwood xylan. No activity was
observed toward any of these substrates (data not shown).
This indicates that HcAA10-2 specifically prefers to hydro-
lyze β-1-4 linked glucose units. AA9 and AA10 proteins are
known as copper-dependent LPMOs (Beeson et al. 2012);
however, some studies examining the metal ion effects on
these proteins have yielded conflicting results, suggesting
many diverse metal ions (Forsberg et al. 2011; Harris et al.
2010; Langston et al. 2011) in addition to copper (Hemsworth
et al. 2013; Vaaje-Kolstad et al. 2012) can enhance the catal-
ysis. The metal ion effects on endoglucanase activity were
studied using an apo-form of HcAA10-2. Stimulation of
HcAA10-2 activity was observed in the presence of copper,
which is consistent with the copper dependency of LPMOs
(Jagtap et al. 2014; Westereng et al. 2011). Additionally, an

improvement in endoglucanase activity in the presence of
calcium and magnesium may reflect the typical chemistry of
the host’s marine environment, which is rich in calcium and
magnesium (Lee et al. 2001). AA9 and AA10 proteins, both

Fig. 7 Synergistic action of HcAA10-2 with endoglucanase Cel5 and
Celluclast (CC) in hydrolysis of Avicel and PWS. a Endoglucanase Cel5
(25μg) andHcAA10-2 (50μg)were incubatedwith 1% (w/v) Avicel as a
substrate in 20 mM PIPES buffer (pH 6.5) containing 0.1 mM CuCl2 at
45 °C for 24–72 h in the presence or absence of 2 mM ascorbic acid (AA).
b CC (0.5 FPU/g of substrate) and HcAA10-2 (50 μg) were incubated in
20 mM sodium acetate buffer (pH 4.8) containing 0.1 mM CuCl2 at
45 °C, for 24–72 h with 1 % (w/v) Avicel as a substrate in the presence or
absence of 2 mM ascorbic acid (AA). c Effect ofHcAA10-2 on hydrolysis
of pretreated wheat straw. Assays were performed as described above
using 1 % (w/v) pretreated wheat straw as substrate for 48 h in the
presence or absence of 1 % (v/v) Tween 20 (TW20). The reducing sugar
released was measured using the DNS method. Values represent the
means±standard deviation of the results of triplicate experiments
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LPMOs, can oxidatively cleave glycosidic bonds on the sur-
face of cellulose in the presence of divalent metal ions, in-
cluding nonredox-active and electron donors such as ascor-
bate or electron generating enzyme systems like cellobiose
dehydrogenase, thereby assisting cellulases in catalyzing cel-
lulose hydrolysis via an oxidative cleavage mechanism
(Harris et al. 2010; Langston et al. 2011). The MALDI-TOF
analysis of the oxidative cleavage activity of HcAA10-2
clearly showed the formation of sodium adducts of the lactone
form, native form, and sodium salt of the aldonic acid of the
cello-oligosaccharides, which implies oxidation at the ex-
posed C1-H position of the polysaccharide chain (Beeson
et al. 2012; Hemsworth et al. 2013). Detection of the native
and oxidized cello-oligosaccharides indicates cleavage of a
well-ordered polysaccharide chain in the crystalline region of
Avicel. Formation of native cello-oligosaccharides was
suspected to be caused by cleavage of the original native
reducing ends present in Avicel by HcAA10-2 as reported
for PcGH61D from Phanerochaete chrysosporium
(Westereng et al. 2011). The MALDI-TOF results confirmed
thatHcAA10-2 catalyzed the oxidative cleavage of crystalline
cellulose in the presence of an electron donor and metal ion
copper. Furthermore, the potential boosting effect of
HcAA10-2 on cellulose hydrolysis was investigated using
endoglucanase Cel5 and Celluclast. Disruption of the crystal-
line structure of cellulose and a decrease in its CrI cause an
increase in cellulase adsorption on the surface of the substrate
(Jäger et al. 2011; Park et al. 2010). The 1.9- and 4.0-fold
enhancement of reducing sugar release from Avicel by Cel5
and Celluclast in the absence of an electron donor such as
ascorbic acid can be ascribed to the amorphogenesis activity
promoted by HcAA10-2, which caused an increase in the
adsorption of cellulases on the surface of Avicel. BSA is
generally supplemented in commercial enzyme preparations
as a protein-stabilizing agent (Brethauer et al. 2011). Hence,
the slight increase in cellulose hydrolysis by Cel5 and
Celluclast in the presence of BSA might be a result of its
stabilizing effect on the enzymes. The remarkable enhance-
ment of reducing sugar release and faster initial rate of hydro-
lysis of Avicel by Cel5 and Celluclast in the presence of
ascorbic acid was the result of oxidative cleavage of crystal-
line cellulose by HcAA10-2, leading to the formation of

