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BIOTECHNOLOGICALLY RELEVANT ENZYMES AND PROTEINS

Recombinant Trichoderma harzianum endoglucanase I (Cel7B)
is a highly acidic and promiscuous carbohydrate-active enzyme
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Abstract Trichoderma filamentous fungi have been investi-
gated due to their ability to secrete cellulases which find var-
ious biotechnological applications such as biomass hydrolysis
and cellulosic ethanol production. Previous studies demon-
strated that Trichoderma harzianum 10C-3844 has a high de-
gree of cellulolytic activity and potential for biomass hydro-
lysis. However, enzymatic, biochemical, and structural studies
of cellulases from 7. harzianum are scarce. This work reports
biochemical characterization of the recombinant
endoglucanase I from 7. harzianum, ThCel7B, and its catalytic
core domain. The constructs display optimum activity at
55 °C and a surprisingly acidic pH optimum of 3.0. The
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full-length enzyme is able to hydrolyze a variety of substrates,
with high specific activity: 75 U/mg for [3-glucan, 46 U/mg
toward xyloglucan, 39 U/mg for lichenan, 26 U/mg for
carboxymethyl cellulose, 18 U/mg for 4-nitrophenyl (3-D-
cellobioside, 16 U/mg for rye arabinoxylan, and 12 U/mg
toward xylan. The enzyme also hydrolyzed filter paper, phos-
phoric acid swollen cellulose, Sigmacell 20, Avicel PH-101,
and cellulose, albeit with lower efficiency. The ThCel7B cat-
alytic domain displays similar substrate diversity.
Fluorescence-based thermal shift assays showed that thermal
stability is highest at pH 5.0. We determined kinetic parame-
ters and analyzed a pattern of oligosaccharide substrates hy-
drolysis, revealing cellobiose as a final product of C6 degra-
dation. Finally, we visualized effects of 7/Cel7B on oat spelt
using scanning electron microscopy, demonstrating the mor-
phological changes of the substrate during the hydrolysis. The
acidic behavior of 74Cel 7B and its considerable thermostabil-
ity hold a promise of its industrial applications and other bio-
technological uses under extremely acidic conditions.

Keywords Trichoderma harzianum - Second-generation
ethanol - Cellulase - Endoglucanase - Aspergillus niger

Introduction

Energy consumption has been significantly increasing with
the growth of the world population and industrial develop-
ment of the countries worldwide. Crude oil has been the major
natural resource to satisfy this increasing energy demand, but
its intensive use result in undesirable environmental conse-
quences (Himmel et al. 2007; Buckeridge et al. 2010; Serpa
and Polikarpov 2011; Chundawat et al. 2011). From an envi-
ronmental point of view, CO, emissions released into the at-
mosphere are responsible for climate changes and worsening

@ Springer


http://dx.doi.org/10.1007/s00253-015-6772-1
http://crossmark.crossref.org/dialog/?doi=10.1007/s00253-015-6772-1&domain=pdf

9592

Appl Microbiol Biotechnol (2015) 99:9591-9604

of the greenhouse effect with potentially irreparable conse-
quences (Himmel et al. 2007; Buckeridge et al. 2010; Serpa
and Polikarpov 2011; Chundawat et al. 2011). Jointly, con-
cerns about climate changes, increasing fuel demand and en-
ergy insecurity, have motivated the search for alternative
forms of energy, especially biomass-based biofuels, which
was steadily growing within the last years (Sun and Cheng
2002; Himmel et al. 2007; Chundawat et al. 2011).

Lignocellulosic biomass is the most abundant renewable
carbon source on Earth and is readily available in the form
of diverse feedstocks, such as forest and agricultural residues.
Their annual production worldwide has been estimated in
1 x 10" MT (Sanchez and Cardona 2008), indicating enor-
mous potential as a low-cost raw material for cellulosic,
second-generation bioethanol. A large part of the first-
generation ethanol produced in the world is obtained by sug-
arcane juice fermentation and its residue, sugarcane bagasse,
emerges as an exciting opportunity for increasing ethanol pro-
duction, without increasing cultivated land, and generating
very low environmental impacts (Dias et al. 2012).

Bioconversion of lignocellulosic materials to ethanol nor-
mally starts with biomass pretreatment. This initial step im-
proves enzymatic hydrolysis by partially removing or
relocating lignin and/or hemicellulose on the substrate. It also
reduces cellulose crystallinity and increases porosity of the
material. The second step for conversion of biomass into sim-
ple sugars is the enzymatic hydrolysis of cellulose, which
involves the synergistic actions of at least three different clas-
ses of enzymes (Sun and Cheng 2002). Canonical set of en-
zymes includes endoglucanases (E.C. 3.2.1.4),
exoglucanases/cellobiohydrolases (E.C. 3.2.1.91), and f3-
glucosidases (E.C. 3.2.1.21) (Teeri 1997; Schwarz 2001), al-
though recent discoveries strongly suggest that this list is far
from being comprehensive (Hom et al. 2012). Fungi of the
genus Trichoderma and in particular Trichoderma reesei are
widely used for industrial cellulolytic enzyme production
(Lynd et al. 2002; Schuster and Schmoll 2010). However,
recent studies have revealed potential of the Trichoderma
harzianum 10C-3844 strain for cellulase production aimed
at cellulosic ethanol industrial applications (de Castro et al.
2010).

Endoglucanases play an important role in biomass conver-
sion by cleaving internal (3-1,4-glycosidic bonds in random
non-crystalline sites of the cellulose chain (Hasper et al.
2002). In aerobic fungi, endoglucanases are mostly found in
the glycoside hydrolase (GH) families GHS, GH6, GH7,
GHY9, GH12, and GH45 (Cantarel et al. 2009). Cel7B is the
major endoglucanase in the cellulase system of 7. reesei which
corresponds to 10—-15 % of secreted protein (Garcia et al.
2001).

