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Abstract

lulosic substrates using expansins.

the substrate to the protein.

Background: Biological pretreatment is an environmentally safe method for disrupting recalcitrant structures of
lignocellulose and thereby improving their hydrolysis efficiency. Expansin and expansin-like proteins act synergisti-
cally with cellulases during hydrolysis. A systematic analysis of the adsorption behavior and mechanism of action of
expansin family proteins can provide a basis for the development of highly efficient pretreatment methods for cel-

Results: Adsorption of Bacillus subtilis expansin (BSEXLX1) onto cellulose film under different conditions was moni-
tored in real time using a quartz crystal microbalance with dissipation. A model was established to describe the
adsorption of BsSEXLX1 onto the film. High temperatures increased the initial adsorption rate while reducing the maxi-
mum amount of BsSEXLX1 adsorbed onto the cellulose. Non-ionic surfactants (polyethylene glycol 4000 and Tween
80) at low concentrations enhanced BsEXLX1 adsorption; whereas, high concentrations had the opposite effect.
However, sodium dodecyl sulfate inhibited adsorption at both low and high concentrations. We also investigated the
structural changes of cellulose upon BsEXLX1 adsorption and found that BsSEXLX1 adsorption decreased the crystallin-
ity index, disrupted hydrogen bonding, and increased the surface area of cellulose, indicating greater accessibility of

Conclusions: These results increase our understanding of the interaction between expansin and cellulose, and pro-
vide evidence for expansin treatment as a promising strategy to enhance enzymatic hydrolysis of lignocellulose.

Keywords: Expansin, Cellulose, Adsorption, QCM-D, Surfactant, Cellulase

Background

Bioconversion of lignocellulosic biomass into fuels and
chemicals has attracted great interest over last few dec-
ades due to the increasing global energy demand, rural
development, and environmental safety concerns [1].
Lignocellulosic biomass is mainly composed of cel-
lulose, hemicellulose and lignin, while it also contains
some minor components like ash and extractive in dif-
ferent samples [2, 3]. Due to the recalcitrant structure of
lignocellulose, commercial development of biomass and
bioenergy is limited by the performance of cellulolytic
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enzyme systems [4]. The accessible surface area of
exposed cellulose is a particularly important factor in the
regulation of the enzymatic hydrolysis process [5]. There-
fore, a lot of methods have been developed to increase
cellulase accessibility, which is evaluated by measuring
characteristics such as specific surface area or pore vol-
ume [6, 7].

Effective binding between cellulose and cellulase is an
essential step for enzymatic hydrolysis [8—10]. Physical
or chemical pretreatments using dilute acid, organic sol-
vent, etc. have been employed to increase cellulase acces-
sibility, but many of these methods are not eco-friendly,
since the used chemical agents such as acids and alkalis
are likely to cause environmental pollution and some
undesired byproducts [11-13]. Biological pretreatment
is a more attractive alternative. As a biological pretreat-
ment reagent, expansin has non-hydrolytic disruptive
activity and can facilitate the cellulose hydrolysis [14,
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15]. Expansins and expansin-like proteins were origi-
nally isolated from plants as cell wall-loosening fac-
tors [16], but their mechanisms of action are not fully
understood, although the breakage of hydrogen bonds
may be involved [17]. Expansins are modular proteins
composed of two discrete domains connected by a short
linker, which has very similar structure to that of cellu-
lases. However, compared to the catalytic domain of gly-
coside hydrolase 45, the N-terminal domain of expansin
lacks catalytic activity [18, 19]; the C-terminal domain
(D2) resembles certain carbohydrate-binding modules.
Both domains are required for the full cell wall-loosening
activity of expansins [17, 20].

Bacillus subtilis (Bs) EXLX1 is a bacterial expan-
sin that is a member of the EXLX family [21] and binds
to the crystalline surface of cellulose through its D2
domain [22]. Soluble recombinant BsEXLX1 has been
expressed about 10 mg/l by Escherichia coli, proving it
have cellulose-loosening effect [14]. Recently, BsSEXLX1
was expressed through Pichia pastoris system because
it is one of the most effective and versatile systems for
high-level expression of heterologous proteins about
860 mg/L, as well as several other advantages such as
stable integration of foreign genes in the host genome,
high-level secretion of foreign proteins and glycosyla-
tion modification, which improve the thermostability
of proteins [23-25]. BsEXLX1 has attracted interest for
various applications owing to its strong binding capacity,
synergistic action with cellulase, and ability to promote
root colonization [14, 21]. It is known to bind to the crys-
talline surface of cellulose rather than to linear oligosac-
charides [26]. In our previous study [23], we have proved
that BsEXLX1 displayed remarkable thermostability in
a wide temperature range. Most importantly, BSEXLX1
exhibited synergism in cellulose hydrolysis with endoglu-
canase, leading to twofold increase in the reducing sugar
concentration when using expansin with 1 mg/g cellu-
lose. To date, studies on BsEXLX1 adsorption have been
based on binding results after equilibrium, and real-time
adsorption of expansins onto cellulose has not yet been
investigated. Quartz crystal microbalance with dissipa-
tion (QCM-D) is an in situ surface-measuring technique
that can be used to monitor adsorption behavior in real
time, allowing the monitoring of changes in the mass and
viscoelastic properties of a thin film surface. QCM-D has,
therefore, been widely used to evaluate cellulase adsorp-
tion and activity on the cellulose surface [27, 28].