oxidized reducing ends and exposure of more native nonre-
ducing ends to the action of glycoside hydrolases. The effects
of different concentrations of Celluclast on the synergistic
action of HcAA10-2 were also analyzed. The synergistic
effect of HcAA10-2 decreased with an increase in Celluclast
concentration probably because of competition of cellulases
and HcAA10-2 for the same substrate binding site as ex-
plained in case of other accessory proteins (Kim et al. 2009;
Lee et al. 2010). It should be noted that the amount of reducing
sugar released (565 mg/l) in the presence of a combination of
0.5 FPU of Celluclast and 50 μg of HcAA10-2 with ascorbic
acid is slightly higher than the reducing sugar released by
2 FPU of Celluclast alone (448 mg/l) (Table 2). AA9 family
LPMO has been shown to reduce the total enzyme loading
required for hydrolysis of crystalline cellulose to fermentable
sugar by a factor of two (Harris et al. 2010). By comparison,
HcAA10-2 assisted in reducing the Celluclast loading by
fourfold under the standard assay conditions because of its
unique amorphogenesis activity and oxidative cleavage po-
tential. Generally, most AA9 and AA10 proteins were tested
for synergism with cellulases on pure cellulosic substrates like
filter paper or Avicel (Forsberg et al. 2011; Westereng et al.
2011). Degradation of lignocellulosic biomass with cellulases
by incorporation of proteins with AAs has been studied to
only a limited extent. Harris et al. (2010) have shown stimu-
lation of the hydrolytic potential of a cellulase mixture by
incorporation of AA9 family LPMO during enzymatic hydro-
lysis of dilute-acid pretreated corn stover. The greatest cellu-
lase boosting effect by the addition of AA9 protein was
observed with organosolv pretreated biomass (Hu et al.
2014). Wheat straw is one of the most recognized types of
cellulosic biomass for biofuel production because it is a low-
cost commercially available substrate containing 39–44 % of
accessible cellulose (Talebnia et al. 2010). Hence, HcAA10-2
was studied as a cellulase synergist for degradation of
organosolv pretreated wheat straw as a representative natural
substrate using Celluclast. A total of 1.7-fold increase in
synergism was observed as a result of the amorphogenesis
action ofHcAA10-2 on PWS, which may promote adsorption
of cellulases from Celluclast on the accessible crystalline
cellulose from PWS. A nonionic surfactant such as Tween
20 has been reported to increase the accessibility of

Table 2 Effect of different concentrations of Celluclast (CC) on its synergism with HcAA10-2

FPU/g of substrate Reducing sugar (mg/L)