In addition to their applications in biofuels industry,
endoglucanases are widely used in food industry to increase
the yield of fruit juices, beer filtration, oil extraction, for

@ Springer

improving the nutritive quality of bakery products and animal
feed (Bhat 2000), and also in pulp and paper industry (Hilden
et al. 2005). When applied in these industrial processes, the
enzymes are frequently exposed to extreme pH and tempera-
ture conditions. Thus, the search for stable enzymes capable of
functioning in extreme conditions becomes highly relevant. In
the present research, we described the biochemical character-
ization of a recombinant endoglucanase I from 7. harzianum
10C-3844 (ThCel7B), a member of the GH7. We analyzed the
enzyme specificity, its kinetic parameters, hydrolytic cleavage
pattern, themostability, and the morphological changes caused
by the ThCel7B enzymatic activity in the oat spell. We dem-
onstrated that this extremely acidic enzyme (pH optimum =3)
hydrolyses a wide range of carbohydrates and synthetic sub-
strates and is highly active against 3-glucan, xyloglucan,
lichenan, and carboxymethyl cellulose (CMC) and has some-
what lower activity against filter paper, pNPC, and rye
arabinoxylan.

Materials and methods
Cloning of endoglucanase

The coding sequence of 7hCel7B was obtained from JGI’s
T. harzianum genome database (http://genome.jgi.doe.gov/
Trihal/Trihal.home.html), where it is identified as
“transcript ID 20062.” The gene fragment was amplified
from a complementary DNA (cDNA) library of 7. harzianum
10C-3844 obtained from Instituto Oswaldo Cruz Culture
Collection of Filamentous Fungi (CCFF; http://ccft.fiocruz.
br/) grown for 3—4 days at 28 °C with stirring using Avicel
(Sigma-Aldrich, St. Louis, USA) as carbon source in minimal
medium (0.3 g.L_1 urea; 1.4 g.L_1 (NH4),SOy4; 1 mLL™) of
micronutrients solution 1000% (2.2 % ZnS0O,4.7H,0; 1.1 %
CoCl,.6H,0; 0.16 % CuS0O4.5H,0; 0.15 % Na;MoO,.
2H,0; 5 % Na,EDTA (w/v); 0.4 gL' CaCly; 0.3 gL'
MgSOy4; 10 mM sodium citrate pH 5.0; 0.6 g.L ™' yeast
extract). Total RNA was extracted with TRIzol (Life
Technologies, New York, USA) and first strand cDNA
synthesis was obtained by “First Strand cDNA Synthesis”
kit (Thermo Scientific, Vilnius, LT). The full-length
(ThCel7B-full) coding sequence (nucleotides 1-1416) and
the catalytic core domain (7/4Cel7B-CCD) coding sequence
(nucleotides 1-1185) were amplified in two steps using the
primers listed in Table 1. In the first step, primers Fwl and
Rv1 were used to amplify each fragment from cDNA tem-
plate. In the second step, primers Fw1 and Rv2 were used
and the template was the product of the first step.
Amplifications were performed using Phusion High-fidelity
DNA polymerase (New England Biolabs, Hitchin, UK).
Briefly, a 50-uL reaction mix containing 20 ng of template
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Table 1  Primers used for ligation-independent cloning of 7/Cel7B
full-length (7/hCel7B-full) and catalytic domain (7/4Cel7B-CCD) coding
sequences

Target DNA for Primer sequence
PCR amplification
ThCel 7B-full Fw: GGGGACAAGTTTGTACAAAAAAGC

AGGCTATGGCTCTCTCTGGTCC

Rv1l: ATGATGATGATGATGATGGGATCC
ACGCGGAACCAGTCATAGGCATTG
CGAGTAGTAATC

Rv2: GGGGACCACTTTGTACAAGAAA
GCTGGGTTCAATGATGATGATGATGA
TGGGATCCACGC

Fw: GGGCACAAGTTTGTACAAAAAAGC
AGGCTATGGCTCTCTCTGGTCC

Rvl: ATGATGATGATGATGATGGGATCC
ACGCGGAACCAGAGTGGTTGAACC
AATATCTCCCC

Rv2: GGGGACCACTTTGTACAAGAAAGC
TGGGTTCAATGATGATGATGATGATG
GGATCCACGC

ThCel7B-CCD

DNA, 25 pmol of each primer, 0.2 mM dNTP Mix, 3 % of
DMSO, 1 unit of Phusion polymerase, and 1x Phusion poly-
merase buffer was used in a three-step PCR reaction: (1) 98 °C
for30s, 1 cycle; (2) 98 °C for 10 s, 65 °C for 30 s, followed by
72 °C for 2 min; 35 cycles; (3) 72 °C for 10 min, 1 cycle. The
DNA fragments obtained in the second amplification were
cloned into ANip7G (Storms et al. 2005) vector using
Gateway technology (Hartley et al. 2000; Katzen 2007) and
confirmed by sequencing.

Aspergillus niger transformation

Protoplast preparation of Aspergillus niger PY11 (cspA
AGla::hiG), derived from strain N593 (cspA  pyrG ), which
was obtained from the Centre for Structural and Functional
Genomics, Concordia University (http://www.concordia.ca/
research/genomics.html), was carried out similarly to the
procedure described by Penttild et al. (1987). Fresh 4. niger
conidia were inoculated in 200 ml of complete medium (10 g.
L' glucose, 2 g.L ! peptone, 1 gL " yeast extract, 1 gL~
casamino acids) in a 1000-ml baffled flask reaching the con-
centration of 2 x 10° spores.mL " and then incubated for 16—
22 h at 30 °C and 100 rpm. The mycelium was collected on
Miracloth (Merck KGaA Darmstadt, DE) and washed with
500 mL sterile solution of MgSO,4 0.6 M. About 1 g of my-
celium was suspended in 5 mL of protoplasting solution (1.
2 M MgSQO,, 50 mM NaPO, pH 5.8), followed by addition of
250 mg of VinoTaste Pro enzymatic cocktail (Novozymes,
Bagsvaerd, DK). This reaction was incubated for 3—6 h at
30 °C and 100 rpm, filtered through Miracloth (Merck

KGaA Darmstadt, DE) and washed with 200 mL of
protoplasting solution. The protoplasts were overlaid with
ST buffer (0.6 M sorbitol, 0.1 M Tris—HCI pH 7.5) and cen-
trifuged at 3750 rpm and 4 °C for 20 min. Protoplasts were
collected from the interphase and washed three times with
cold SC buffer (1.0 M sorbitol, 66.2 mM CaCl,) at
3750 rpm, 4 °C for 5 min. Finally, the sample was suspended
in SC buffer at a concentration of approximately
5 x 107 spores.mL " and stocked for later use in transforma-
tion reactions.