In this study, we investigated the BSEXLX1 adsorption
onto cellulose and activity by a combination of spectros-
copy and electron microscopy approaches. The objectives
of this study were (1) to monitor the real-time adsorption
of BsSEXLX1 onto cellulose by QCM-D and the effects of
protein concentration, temperature, and surfactants on
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this process; and (2) analyze changes in cellulose struc-
ture upon BsEXLX1 treatment. The findings provide
insight into the mechanism of expansin adsorption, bind-
ing, and action on cellulose that can broaden the applica-
bility of these proteins to real-world problems.

Results and discussion

Production and purification of BSEXLX1

Recombinant BsEXLX1 was expressed in Pichia pas-
toris and purified. The purified protein was verified by
sodium dodecyl sulfate polyacrylamide gel electropho-
resis (SDS-PAGE) (Additional file 1: Figure S1). The
molecular weight of BsSEXLX1 was consistent with the
predicted value of 26.1 kDa, but also showed bands of
30 and 35 kDa corresponding to the glycosylated form
of the protein. After deglycosylated process, the molecu-
lar weight of BsEXLX1 significantly decreased, implying
that the recombinant proteins exhibited N-glycosylation
(Additional file 1: Figure S2). The secondary structure
prediction of BsEXLX1 revealed that the protein has
8.21% o-helix, 39.13% p-sheet, 12.56% B-turn, and 40.1%
random coil contents (Additional file 1: Figure S3A). To
confirm these results, we examined the secondary struc-
ture of BSEXLX1 by circular dichroism (CD) (Additional
file 1: Figure S3B); purified BSEXLX1 showed an obvi-
ous positive peak at 205 nm, indicating a p-sheet-rich
structure.

Adsorption of BsEXLX1 onto thin cellulose film

The wettability and morphology of deposited cellulose
film were investigated by contact angle (CA) measure-
ment and atomic force microscopy (AFM), respectively
(Fig. 1). The CA angle decreased from 17° (Fig. 1b) to
about 7.3° (Fig. 1c) upon BsEXLX1 treatment for 30 min,
reflecting an increase in the hydrophilicity of cellu-
lose. Hydrogen bonding was partly disrupted by expan-
sin, leaving more free hydroxyls on cellulose to form
hydrogen bonds with water, resulting in swelling after
BsEXLX1 injection. Compared to the gold surface of pure
sensors (Fig. 1d), the cellulose film was smoother, with a
root-mean-square RMS roughness of 33.28 A (Fig. 1e).
After 30-min adsorption of 50 ppm BsEXLX1 on cellu-
lose film, the RMS roughness of the surface increased to
55.92 A due to the inhomogeneous adsorption (Fig. 1f),
which was 70% higher than that of cellulose film.

The adsorption of BsEXLX1 onto cellulose film and
the effects of concentration and temperature were
investigated by QCM-D at pH 4.8. Adsorption was first
examined with 50 ppm BsEXLX1 at 25 °C. The protein
was rapidly adsorbed in the first 3 min, with a decrease
in frequency (about —4.5 Hz) due to a large number of
free adsorption sites; in the next 30 min, the frequency
decreased by only 4.1 Hz (Fig. 2a). After rinsing the
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BSEXLX1-treated cellulose surface in the dry state (c, f)

Fig. 1 Wettability and morphology of cellulose film. CA and AFM images of gold (a, d); cellulose-coated surface in the dry state (b, e); and
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Fig. 2 Adsorption of BsEXLX1 onto cellulose films. a Change in fifth overtone frequency and dissipation at 25 °C. c=0.05 mg/ml, 50 mM sodium
citrate buffer (pH 4.8). b Initial adsorption rate and maximum adsorption of BSEXLX1 at 25 °C and 45 °C
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surface with sodium citrate buffer, some expansin was
eluted and a new plateau was reached at about —4.2 Hz.
During the experiment, the change in dissipation (AD)
increased to a maximum value before decreasing. Dis-
sipation increased as the bulk of the film became more
viscoelastic. In the initial stage, dissipation increased rap-
idly, reflecting fast protein adsorption (Fig. 2a). Adsorbed
expansin can destroy the hydrogen bonds of cellulose
[29], causing the cellulose film to swell and become less
rigid. The decrease in the slopes of the change in fre-
quency (Af) and AD curves occurred at 1400-1800 s,

indicating that an adsorption equilibrium was reached.
Buffer injection reduced the dissipation as some proteins
were eluted. Interestingly, we observed a slight increase
in dissipation after 2500 s, indicating a loosening of the
cellulose structure caused by the sustained swelling effect
of expansin.