CC CC+HcAA10-2 CC+HcAA10-2+AA Fold synergistic effect

0.5 93±10 420±26 565±28 6.0

1 280±19 980±66 1176±76 4.2

2 448±25 1040±61 1568±70 3.5

The fold synergy was calculated from the ratio of reducing sugar released by cellulase in combination withHcAA10-2 to that of cellulase alone. Values
represent the means±standard deviation of the results of triplicate experiments
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cellulolytic enzymes toward lignocellulosic biomass by reduc-
ing their nonproductive and irreversible adsorption on residual
lignin (Eriksson et al. 2002; Seo et al. 2011). Similarly, Tween
20 may prevent the adsorption of HcAA10-2 on residual
lignin and, instead, preferentially direct it toward the accessi-
ble cellulose. As described herein, the addition of Tween 20
not only stimulates the amorphogenesis activity ofHcAA10-2
(Fig. S5 in the Supplementary Material) but also increases the
accessibility of cellulolytic enzymes toward cellulose. Hence,
the combined action of HcAA10-2 and Celluclast in the
presence of ascorbic acid and Tween 20 suggests bifunctional
roles ofHcAA10-2 (i.e., amorphogenesis and oxidative cleav-
age). This combination promotes enzymatic hydrolysis of
crystalline cellulose from a realistic biomass substrate.
Synergism of various cellulase enhancer proteins such as
swollenins, expansin-like proteins, and AA proteins have
been studied using a low cellulase dosage to take into account
that the presence of a high concentration of cellulases might
mask the disruptive effects caused by these proteins (Forsberg
et al. 2011; Lee et al. 2010; Westereng et al. 2011). The major
limitation of incorporating these accessory proteins in the
cellulose hydrolysis process is the low cellulose saccharifica-
tion yield. Hence, to obtain a high saccharification yield,
Avicel and PWS were first treated with HcAA10-2 (10 mg/g
of substrate) alone, followed by hydrolysis with high
Celluclast loading, i.e., 5–10 FPU/g of substrate.
Saccharification of Avicel and PWS was enhanced by 25–
30 % with an overall saccharification yield of 70–80 %,
respectively, when substrates were pretreated with HcAA10-
2 compared with without treatment (Fig. S6 in the
SupplementaryMaterial). The swollenin protein characterized
by Jäger et al. (2011) enhanced Avicel saccharification by 15–
20 %, using a similar sequential pretreatment and hydrolysis
approach. Synergism of AA9 protein and Celluclast enhanced
PWS saccharification by 15 % (Dimarogona et al. 2012). The
synergistic cooperation between AA9 and cellulases is affect-
ed by the relative amount of accessible crystalline cellulose
present within the substrate (Hu et al. 2014). HcAA10-2 is
composed of a CBM2module that preferentially adsorbs onto
crystalline cellulose causing amorphogenesis and oxidative
cleavage of cellulose. This results in an increased accessibility
of cellulases toward crystalline cellulose, leading to a 30 %
enhancement of PWS saccharification. Most physical and
thermochemical technologies for pretreatment of lignocellu-
losic biomass utilize expensive instrumentation with high
energy demands and contribute to environmental pollution
(Kumar et al. 2009). Biological pretreatment of lignocellulosic
biomass with brown-, white-, and soft-rot fungi for degrada-
tion of lignin and hemicellulose components has low energy
requirements and mild environmental conditions (Galbe and
Zacchi 2007; Kumar et al. 2009). The use of proteins like
HcAA10-2 could be coupled with biological pretreatment
processes to facilitate efficient destruction of crystalline

cellulose, thereby enhancing cellulose saccharification and
making the biomass pretreatment process safe, economical,
and eco-friendly. In conclusion, HcAA10-2 was successfully
expressed in E. coli and characterized. Distinct domain archi-
tecture, amorphogenesis activity toward crystalline cellulose,
and endoglucanase-like activity toward CMC and cello-
oligosaccharides are unique properties of HcAA10-2 com-
pared with other AA10 proteins. HcAA10-2 catalyzed the
oxidative cleavage of crystalline cellulose in the presence of
ascorbic acid, releasing both native and oxidized cello-oligo-
saccharides. HcAA10-2 acts synergistically with
endoglucanase Cel5 and Celluclast, enhancing the release of
reducing sugars from Avicel and pretreated wheat straw,
thereby reducing the enzyme loading required for efficient
degradation of crystalline cellulose. This is the first marine
bacterial, multifunctional, modular AA10 protein that poten-
tiates the hydrolysis of crystalline cellulose by modulating the
problems with substrate accessibility experienced by glyco-
side hydrolases through its amorphogenesis and oxidative
cleavage activities.
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