The process of transformation was mediated by polyethyl-
ene glycol (PEG) and performed as described by Yelton et al.
(1984). Briefly, 200 uL of protoplasts (1 x 107 cells.mL ™),
10 ul plasmid DNA (>5 pg), 100 uL PEG 4000 20 % (w/v)
solution (in 1 M Tris-HCIL, pH 7.5, and 1 M NaCl,) and 20 uL.
0.4 M aurintricarboxylic acid (ATA) were mixed gently and
incubated at 25 °C for 10 min. Then, 1.5 ml of PEG 60 %
solution (60 % (w/v) PEG 6000, 1 M Tris—HCI, pH 7.5, and
1 M NaCl) was added and the mixture was incubated for
20 min at 25 °C, followed by addition of sorbitol solution to
a final concentration of 1.2 M. The sample was centrifuged at
3750 rpm for 10 min at 25 °C. Aliquots of 1 ml of resuspen-
sion were plated in recovery agar medium of selective regen-
eration (34 % sucrose, 70.6 mM NaNOs, 6.7 mM KCI,
11.1 mM KH,PO,4, 0.2 mM KOH, 2 mM MgSO,4.7H,0,
and trace elements) (Kalsner et al. 1995), and incubated at
30 °C for 4 to 6 days.

Expression, purification, and identification
of recombinant enzyme

Different colonies of the recombinant A. niger were selected
and screened for recombinant protein production in 24-well
plates. Each colony was inoculated into 1 mL of MMJ medi-
um (Kalsner et al. 1995) with 15 % (w/v) of maltose and
incubated at 30 °C for 7 days. Protein production was moni-
tored between days 5 and 7 by analyzing culture supernatants
in SDS-PAGE. Positive transformants were inoculated in 2.0-
L Erlenmeyer flasks containing 500 mL of MM]J, at a final
concentration of 2 x 10° spores.mL™". After cultivation for
6 days at 30 °C under static condition, the medium was
filtrated to remove spores and the remaining crude extract
was precipitated by ammonium sulfate at 80 % saturation.
Following 12-h precipitation, the extract was centrifuged
and the pellet was diluted in 50 mM sodium citrate buffer
(pH 5.0). The protein solution was purified by hydrophobic
chromatography on a Phenyl-Sepharose 6 Fast Flow column
(GE Healthcare Biosciences, Little Chalfont, UK) previously
equilibrated with 50 mM sodium citrate buffer (pH 5.0) sup-
plemented with 1 M ammonium sulfate. The protein fractions
were collected and subjected to size exclusion chromatogra-
phy using a Superdex 75 16/60 column (GE Healthcare
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Biosciences, Little Chalfont, UK). Purified 7/Cel7B-full and
ThCel7B-CCD samples were analyzed by 15 % SDS-PAGE.

Enzymatic assays and determination of optimal pH
and temperature

CMCase activity was determined by a colorimetric method
using the 3,5-dinitrosalicylic acid (Miller 1959), using glucose
as a standard. All assays were performed in triplicate with 1 %
medium-viscosity CMC as a substrate. The reaction mixture
containing 10 puL of enzyme solution, 50 puL of 1 % (w/v)
CMC and 40 pL of 50 mM sodium citrate buffer at pH 5.0
was incubated at 50 °C for 15 min and reaction was stopped
by adding 100 uL of 3,5-dinitrosalicylic acid solution (DNS).
The mixture was incubated for 5 min at 100 °C, and its absor-
bance was measured at 540 nm.

Optimal pH and temperature for activity were determined
using purified 74Cel7B and its CCD. The optimum tempera-
ture was evaluated by incubating the previously described
reaction at 25 to 85 °C in 50 mM sodium citrate buffer
(pH 5.0). For optimal pH determination, enzyme, and sub-
strate were diluted in 40 mM acetate/borate/phosphate buffer
(ABF) with different pH values ranging from 2.0 to 10.0 and
incubated at 55 °C for 15 min. Furthermore, the optimal pH
was also tested at 50 °C, to verify if the activity profile in
different pH values may be affected by the enzyme
thermostability.

To test the acidophilic buffer preference of the enzymes, a
screening with different acidic buffers was performed. The
buffers were diluted to 50 mM and the reaction was incubated
as described previously, at the predetermined optimal
temperature.

To determine thermal stability, 74Cel7B was initially pre-
incubated in 50 mM of sodium citrate buffer, pH 3.0 and 5.0 at
55 °C. Aliquots of 10 uL were removed and assayed for ac-
tivity on CMC 1 % over time.

Thermal stability assays

Thermal stability assay was performed using the fluorescence-
based thermal shift method (ThermoFluor), with the purpose
of monitoring protein stability at different pH and tempera-
tures. We evaluated the stability of 7#Cel7B and its catalytic
domain in triplicate, in the ABF buffers, pH range from 2 to
10. The proteins’ final concentration was 7 uM. The reaction
volume was 20 pl, and the fluorescent stain used was SYPRO
Orange (Invitrogen, Carlsbad, USA), 2000 times diluted in
water. The reactions were performed in a 96-well thin-wall
PCR plate (Bio-Rad, Hercules, USA). For temperature stabil-
ity studies, the protein samples were heated to the tempera-
tures in the range from 25 to 90 °C, with stepwise increments
of 1 °C, holding each temperature for 30 s in a CFX96 Real
Time System (Bio-Rad, Hercules, USA). The fluorescence
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variation of the SYPRO Orange probe was measured using
excitation at 490 nm and emission at 530 nm. Analysis of
curves and melting temperatures (7,,,) of each sample were
carried out using GraphPad Prism software version 5.0 (San
Diego, USA).