Previous studies have shown the increased amount of
free cellulases and enhanced cellulose hydrolysis at rela-
tive high temperatures [9, 30]. Limited by the tempera-
ture stabilization of QCM-D, we, therefore, examined
the adsorption of BsSEXLX1 onto cellulose at 45 °C. The
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frequency data were converted into surface mass with the
Sauerbrey equation (Fig. 2b). Compared to the behavior
at 25 °C, less protein was adsorbed at 45 °C, indicating
that BsSEXLX1 has relatively low combining energy with
cellulose at high temperatures. Meanwhile, a faster initial
adsorption rate was observed at 45 °C due to an increase
in the internal energy of molecules. The effect of temper-
ature on BsEXLX1 adsorption was supported by analysis
of variance at P<0.05.

To describe the adsorption process, a model was estab-
lished by collecting adsorption and washoft data at vari-
ous protein concentrations (Fig. 3a) and injection times
(Fig. 3b). The initial adsorption rates of BSEXLX1 were
measured by varying protein concentrations from 5 to
100 ppm. Data from the first 3 min (fast adsorption stage)
were used to calculate initial adsorption rate. Protein
concentration and initial adsorption rate were linearly
related (Fig. 3c), and the slope of the line was equal to the
product of adsorption rate constant (k,) and maximum
adsorption mass (I,,,), which was determined by apply-
ing increasing concentrations of BSEXLX1 to the surface
(Fig. 3d). When the concentration was increased from
100 to 150 ppm, BsEXLX1 adsorption only changed by
9.5 ng/cm?; thus, the maximum value was determined as
163.53 ng/cm>

The value of the parameters k; and kp was determined
by the Eq. (7), and the multistage Runge—Kutta algorithm
was used to calculate kp+k; at different least-squares
method washoff times. The experimental and model
curves are shown in Fig. 3e and model parameters are
listed in Additional file 1: Table S2. The adsorption and
irreversible binding rate constants were k, .74 =0.28 st
and kycoya=1.7 s71, respectively, for endoglucanase and
ka cerp=0.07 s~ and ki ceryp=1.6 s71, respectively, for
exoglucanase, which are significantly higher than for
BsEXLX1 [31] and suggest a weaker binding force than
cellulose. Although the results overestimate the adsorp-
tion (Fig. 3e) possibly due to the fact that I, ,, was not
sufficiently accurate, the single-site transition model basi-
cally fits the observed adsorption behavior of BSEXLX1
to cellulose.

Effect of surfactants on expansin adsorption

Several non-ionic surfactants including Tween 20 [32],
Tween 80 [33], Triton X100 [34] and Triton X114 [35]
have been reported to improve the enzymatic hydroly-
sis of pretreated lignocellulosic biomass and pure cel-
lulose. These are because the hydrophobic part of these
surfactants can bind to the residual lignin of the sub-
strates through hydrophobic interactions, thus prevent-
ing cellulase adsorption on lignin or protecting cellulase
from denaturing. On the contrary, most ionic surfactants
have an inhibitory effect for this process [36], while few
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of them could improve the efficiency of hydrolysis under
certain conditions. Lin et al. [37] and Peng et al. [38]
have reported that SDS-CTAB and dodecyltrimeth-
ylammonium bromide could be used to enhance this
process respectively. In this work, we investigated the
effects of three surfactants on the adsorption behavior of
BsEXLX1, including two non-ionic surfactants (Tween
80 and polyethylene glycol [PEG]4000) and an ionic sur-
factant (Sodium dodecyl sulfate [SDS]). Among these,
Tween 80 and PEG4000 were usually used to enhance the
cellulose hydrolysis due to its low cost and obvious effect,
while SDS was one of the minority ionic surfactants could
be applied to improve enzymatic hydrolysis in a certain
concentration range [39, 40]. In these QCM-D experi-
ments, the buffer was replaced with surfactant solution
prepared with the same buffer. After maximum adsorp-
tion was achieved, the sodium citrate buffer was re-intro-
duced to wash away loosely bound surfactant molecules
from the substrate.