Determination of substrate specificity

The substrate specificity of the purified 74Cel7B and its CCD
were determined using rye arabinoxylan, linear arabinan,
debranched arabinan, arabinan, larch arabinogalactomannan,
xyloglucan from tamarind, (3-glucan from barley, 1-4 (3-D-
mannan galactomannan, lichenan from Iceland moss, xylan
from oat spelt, and xylan beechwood. All these substrates
were purchased from Megazyme (Wicklow, IE). We also test-
ed three types of microcrystalline cellulose: Avicel PH-101,
cellulose (cat. No 31,069-7; Sigma-Aldrich, St. Louis, USA)
and Sigmacell 20 (Sigma-Aldrich, St. Louis, USA) and other
substrates: 4-nitrophenyl-{3-D-cellobioside (pNPC), 4-
nitrophenyl-{3-D-glucopyranoside (pNPG), carboxymethyl
cellulose (CMC), phosphoric acid swollen cellulose (PASC)
(Wood 1988), and filter paper (FP) Whatman No. 1 (GE
Healthcare Biosciences, Little Chalfont, UK).

All substrates were diluted in water to a final concentra-
tion of 1 % (w/v), and the reaction mixture was composed
of 0.1 mL of purified enzyme at a concentration of
0.08 mg.mL", 0.4 mL of 50 mM sodium citrate buffer at
pH 3.0 and 0.5 mL of 1 % (w/v) substrate aqueous solution.
For filter paper assays, 0.7-cm-diameter disc-shaped FP
units were produced and the reaction was incubated at
50 °C for 60 min. Other reactions was incubated at 50 °C
for 15 min, and after this period of time, 100 uL of DNS
was added, followed by incubation at 95 °C for 5 min. The
absorbance was measured at 540 nm. For reactions with
pNPG and pNPC, after the incubation time of 15 min,
100 pL of 1.0 M Na2CO3 was added, followed by absor-
bance measurement at 405 nm.

After the tests described above and just with substrates
against which the enzyme did not show activity, new assays
were performed extending the incubation time to 4 h.

Kinetic assays

Kinetic parameters were determined for the both 7/Cel7B
and its catalytic domain using increasing concentrations of
CMC and xyloglucan. Reactions were performed in sodium
citrate buffer (pH 3.0) at 50 °C and measured by DNS
method as described above. Enzyme unit was defined as
the amount of enzyme that produces 1.0 uM of glucose in
1 min for each substrate. Kinect constants were determined
by nonlinear regression using OriginPro 8.0 (OriginLab,
Northampton, USA).
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Circular dichroism studies

Circular dichroism (CD) measurements of the purified en-
zymes were carried out on a Jasco J-720 spectropolarimeter
(JASCO Corporation, Tokyo, Japan). The samples were ana-
lyzed at 25 °C using 0.1 cm path length quartz cells and
protein far-UV spectra were recorded over a wavelength range
of 190-260 nm by signal averaging of 8 spectra. The protein
signal was obtained by subtracting buffer spectrum from the
sample spectrum. All protein samples, at a concentration of
5 uM, were incubated overnight in 40 mM ABF buffer at pH
values 3.0, 4.0, 5.0, 7.0, 8.0, and 9.0 before the spectrum was
recorded. All samples were previously centrifuged to avoid
any interference of particles in suspension.

Scanning electron microscopy (SEM)

Samples of oat spelt, which are rich in (3-glucan, were sub-
mitted to hydrolysis by 74Cel7B and its catalytic domain for
12 h at 50 °C at two different pH values (pH = 3 and pH = 5).
The assays were carried out in triplicate and the reaction mix-
ture was composed of 5.0 uL of enzyme at a concentration of
1.0 mg.mL™", 95 pL of 50 mM sodium citrate buffer, and
6 mg of oat spelt. In the control sample, the enzyme volume
was replaced by 5.0 pL of the same buffer. The remaining
solid substrate after enzymatic action was directly dried (with-
out being rinsed) at 30 °C for 12 h prior to SEM analysis.

After drying, samples were gold coated in a SCD 050 sput-
ter coater (Oerlikon-Balzers, Balzers, Lichtenstein) and then
imaged using a high-resolution environmental scanning elec-
tron microscope, equipped with a field emission gun
(FESEM) (FEI, Quanta 650, Hillsboro, USA). Both the coater
and the microscope were available at the National Laboratory
of Nanotechnology (LNNano) in Campinas-SP, Brazil.
Images were obtained under vacuum, using a 5 kV accelerat-
ing voltage and a secondary electron detector. A large number
of images was obtained for different areas of the samples (at
least 20 images per sample) to guarantee the reproducibility of
the results.

Hydrolytic cleavage pattern determined by capillary zone
electrophoresis of oligosaccharides (CZE)

For CZE analysis, cellohexaose (C6) was labeled with 8-
aminopyrene-1,3,6-trisulfonic acid (APTS) by reductive
amination (Naran et al. 2007) and used as a substrate.
Enzymatic hydrolysis of the labeled substrate was performed
using a mix of the protein with the substrate, at citrate buffer at
pH 3.0, equilibrated at 50 °C.

The experiment was conducted on a P/ACE MQD instru-
ment (Beckman Coulter, Pasadena, USA), equipped with
laser-induced fluorescence detection. A fused-silica capillary
(TSP050375, Polymicro Technologies by MOLEX, Lisle,

USA) of internal diameter of 50 um and total length of
31 cm was used as a separation column for oligosaccharides.
The capillary column was rinsed with 1 M NaOH followed by
running the buffer to prevent carry-over after injection. The
electrophoresis conditions were 15 kV/70-100 pA at 20 °C
and oligomers with APTS were excited at 488 nm and emis-
sion was collected through a 520 nm band pass filter. The
combined information obtained from the electrophoretic be-
havior and co-electrophoresis with mono and oligosaccha-
rides standards were used to identify the degradation products.

Results

Expression and purification of 7/Cel7B and its catalytic
domain

Structurally, 7. harzianum endoglucanase I is a typical two
domain cellulase, composed of a GH7 family catalytic core
domain (CCD), and a CBM1 family carbohydrate binding
module connected by a 40-residue linker. Both the full-
length enzyme and the isolated catalytic domain of 7/:Cel7B
were successfully expressed by A. niger PY11. Culture super-
natants were precipitated with 80 % ammonium sulfate, and
after solubilization, they were purified by using a Phenyl
Sepharose 6 Fast Flow column, followed by size exclusion
chromatography in a Superdex 75 16/60 column (GE
Healthcare Biosciences, Little Chalfont, UK). The two con-
structions were obtained with high purity as confirmed by
SDS-PAGE (Fig. S1 in the Supplementary Material). Full-
length 7hCel7B showed an increase in experimentally deter-
mined molecular weight (MW ~ 70 kDa), when compared to
theoretical prediction based on its amino acid sequence
(49.1 kDa). This most probably results from the protein gly-
cosylation, which is generally observed in cellulases
expressed by filamentous fungus (Punt et al. 2002).
Conversely, the catalytic domain was expressed with the mo-
lecular weight close to the predicted value (42.8 kDa), indi-
cating that the glycosylation is mostly restricted to the linker
region and/or the CBM (Payne et al. 2013).

Enzymatic characterization of 7hCel7B and its CCD

Optimal pH and temperature of purified 74Cel7B and its
catalytic domain were determined by following their enzy-
matic activity on CMC in ABF buffer at pH values ranging
from 2.0 to 10.0 and temperatures ranging from 25 to 85 °C.
The optimal pH studies were performed at two different tem-
peratures: 55 °C, at which the enzyme displays highest activ-
ity (Fig. 1a, b) and 50 °C, to ensure that the measurements of
optimal pH are not affected by the enzyme thermostability.
The activity profiles observed at both temperatures are very
similar (Fig. Ic, d). Surprisingly, however, both the full-
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Fig. 1 Effect of pH and temperature in 7/Cel7B activity on CMC. The
temperature influence was measured in sodium citrate buffer pH 5.0 and
1 % CMC as a substrate, for both constructions a CCD and b ThCel7B.

length enzyme and the catalytic domain of 74Cel7B show an
optimal activity at pH 3.0 (Fig. 1c, d). Even when pH would
decrease to extreme values of 2 and 1.5, the enzyme main-
tained, respectively, 90 and 80 % of its maximum activity
(Fig. 1). For the pH range of 2 to 10, we used ABF buffer,
and for pH values below 2, the assays were performed in HC1/
KCl buffer.

To investigate the influence of the buffer composition on
enzymatic activity of 7hCel7B, the catalytic domain was test-
ed in the presence of different acidic buffers (Fig. 2). The
enzyme showed a slight preference for citrate buffer, when
compared to other buffers at the same pH, and the optimal
activity around pH 3 was observed in all the tested buffers
(Fig. 3).

Thermal shift (ThermoFluor) analysis
Once the pH dependence of ThCel7B enzymatic activity

was determined, we evaluated its thermal stability in the
same pH range using thermal shift method. Although both
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Optimal pH identification assay was performed at different pH values
(1-2 in HCI/KCI and 2-10 in ABF buffer) for ¢ CCD and d 7/Cel7B

ThCel7B and its CCD showed an optimum activity at pH 3,
ThermoFluor experiments revealed that the enzyme ther-
mostability is highest at pH 5.0 (Fig. 3). This suggests that
the enzyme requires some conformational flexibility to
reach its optimal activity, and this flexibility is not assured
by the most stable protein structure conformation. The
melting temperature (7,,) variation for all tested pH
(Fig. 3c) confirms the acidophilic behavior of the enzyme
and at pH 7.0 and higher values of T, the protein stability
decreases dramatically.

Residual activity assays

Residual activity of both 74Cel7B and its CCD were de-
termined by incubating the enzymes at 55 °C in ABF buff-
er at pH 3. Enzymatic activity against CMC was followed
over time. Both enzymes showed significant stability un-
der such conditions. The full-length enzyme maintained
80 % of its initial activity after approximately 10 h of
incubation at 55 °C, whereas its CCD kept at least 80 %
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Fig. 2 CCD activity at different acidic buffers. The graph shows the impact of different acidic buffers in the CMC activity of 74Cel7B CCD

of its maximum activity for about 6 h (Fig. 4). Even after =~ ThCel7B substrate specificity

48 h of incubation, ThCel7B CCD still retained about

20 % of its original activity, whereas ThCel7B reached  The substrate specificity was determined by measuring re-
20 % activity level only after 72 h of continuous incuba-  leased reducing sugars from several polysaccharide substrates.
tion. When the same residual activity was determined in-  Both the catalytic domain and the full-length enzyme
cubating the enzymes in citrate buffer at pH 5.0, the result ~ displayed the highest activity on (-glucan, followed by
was surprising. After 2 months of incubation, the enzyme  xyloglucan, lichenan, CMC, pNPC, rye arabin xylan, and xy-
presented practically the same initial activity (Fig. 4). This  lan (oat spelt and beechwood) (Fig. 5a). After 4 h of incuba-
result corroborates with the ThermoFluor data, which tion, ThCel7B also showed significant, albeit lower, activity
clearly revealed that the highest enzyme thermostability = against filter paper, PASC, Sigmacell 20, Avicel, and cellulose

N
o

occurs at pH 5.0. (Fig. 5b).
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CCD to visualize the thermal shift between different pH conditions. ¢ observed for pH 5
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ThCel7B kinetic parameters

When xyloglucan was used as a substrate, the Ky, for
ThCel7B and ThCel7B CCD were 1.98 + 0.47 gL' and
29+0.6 g.Lfl, while V. were 0.22 + 0.095 uM.s ' and
0.012+0.009 uM.s ', respectively. In this case, the calculated
K., for the full-length enzyme and its CCD were, respectively,
0.45 and 0.054 s~ ', which indicated high catalytic efficiency
of the full-length enzyme against this substrate. Deletion of
the CBM leads to a significant loss of V., and catalytic effi-
ciency of the enzyme, whereas Ky was much less affected.

Circular dichroism

We applied circular dichroism spectroscopy to study the
ThCel7B and its catalytic domain secondary structures and
the influence of pH on their structural stability. Figure 6 shows
a general shape of the spectra at 25 °C, which is characteristic
of B-class proteins, comparable to the secondary structure of
other cellulases (Voutilainen et al. 2009; Colussi et al. 2012).
The far UV CD spectra of both constructs did not display a

[0 ©
o o
1 1

Specific activity (U.mg™)
N w H [ [«2] ~
.2.2.2.2.7

negative band around 222 nm, indicating a relatively low con-
tent of «-helices (Fig. 6).