The adsorption behavior of expansins in the presence
of 0.02 mM non-ionic surfactants was evaluated (Fig. 4a,
¢). A 9.1-Hz decrease was observed for Tween 80, while a
2.3-Hz increase occurred for PEG4000 in the first 1200 s.
Surfactants tended to adsorb onto surfaces, altering the
surface and interfacial properties of the reaction system
[41]; this was evidenced by the adsorption of Tween 80
onto the cellulose film, which is consistent with the
increased dissipation. However, a flowing PEG4000 solu-
tion led to an increase in Af in the first 20 min (Fig. 4a),
indicating a mass decrease that may have resulted from
the detachment of loose, partially solubilized cellulose
molecules from the chip, since PEG4000 has a relative
long hydrophilic chain. The change in Af was associated
with a gradual increase in AD (Fig. 4a), indicating that the
substrate became less rigid after PEG4000 treatment.

BsEXLX1 was injected after the washing step in which
a baseline was reached by the buffer solution. The value
of Af declined by 9.8 Hz and 15.8 Hz due to expansin
adsorption onto PEG- and Tween 80-pretreated surfaces,
respectively (Fig. 4a, c); these decreases were greater
than that of expansin directly absorbed onto cellulose
(Fig. 2a), indicating that 0.02 mM non-ionic surfactants
can enhance binding between BsEXLX1 and cellulose.
Protein adsorption onto cellulose is a major contribu-
tor to hydrophobic and electrostatic interactions [27,
42]. Tween 80—which comprises PEGylated sorbitan as
the hydrophilic headgroup linked to a monounsaturated,
18-carbon hydrophobic tail—was chosen to enhance the
hydrophobicity and roughness of the substrate inter-
face during the surfactant adsorption process [43]. On
the contrary, after PEG4000 pretreatment, the cellulose
surface became more hydrophilic due to the PEG4000
hydroxyl groups that prevented BsEXLX1 adsorption.



Duan et al. Biotechnol Biofuels (2018) 11:317 Page 5 of 13

a c 07
BsEXLX1 l buffer y=0.2375+0.0032x
1604 100ppm R’=0.99
s = 0.6
< e &
E protein injection E
G 1201 S 054
=] 5 :
= £
§ 80 1 8 0.4+
o o
5 £ 03
O 40 €
0.2
0 - T T T T T T T T T T T
0 500 1000 1500 2000 2500 0 20 40 60 80 100
Time(s) BsEXLX1 addition (ppm)
b d
T < ¢ 1801
[ e £
5 1201 0 3
2 £ £ 150
=5 c 1)
& 0= 6
= I e o
g 80 5 g 1201
o )
(2] © 3
ke @ £
0 L3o & %
IS el s 90+
S 401 FZ.
£ ¢ =
3 o &g oo
= 0 I
25 5 10 25 30 0 40 80 120 160
Injecting time (min) BsEXLX1 addition (ppm)
e
_|—— Model
150 —— Experiment
120
a1
£
b
& 90
g
o 60
>
Q 30 4
o
0+
T T T T
0 400 800 1200 1600
Time (s)
Fig. 3 Transition model for BSEXLX1 adsorption onto cellulose. a Binding/washoff profiles of BSEXLX1 at different concentrations (25 °C, 100 pl/min).
Protein concentrations from bottom to top are 5, 10, 25, 50, and 100 ppm. b Maximum and irreversible binding of 50 ppm BsEXLX1 with different
injecting times. ¢ Initial rate of BSEXLX1 adsorption to cellulose. The slope of the fit line is equal to the kinetic parameter ky-/,,,,=0.2375 ng/
(cm? s ppm). R2=0.99. d The kinetic parameter I, was determined from the adsorption of increasing concentrations of BSEXLX1 to the surface.
The maximum surface concentration is shown (Bullet) vs. bulk expansion concentration, and reaches a near-maximal value of 163.53 ng/cmz. e
Experimental binding isotherms at [£],,,,,= 50 ppm (red) compared to the prediction model (black)

Meanwhile, reversible adsorption of BsEXLX1 decreased  surfactants, which is similar to the effect of Tween on cel-
after the system was eluted with acetate buffer, indicating lulase. The change in dissipation also demonstrated that a
that the stability of BsEXLX1 was improved by non-ionic  protein film covered the cellulose.
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Fig.4 Changes in frequency and dissipation for adsorption of BSEXLX1 onto cellulose films with different surfactants. c=0.05 mg/ml, 50 mM
sodium citrate buffer (pH 4.8). PEG4000 (a, b), Tween 80 (c, d), and SDS (e, f) were used at 0.02 mM (a, ¢, ) and 0.4 mM (b, d, f). Maximum (g) and
irreversible (h) adsorption of BsEXLX1 with different surfactants

The effect of non-ionic surfactants on BsEXLX1
adsorption was further investigated using 0.4 mM
PEG4000 and Tween 80. Injection of PEG4000 for 30 min
resulted in a decrease in frequency of 1.3 Hz (Fig. 4b),
indicating a mass increase. In contrast to adsorption at
0.02 mM, PEG4000 molecules showed a stronger ten-
dency to escape from solution due to the high concen-
tration difference. Two different mechanisms have been
proposed for PEG adsorption—i.e., hydrogen bonding
and hydrophobic interactions [40]. However, about 7.8-
Hz adsorption was detected upon injection of 0.4 mM
Tween 80 for 1800 s (Fig. 4d), reflecting a similar mass
change as with the 0.02 mM solution due to steric hin-
drance and a limited number of adsorption sites.

Anionic and non-ionic surfactants reduced Cel7A
adsorption to a lignocellulose substrate [39], which
is similar to the effect of 0.4 mM surfactants on
BsEXLX1 adsorption. We observed only 6.1- and 2.9-
Hz decreases (Fig. 4b, d), which are lower than the
Af without surfactants and indicate an increase in
ineffective adsorption. Non-productive interaction
between cellulase and cellulose and cellulase solubili-
zation were increased at certain surfactant concentra-
tions due to inhibition of the adsorption process [35,
44]. As expansin-like proteins have a structure simi-
lar to that of cellulase—including near-identical

carbohydrate-binding modules—non-productive adsorp-
tion was likely enhanced by the formation of surfactant—
protein aggregates at a high concentration of surfactants.
The excluded volume interaction is a mechanism by
which surface-bound PEG polymers reduce protein
adsorption onto surfaces [45]. Compared to PEG4000,
Tween 80 preferentially occupies more sites and prevents
the adsorption of proteins.

We also examined the effect of SDS, an ionic surfactant,
on BsEXLX1 adsorption onto cellulose (Fig. 4e, f). SDS
molecules were absorbed onto cellulose through strong
electrostatic and hydrophobic interactions, resulting in
decreases in frequency of 2.6 and 13.9 Hz upon injection
of 0.02 mM SDS for 1280 s and 0.4 mM SDS for 390 s,
respectively. However, a 1.5-Hz increase was observed
following injection of 0.4 mM SDS for 770 s, which may
be related to the partial desorption of cellulose and SDS
molecules from the substrate. In contrast to non-ionic
surfactants, SDS inhibited BSEXLX1 adsorption onto cel-
lulose even at 0.02 mM, with a 7.2-Hz decrease observed
after 20 min (Fig. 4e). BSEXLX1 is a basic protein (pI>9)
that is positively charged in sodium citrate buffer (pH
4.8) [46]. However, SDS solution becomes more nega-
tively charged with increasing concentrations. Therefore,
when the BsEXLX1 was injected, protein coagulation
occurred due to strong electrostatic interactions with
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SDS, resulting in reduced protein absorption onto cellu-
lose (Fig. 4f).

Previous study [35] have investigated that non-ionic
surfactants do not consistently improve the activ-
ity of cellulase, which showed a similar result with our
research. Compared to the maximum (Fig. 5a) and irre-
versible (Fig. 5b) adsorption of BSEXLX1 calculated with
the Sauerbrey equation for different surfactants, Tween
80 and PEG4000 enhanced BsEXLX1 adsorption at low
concentrations and also decreased the reversible adsorp-
tion due to enhanced protein stability and changes in the
interfacial properties. Compared to PEG4000, Tween 80
had a more potent inhibitory effect at high concentra-
tions. However, no improvement of BsEXLX1 adsorption
was found in our research which has a difference effect
of SDS on cellulose [40]. Low levels of adsorption were
detected even with 0.02 mM SDS due to electrostatic
interactions between the protein and anionic surfactant.