These data also show that only for highest pH values
(pH 8.0-10.0), for both enzyme constructs, the spectral pro-
files were progressively altered, indicating a strong effect of
high pH values on the secondary structure of the enzyme and
their acidophilic behavior (Fig. 6).

Scanning electron microscopy (SEM)

Given elevated enzymatic activity of 74Cel7B against [3-
glucan and xyloglucan, we set out to determine how it would
affect substrates rich in these polysaccharides. Scanning elec-
tron microscopy images of oat spelt, before and after under-
going enzymatic hydrolysis with 74Cel7B and its catalytic
domain at two different pH values, are presented in Figs. 7
and 8. Oat spelt is rich in 3-glucan, and according to our
results, ThCel7B has high specific activity against this
substrate.

Oat spelt surface before enzymatic hydrolysis is formed by
granules of spherical or polyhedral shapes, as can be observed
in Fig. 7. These images were obtained for control samples,
kept at the same temperature, reaction time, and reactant con-
centrations of the hydrolysis media, except for the presence of
the enzyme. Spherical shape particles in the non-hydrolyzed
samples (Fig. 7, control) have a very smooth surface, while
polyhedral grains may present more irregular surfaces, char-
acterized by some particle deposits and small cavities on the
surface (Fig. 7). The microscopy analysis of oat spelt subject-
ed to ThCel7B action for 24 h revealed numerous holes on the
surfaces of both spherical and polyhedral grains of the oat
spelt. Eroded spherical particles are indicated by the yellow
arrows, while examples of degraded polyhedral grains are
indicated by the red arrows in Fig. 7. Oat substrates also pres-
ent flat regions, such as the one indicated by the white arrow in
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Fig. 5 The substrate specificity. Graph of specific activities of 74Cel7B and its CCD towards a set of substrates determined with incubation time of a

15minandb 4 h
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Fig. 6 Effect of pH on the secondary structure of 74Cel7B at 25 °C monitored by circular dichroism spectroscopy. a 7hCel7B CCD and b full-length

ThCel7B endoglucanase

Fig. 7a—control, which can also be modified by the forma-
tions of voids and craters on the surface after enzymatic hy-
drolysis (Fig. 7b). The formation of cavities on the substrate
surface is clear evidence of the endoglucanase action.

In Fig. 7c (higher magnification), one can observe the deg-
radation effects in more detail, which reveal that the flat sur-
face in the control becomes rough and very irregular in the
hydrolyzed samples. The pH effect could not be quantified by
these analyses. Though ThCel7B is expected to have higher
efficiency at lower pH values (around 2-3), the set of sample
images obtained at pH = 3 and pH = 5, were similar.

‘ Control

Fig. 7 Scanning electron microscopy images exhibiting the hydrolytic
effect of ThCel7B on oat spelt. Images of the reaction control and the
effects of the enzyme action after 12 h at pH 3 and 5 analyzed at different
magnifications: scale bars of a 20 um, b 10 um, and ¢ 3 pm. The arrows
indicate some flat regions in the control that becomes to form voids and
craters on the surface (white), the formation of eroded spherical particles
(yellow) and the degradation of polyhedral grains (red) after enzyme
hydrolysis

Figure 8 shows SEM images for the oat spelt substrates
after the action of 7/Cel7B catalytic domain only. The images
were also obtained at two different pH values and at different
magnifications. The catalytic domain alone shows a similar
effect on the oat substrate when compared to the full-length
enzyme. The formation of holes and craters on the spherical
and polyhedral grains is evident when images after hydrolysis
in both pH values are compared to the images of the control
(Fig. 8). It is worthwhile highlighting the effect of the
ThCel7B CCD resulting in the corrosion of the plates on a
huge substrate grain.

Pattern of cello-oligosaccharides enzymatic hydrolysis

To gather detailed information on the pattern of 74Cel7B hy-
drolysis of cello-oligosaccharides, we used capillary electro-
phoresis to analyze the degradation APTS-labeled
cellohexaose—by 7hCel7B (Fig. 9). A similar hydrolytic

Fig. 8 — Scanning electron microscopy images exhibiting the hydrolytic
effect of ThCel7B on oat spelt. Images of the reaction control and the
effects of the enzyme action after 12 h at pH 3 and 5 analyzed at different
magnifications: scale bars of a 20 um, b 10 um, and ¢ 3 pm. The arrows
indicate the formation of craters (yellow) and holes (red) as results of
enzyme degradation
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Fig. 9 Capillary electrophoresis of APTS-labeled oligosaccharide prod-
ucts. Products released by 7hCel7B and CCD after hydrolysis of the
substrate C6

pattern was observed for both the full-length enzyme and its
CCD, which is characterized by the release of cellobiose (C2)
followed by cellotriose (C3) and cellotetraose (C4). An ab-
sence of cellopentaose (C5) and glucose (G1) suggests that
ThCel7B is unable (or very inefficient) in releasing glucose.
Larger quantity of C4 and residual amount of C6 observed
after ThCel7B hydrolysis might indicate that the full-length
enzyme was less efficient in APTS-labeled cellohexaose deg-
radation as compared to its CCD (Fig. 9). These results show
that 7hCel7B, as an endoglucanase, presents a typical random
cleavage pattern of oligosaccharides.

The capillary electrophoresis was only used to gather qual-
itative information about the enzyme cleavage profile, and
these results cannot be considered to be a quantitative analysis
of hydrolysis products. The larger quantity of C4 and the
residual amounts of C6, observed after 74Cel7B hydrolysis,
might indicate that the full-length enzyme has lower efficiency
of'the APTS-labeled cellohexaose degradation as compared to
CCD. However, to be able to compare directly, the differences
between the full-length enzyme and the CCD additional set of
experiments using different techniques which would allow for
quantitative characterization of the products (such as HPLC
measurements with amperometric detection, for example)
should be conducted.