Disruption of BsEXLX1 on cellulose

To better understand the adsorption mechanism, it is
important to investigate the structural changes of cel-
lulose following BsEXLX1 application. The disrup-
tion of hydrogen bonds by BsSEXLX1 was investigated
by Fourier transform infrared (FTIR) spectroscopy
and solid-state nuclear magnetic resonance (NMR). In
the FTIR spectrum, the absorption peaks at 3419 and
2915 cm™! were attributed to the stretching of hydroxyl
groups and C-H stretching, respectively (Fig. 6a). Peaks
at 1431 and 1375 cm™! corresponded to CH, stretch-
ing and CH bending, respectively. The peak at 897 cm ™
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originated from [-glycosidic linkages associated with
C;-H deformation and OH bending [47]. Compared to
untreated Avicel, the peak at 897 cm™! became weaker
with increasing concentrations of BsEXLXI, reflect-
ing the partial destruction of intermolecular hydrogen
bonds (Fig. 6a). The >*C NMR spectra of pure and pre-
treated Avicel showed absorption bands at 105, 90-80,
and 65-60 ppm that were assigned to C;, C,, and C,
respectively, as well as C,, C; and C; absorption bands
at 70-76 ppm (Fig. 6b). Changes in intramolecular
hydrogen bonds showed the same trend as the FTIR
spectroscopy results (Fig. 6¢). Compared to pure Avicel,
the relative value was decreased by 10% upon injection
of 100 ppm BsEXLX1.

X-ray diffraction (XRD) patterns for the original and
pretreated cellulose samples (Fig. 6e) were used to deter-
mine the crystallinity index (CrI) upon BsEXLXI1 treat-
ment. The index decreased with the intensity of the major
scattering peak at about 22.3°. Upon treatment with
100 ppm BsEXLX1, the crystallinity decreased to 0.428
as compared to 0.518 for pure Avicel (Fig. 6d). Thus, the
decrease in Crl after the pretreatments was mainly due
to the destruction of the cellulose crystalline structure.
Changes in the shape and position of the XRD peak indi-
cated the transformation of the original cellulose crys-
tals into an amorphous substrate [48]. BsEXLX1 caused
the surface of Avicel to become rough and amorphic,
as determined by scanning electron microscopy (SEM)
(Additional file 1: Figure S4), which is consistent with
previous findings for cellulose after expansin-like protein
treatment [48].
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Abs(2915) in FTIR and solid-state NMR spectra. d Disruptive effect of BsEXLX1 at different concentrations on Crl and specific surface area. e XRD
patterns of BsEXLX1-treated and untreated Avicel PH-101
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Accessibility

Accessibility is a key factor for enhancing cellulose
hydrolysis. We measured the specific surface area and
pore volume with the Brunauer—Emmett-Teller (BET)
method based on nitrogen adsorption. Nitrogen passes
readily though cell walls and its uptake provides a good
estimate of total surface area, although it may not be
directly related to enzyme accessibility due to size dif-
ferences between nitrogen molecules and enzymes.
With increasing BSEXLX1 concentrations, the BET sur-
face area increased from 656.38 to 698.97 m?/g (Fig. 6d),
whereas, no changes in pore size distribution were
observed (Additional file 1: Table S3). Thus, an increase
in the specific area may be related to an increase in the
number of pores, leading to greater accessibility of cellu-
lose to BsSEXLX1.

Conclusions

In summary, the adsorption and action of recombi-
nant BsEXLX1 on cellulose were investigated by vari-
ous methods. The roughness and hydrophily of cellulose
were increased by BSEXLX1 treatment. The adsorption
of BsSEXLX1 onto cellulose was investigated in detail by
QCM-D, which revealed a rapid adsorption stage in the
first 3 min followed by slow adsorption at 25 °C. The
final amount of adsorbed protein decreased from 137.95
to 124.52 ng/cm? when the temperature was increased
to 45 °C. Injection of 0.02 mM Tween 80 and PEG4000
increased BsEXLX1 absorption to 240.9 and 203.6 ng
BsEXLX1, respectively. However, adsorption was blocked
in the presence of 0.4 mM surfactant due to an increase in
ineffective adsorption. SDS enhanced BsEXLX1 adsorp-
tion even at 0.02 mM due to strong electrostatic interac-
tion between the protein and ionic surfactant. BSEXLX1
disrupted the hydrogen bonding and crystallinity of Avi-
cel, which can explain the increase in specific surface
area from 656.379 to 698.97 m?/g of Avicel treated with
100 ppm BsEXLX1. Thus, BsEXLX1 can enhance the effi-
ciency of cellulose hydrolysis for clean energy production
and other applications.

Materials and methods

Materials

Avicel PH-101, 4-methylmorpholine-N-oxide, polydial-
lyldimethylammonium chloride (20% w/w), Tween 80,
and PEG4000 were purchased from Sigma-Aldrich (Bei-
jing, China). All other reagents such as phosphate-buff-
ered saline, aqueous ammonia, sodium dodecyl sulfate,
and sodium citrate were of analytical grade and were
obtained from Aladdin Industrial Co. (Shanghai, China).
Reagents were dissolved in Milli-Q water.
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Expression and purification of BsSEXLX1

Pichia pastoris strain S-1 harboring the BsSEXLX1 gene
cassette was used for BsEXLX1 expression. Protein
expression and purification were performed as previously
described [23], with some modifications. The volume of
the expression culture was increased from 30 to 300 ml,
and BsEXLX1 was purified by preparative chromatogra-
phy (AKTA Purifier UPC 100) with a Ni-nitriloacetic acid
His-bound resin column. The purified protein was sepa-
rated by 12% SDS-PAGE and visualized by staining the
gel with Coomassie brilliant blue G-250. In addition, we
have also obtained the deglycosylated BSEXLX1 accord-
ing to our previous study [23]. The digested protein was
assessed by a 12% SDS-PAGE gel to check the electro-
phoretic mobility shift.