Discussion

Previous studies demonstrated that endoglucanases from GH7
family are important for lignocellulosic biomass degradation
and show synergistic effects with cellobiohydrolases in the
process of enzymatic hydrolysis (Momeni et al. 2013). The
pH profile for 7hCel7B suggests that it has a strongly acido-
philic character. The experimentally determined optimum pH
for both full-length 7hCel7B and its CCD was surprisingly
low (pH 3.0), and they both retained about 80 % of their
maximum activity at pH down to 1.5 (Fig. 1). On the other
hand, the enzymes also maintained about 65 % of its activity
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at pH 5.0to 5.5, pH range at which 7hCel7B was most stable
(Fig. 1). The enzyme optimum temperature was similar to the
optima temperature of other fungal cellulases (75, = 55 °C).
Most of the fungal endoglucanases has optima activity at a
temperature around 50 to 55 °C (Ding et al. 2001; Saha 2004).
These biochemical characteristics of 74Cel7B might be of
biotechnological interest, mainly for second-generation etha-
nol production, which frequently involves processes run at
acidic pH values (Miotto et al. 2014).

Such a strongly acidic behavior is unusual for
endoglucanases, which usually requires moderate acidic con-
ditions for optimal activity (Okada et al. 1998; Hasper et al.
2002; Shumiao et al. 2010; Xiang et al. 2014). The GHS5
family endoglucanase from the filamentous fungus
Gloeophyllum trabeum (GtCel5B) is one of the few described
highly acidic endoglucanases and has an optimum pH of 3.5
(Kim et al. 2012). However, when the pH is lowered to 2.0,
the activity of GfCel5B decreases more than 80 % (Kim et al.
2012) while 7hCel7B retains more than 70 % of its activity
down on pH 1.5 (Fig. 1c, d). GtCel12A endoglucanase also
has a considerable acidophilic character with pH optimum at
4.5 (Miotto et al. 2014). The enzyme was capable to retain
about 40 % of its activity at pH 1.0. At the same time, cellu-
lases from A. niger and closely related 7. reesei species display
pH optima at slightly acidic pH values (pH 5.0 to 5.5). Awide
pH window of ThCel7A enzymatic activity permits its use in a
mix with other fungal cellulases active at pH values around
5.0, where ThCel7A is most stable.

The reasons why recombinant 7. harzianum Cel7B has
such low pH optimum are currently unknown and deserve
further investigations. The experimentally determined molec-
ular weight of the recombinant 74Cel7B expressed in the
A. niger expression system was considerably higher than its
theoretically predicted molecular mass computed on the basis
of the amino acid sequence, whereas its catalytic domain mo-
lecular weight estimated by SDS-PAGE analysis was close to
the theoretical value (Fig. S1 in the Supplementary Material).
This indicates that the full-length construct is highly glycosyl-
ated at the linker peptide region, as it has been observed for
other fungal endoglucanases (Sandgren et al. 2005). Other
recombinant enzymes produced in the 4. niger expression
system display low pH optimum (see, for example, Miotto
et al. 2014), which could in theory be attributed to the differ-
ences in glycosylation profile of the recombinant proteins pro-
duced in such system. However, our data also suggest that
CCD has few or no post-translational modifications and it
has the same highly acidophilic character of the full-length
enzyme (Fig. 1). A small number of post-translational modi-
fications of the Cel7B CCD domain is consistent with the
previous studies of glycosylation profile of the 7. reesei
Cel7B CCD (Garcia et al. 2001; Eriksson et al. 2004), and
its highly acidophilic character argue against post-
translational modifications introduced by the expression
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system being the main reason for low pH optimum of the
enzyme. It is known that Humicola insolens and Fusarium
oxysporum Cel7B endoglucanases have considerably higher
pH optima and that minor amino acid substitutions in the
active site of the enzymes (incorporation of a His residue)
could account for the differences in the pH optimum (Becker
et al. 2001). Thus, we argue that subtle modifications in the
active site of the enzyme might be responsible for its highly
acidic character. However, detailed investigations of 7/:Cel7B
biochemical features will have to await determination of its
three-dimensional structure and comprehensive site-directed
mutagenesis analysis.

Our optimum pH studies of ThCel7B were corroborated by
thermal displacement experiments under different pH condi-
tions. Results depicted in Fig. 3 show 7/Cel7B and its CCD
maintained tertiary structure integrity against temperature in-
crease better at lower pH values, suggesting a higher temper-
ature stability of these proteins under acid conditions. The
maximum stability was observed at pH 5.0, two pH units
higher than the pH optimum than the enzyme (Fig. 3c). This
might indicate that for the optimum enzymatic activity,
ThCel7B must be flexible and that additional enzyme stability
might have penalties for its enzymatic activity. A similar dif-
ference in pH conditions for the enzyme optimum activity vs.
stability has been previously observed for GtCel12A (Miotto
et al. 2014). Residual enzymatic activity of 74Cel7B at highly
acidic conditions was quite considerable, since the enzyme
maintained 80 % of its initial activity after more than 8 h of
incubation at pH 3.0 and even after 72 h it still retained about
20 % of the initial activity (Fig. 4). When we compare our
results with other acidic endoglucanases reported in the liter-
ature, ThCel7B is significantly more stable. Cel5SA from
G. trabeum, for example, lost its total activity in acid condi-
tions with less than 2 h (Kim et al. 2012).

One of the important biotechnological features of 74Cel7B
is a wide range of substrates it can hydrolyze (Fig. 5). Our
substrate specificity studies showed that the enzyme is mostly
active against (3-glucan, xyloglucan, lichenan, and CMC and
displays somewhat lower but still considerable activity against
arabinoxylan, PASC, filter paper, Avicel, and Sigmacell. This
complies with the enzyme preference toward substrates with
[3-1,4 linkages and at the same time reveals broad range of
ThCel7B hydrolytic activities against main components of the
plant cell wall.