CD and modeling of reference data

Recombinant BsEXLX1 protein solution was diluted
in sodium citrate buffer to obtain a final concentration
of 1 mg/ml. The secondary structure of the protein was
evaluated by CD (JASCO, Osaka, Japan) at 25 °C within
the range of 300-190 nm at a rate of 100 nm/min. Dis-
covery Studio was used to predict the structure of
BsEXLX1 and generate a model of the protein.

Preparation of cellulose film

Cellulose films were prepared on gold-coated QCM sen-
sors (Vistra Frolunda, Gothenburg, Sweden). The sensors
were first cleaned by treatment with 25% ammonia solu-
tion/30% hydrogen peroxide/water (1:1:5, v/v/v) at 75 °C
for 5 min followed by rinsing with Milli-Q water, drying
with nitrogen, and ultraviolet (UV)-ozone plasma treat-
ment for 15 min [27]. In the last step, incident UV light
oxidizes any spurious adsorbed organic matter remain-
ing on the surface of the sensor and also activates silanol
groups required in later coating steps.

The QCM sensor was spin coated with cellulose solu-
tion as a uniform, thin film. Cellulose solution was pre-
pared by dissolving microcrystalline cellulose (Avicel) in
50 wt% water/N-methylmorpholine-N-oxide at 115 °C.
Dimethyl sulfoxide was added to adjust the concentration
and viscosity of the polymer (0.05%) in the mixture.

The cellulose was applied to the sensor using a coater
(Spin150-v3-NPP; Biolin Scientific, Linthicum Heights,
MD, USA) spinning at 5000 rpm for 1 min. The cellulose-
coated substrate was washed thoroughly with Milli-Q
water and dried with nitrogen.

Characterization of cellulose film

The morphology, roughness, and material distribution
of cellulose film were characterized by AFM (Dimension
Edge; Bruker, Saarbriicken, Germany). The images were
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scanned in tapping mode using a J-scanner and silicon can-
tilevers. At least two different films were prepared for each
condition, and at least two different areas were analyzed
on each. RMS roughness and Z sections in line profiles
were determined from images, which were analyzed using
Nanoscope v.V6.13 R1 software (Digital Instruments, Ton-
awanda, NY, USA).

The wettability of the films was determined using a CA
measurement system (OCA15EC; Dataphysics, Filderstadt,
Germany) by the sessile drop method with a drop volume
of 3 ul. All measurements were performed with a mini-
mum of four drops per surface at room temperature and an
average value was calculated.

QCM-D

The activity of BsEXLX1 activity on the film was monitored
in situ with a quartz crystal microbalance (QCM-D E1; Bio-
lin Scientific). Immediately before measurement, sodium
citrate buffer (pH 4.8) was introduced into the measuring
chambers via a peristaltic pump at a flow rate of 0.1 ml/
min. When the unit was filled with buffer solution, the fre-
quency of vibration was continuously monitored until a
stable signal was obtained. BSEXLX1 protein in the same
buffer solution was introduced into the chambers and Af
was monitored. Following protein adsorption, buffer was
again introduced into the chambers to wash off reversibly
adsorbed protein. Measurements were performed at 25 °C
unless stated otherwise. Af and AD for the fundamental
frequency (5.0 MHz) and its overtones (n=3, 5, 7, 9, 11,
and 13) were monitored simultaneously and only the fifth
overtone (n=>5) was used for data analysis. Frequency data
were converted into surface mass values using the Sauer-
brey equation:

2/

Af =—
A/Pqltq

Am, (1)

where Afis the frequency shift measured by QCM; Am is
the change in resonating mass associated with the sensor
surface; f; is the resonance frequency of the quartz crystal
(5 MHz); A is the sensor surface area (about 1.539 cm?),
pq is the density of quartz (2.648 g/cm?®), and Hq is the
shear modulus of quartz for AT-cut crystal (29.47 GPa).
For a soft (i.e., viscoelastic) film, energy is dissipated in
the film during the oscillation, thus the mass change on
a soft (i.e., viscoelastic) film is not fully coupled to the
oscillation and the Sauerbrey relation is not valid [49].
The damping (or dissipation) (D) is defined as

_ Eiss
21 Egtor

2)
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where E g is the dissipated energy and E, is the total
energy stored in the oscillator during one oscillation
cycle.