T. reesei Cel7B (TrCel7B) has been shown to remove
amorphous regions of cellulose substrate exposing crystal-
line regions for exoglucanase ablation and displaying con-
siderable synergy with the latter enzyme (Ganneretal. 2012).
TrCel7B was shown to be a nonspecific endo-f3-1,4-
glucanase which has enzymatic activity against
hydroxyethylcellulose as well as beechwood and grass xylan
(Biely etal. 1991), but not homopolymeric mannans (Bailey
etal. 1993). In addition, 7+Cel 7B is capable to enzymatically

hydrolyse konjac glucomannan resulting in production of
glucomannooligosaccharides with non-reducing end man-
nose (M) and reducing end glucose (G) (Mikkelson et al.
2013). Furthermore, T. reesei Cel7B has been reported to
readily cleave xylan, arabinoxylan (Suurnikki et al. 2000),
and xyloglucan (Vlasenko et al. 2010). Our experimental
studies of 7" harzianum Cel7B substrate specificity indicate
a similar broad range of polysaccharide recognition and hy-
drolysis, indicating that the molecular structure of Cel7B is
probably well adapted for recognitions of a wide range of
plant cell wall polysaccharides (Fig. 5). Such a wide spec-
trum of activities against plant biomass polysaccharides is
highly attractive for the enzymatic hydrolysis of such hetero-
geneous and complex substrates.

To allow for efficient enzymatic hydrolysis, lignocellulosic
biomass must be pretreated before enzymatic hydrolysis.
However, the pretreatments (particularly hydrothermal and
steam-explosion pretreatments) often generate inhibitory
compounds such as xylooligosaccharides (XOS) and
glucooligosaccharides (GOS) as a result of depolymerization
of the xylan and mixed linkage {3-glucans, respectively (Kont
et al. 2013). These oligosaccharides have been shown to be
approximately 100 times stronger inhibitors for 7. reesei
cellobiohydrolases (CBHs) than cellobiose (Kont et al.
2013). Since CBHs are known to be the most important enzy-
matic component in cellulose degradation, efficient enzymatic
hydrolysis of pretreated lignocellulose can be achieved only if
XOS and GOS are degraded and their inhibitory effect is re-
duced. 7rCel7B was shown to be the most efficient single
enzyme component in this process (Kont et al. 2013). The
relative efficiency of 7rCell12A and 7rCel7B in degrading of
XOS and GOS is apparently due to their inherent
hemicellulase activity (Biely et al. 1991; Karlsson et al.
2002; Varnai et al. 2011).

Furthermore, Cel7B addition promotes enzymatic hydroly-
sis of plant biomass and enhances its efficiency. It was shown
that enzymatic hydrolysis of alkaline peroxide pretreated al-
falfa hay and barley straw by rumen enzymes and commercial
cellulases was significantly enhanced by addition of
endoglucanase from GH7 family (Badhan et al. 2014).
Augmented glucose release as a consequence of the
endoglucanase addition was thought to be the result of its
broad substrate specificity (Badhan et al. 2014). Cel7B might
improve overall cell wall conversion through the hydrolysis of
polysaccharides covering the cellulose microfibers and thus
making them exposed to cellulase action. In addition, Cel7B
are capable of generating more reducing and non-reducing
ends, available to Cel7A and Cel7B attack (Badhan et al.
2014). Based on ThCel7B biochemical characterization, we
speculate that this enzyme might be equally important for
biomass enzymatic hydrolysis, not only directly synergizing
with exoglucanases in cellulose microfibers depolymerization
but also making them available for cellobiohydrolase action
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through active hydrolysis of other polysaccharides of the plant
cell wall matrix.

To better understand effects of 74Cel7B action upon bio-
mass, we provided here the first visualization of Cel7B action
on oat substrates (Figs. 7 and 8). In general, very few studies
concerning the visualization of cellulase activity by the differ-
ent microscopy techniques available (electron microscopy or
probe microscopy) can be found in literature (Ding et al. 2001;
Lee et al. 2000; Wang et al. 2012). Besides, most of the pub-
lished work deals with exoglucanases, particularly
celobiohydrolase I (CBHI) acting on pure cellulose substrates.
A comprehensive review including important contributions to
the area can be found in (Bubner et al. 2013).

The formation of holes on the substrate, as a consequence
of enzyme action, was also observed by Lee and collaborators
(Lee et al. 2000), who used atomic force microscopy to image
cotton fibers hydrolyzed by hexachloropalladate-inactivated
TrCBHI. The holes left by the enzyme on the fibers after
incubation had approximately a 13-nm diameter and the au-
thors assigned their formation to the indentation of CBHI
binding domains on the cellulose surface. Although the imag-
ing scales are quite different in two cases (the published im-
ages had a 400-nm side, while our images have approximately
a 10-um side) and the enzyme types are different as well, our
results may represent an important step in the visualization of
changes introduced in the sample during enzymatic
hydrolysis.

It is also important to highlight the fact that the studied
substrates are very different. The complexity of the oat sub-
strate makes the visualization of the enzyme effects more dif-
ficult, though by comparing them with the controlling samples
the enzyme effect is quite clear. Cellulose substrates free of
hemicellulose, lignin, and any other cell wall component are
much easier to analyze, which explains why algae and bacte-
rial cellulose are frequently used as model substrates.
However, cellulase activity is inherently related to substrate
type and morphology and since 7/Cel7B has relatively low
specific activity on the substrates rich in crystalline cellulose,
more complex substrates such as oat spelt had to be used in
this particular case.

In summary, a 3-1,4-endoglucanase from the 7 harzianum
strain I0C-3844 (ThCel7B) was successfully heterologously
expressed in 4. niger. Detailed biochemical and biophysical
characterization showed that recombinant 74Cel7B is highly
active on a wide range of plant cell wall polysaccharides in-
cluding 3-glucan, xyloglucan, lichenan, CMC, pNPC, rye
arabin xylan, xylan, and also amorphous and crystalline cel-
lulose. The enzyme has an optimum pH of 3.0 and is thermally
most stable at pH 5.0. Our SEM analysis shows clear morpho-
logical changes caused by the enzyme hydrolytic action on oat
spelt. The high stability of 7/#Cel7B in acid pH values and a
wide range of the plant cell wall polysaccharides it is active
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upon make the enzyme a promising candidate for several bio-
technological applications, such as plant cell wall depolymer-
ization and cellulosic ethanol production.
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