Kinetics of BsEXLX1 adsorption

The kinetics of BSEXLX1 adsorption was described by
a single-site transition model [50]. Mass balance equa-
tions for BsEXLX1 adsorbed to the surface were as
follows:

dr;

(TtE = kalElbuk (I max — T — I7) — kplE — kilE,
3)

dli

— =k IE, 4

P 11k (4)

I'max =T+ I7+ To, (5)

where I and I are the mass-based surface concentra-
tions of reversibly and irreversibly bound protein, respec-
tively; I'; is the concentration of free sites on the surface;
I is the maximum surface concentration; [E]y . is the
bulk protein concentration; and k,, kp, and k; are the
adsorption, desorption, and irreversible adsorption rate
constants, respectively.

To measure the adsorption rate constant k,, Eq. (5) was
evaluated for t~0, and Eq. (2) was simplified to:

dr;
—£ = kA[E]bulkaax (6)

dt

By measuring the adsorption at different protein con-
centrations, data from the first 3 min were used to calcu-
late the initial adsorption rate, and a linear relationship
between initial rate and protein concentration was
obtained. The slope of this line was equal to k[,

To measure the kinetic rate constants for desorption
and irreversible adsorption, the mass change for differ-
ent contact times was measured by QCM-D. Reversibly
bound protein was washed off with sodium citrate buffer
until a stable frequency signal was recorded. The sum of
kinetic parameters (kp -+ k) was obtained by Eq. (6) [31]:

I'r(t) — I'tyoo

_ o (kp+kp)(t—to)
=e ’ 7
Iro— I'to @

where t, was set as the zero when washoff was initiated,
and kp+k; did not change with contact time or [E] .
The parameters k; and kj, were determined by numeri-
cally solving the mass balance equations during binding
and washoff.
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Cellulose characterization

Avicel PH-101 was incubated in 50 mM sodium citrate
buffer (pH 4.8) containing approximately 50 ppm puri-
fied recombinant BsSEXLX1 at 45 °C for 72 h. A control
experiment without BSEXLX1 was performed under the
same conditions. The cellulose was washed by water and
fully dried in an oven at 65 °C.

FTIR spectroscopy

FTIR spectra were obtained using a spectrometer
(AVATR 360; American Nicolet Corp., Mountain, WI,
USA) in the 4000-400 cm™! range with the KBr pellet
technique. The degree of intermolecular hydrogen bond-
ing was calculated with the formula [51]:

Ar(897) = abs(897)/abs(2915) (8)

The absolution at 897! and 2915~! was attributed to
[-glycosidic bonds and stretching vibrations of C—H, and
abs(897) and abs(2915) corresponded to the peak areas at
897 cm ™}, 2915 cm ™}, respectively.

XRD

Powder XRD patterns of Avicel were obtained using an
X-ray diffractometer (D8 Advance; Bruker) with Cu Ka
irradiation at a scan rate of 6° min~! and step size of 0.02°.
The following equation was used to estimate percent Crl
in the sample [52]:

ooz — I

Crl = x 100(%), )

Ioo2

where I, is the scattered intensity due to the crystalline
portions of the sample and I, is the scattered intensity
due to the amorphous portion.

*CNMR

13C NMR was performed using a solid-state NMR spec-
troscopy instrument (InfinityPlus 300; Varian Medical
Systems, Palo Alto, CA, USA). Intramolecular hydrogen
bonding was calculated with the following formula [51]:

1 h(Cy) 1h(Co)
am C C =5
Xam (C3 + Cp) 9 <Ih(C4) + I(Cy) 1,(Ce) +II(C6)>
x 100,
(10)

where I, and I; represent the high and low field areas,
respectively, of the NMR.

SEM

The morphology of Avicel treated with BsSEXLX1 or left
untreated was examined by SEM (Hitachi, Tokyo, Japan;
S-4800).
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BET method

Cellulose accessibility was evaluated according to the
specific surface area [7] by the BET method based on
nitrogen adsorption. Samples were degassed at 120 °C for
3 h and then cooled in the presence of nitrogen gas; the
gas was allowed to condense on the surface and within
the pores of cellulose. The BET surface area was deter-
mined using an ASAP 2460 analyzer (Micromeritics
Instrument Corp., Norcross, GA, USA) at a temperature
of 77.35 K. Pore volume determined with the Barrett,
Joyner, and Halenda method [53].

Additional file

[ Additional file 1. Additional tables and figures. }
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