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Enhancing the catalytic activity of a novel
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trabeum CBS 900.73 by site-directed
mutagenesis on loop 6
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Abstract

Background: Cellulases of glycosyl hydrolase (GH) family 5 share a (3/a); TIM-barrel fold structure with eight Ba
loops surrounding the catalytic pocket. These loops exposed on the surface play a vital role in protein functions,
primarily due to the interactions of some key amino acids with solvent and ligand molecules. It has been reported
that motions of these loops facilitate substrate access and product release, and loops 6 and 7 located at the substrate
entrance of the binding pocket promote proton transfer reaction at the catalytic site motions. However, the role of
these flexible loops in catalysis of GH5 cellulase remains to be explored.

Results: In the present study, an acidic, mesophilic GH5 cellulase (with optimal activity at pH 4.0 and 70 °C), GtCel5,
was identified in Gloeophyllum trabeurm CBS 900.73. The specific activities of GtCel5 toward CMC-Na, barley B-glucan,
and lichenan were 1117 £43, 6257 £ 26 and 5318 £ 54 U/mg, respectively. Multiple sequence alignment indicates
that one amino acid residue at position 233 on the loop 6 shows semi-conservativeness and might contribute to

the great catalytic performance. Saturation mutagenesis at position 233 was then conducted to reveal the vital

roles of this position in enzyme properties. In comparison to the wild type, variants N233A and N233G showed
decreased optimal temperature (— 10 °C) but increased activities (27 and 70%) and catalytic efficiencies (k_,/K.,; 45
and 52%), respectively. The similar roles of position 233 in catalytic performance were also verified in the other two
GH5 homologs, Tekgl5A and PoCel5, by reverse mutation. Further molecular dynamics simulations suggested that
the substitution of asparagine with alanine or glycine may introduce more hydrogen bonds, increase the flexibility of
loop 6, enhance the interactions between enzyme and substrate, and thus improve the substrate affinity and catalytic
efficiency.

Conclusion: This study proposed a novel cellulase with potentials for industrial application. A specific position

was identified to play key roles in cellulase—substrate interactions and enzyme catalysis. It is of great importance for
understanding the binding mechanism of GH5 cellulases, and provides an effective strategy to improve the catalytic
performance of cellulases.
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Background

Lignocellulose is composed of cellulose, hemicellulose,
and lignin, and represents the most abundant renewable
carbon source on earth [1]. The enzymatic hydrolysis of
polysaccharides to monosaccharides is crucial from both
viewpoints of cost and efficiency in the current prac-
tice of converting lignocellulosic biomass into biofuel.
Complete hydrolysis of cellulose requires the coopera-
tive actions of three types of cellulases: endoglucanase
(EC 3.2.1.4) that randomly cleaves the internal B-1,4-
glycosidic bonds; cellobiohydrolase (exoglucanase; EC
3.2.1.91) that processively acts on the chain termini to
release cellobiose; and B-glucosidase (EC 3.2.1.21) that
hydrolyzes cellobiose to glucose [2].

Based on the sequence and structure similarity of
CAZymes (http://www.cazy.org), endoglucanases are
grouped into 13 glycoside hydrolase (GH) families,
including GH5-9, 12, 44, 45, 48, 51, 74, 124, and 131 [3].
Of these, GH5 is the largest and the most functionally
diverse group, and those from fungi are mainly confined
into subfamily GH5_5 with endo-p-1,4-glucanase activity
[4]. So far, six eukaryotic GH5 endoglucanases from Piro-
myces rhizinflata (PrEgIA) [5], Thermoascus aurantiacus
(TaCel5A) [6], Hypocrea jecorina (Trichoderma reesei)
(TrCel5A) [7], Ganoderma lucidum (GICel5A) [8], Asper-
gillus niger (AnCel5A) [9], and Penicillium verruculosum
(PDB No. 516S) have been resolved. The typical catalytic
domain of a GH5 cellulase has a canonical (B/a)g TIM-
barrel fold, in which the eight parallel B-strands and eight
a-helices are connected by seven pa or af loops [10].

The loops that connect secondary structures are fre-
quently located on the protein surface and are criti-
cal for substrate specificity and catalytic activity. For
example, the mutation T113R of polygalacturonase
PG8fn increased the plasticity of T3 loop and caused
an improvement of the catalytic efficiency by ~ 2.4-fold
[11]; modifying the loop conformations of two GH6 cel-
lobiohydrolases facilitated the cellulose chain gliding
and allowed more occasional endo-cleavages [12, 13];
and deletion of an exo-loop of a bacterial cellobiohydro-
lase altered its endolytic activity [14]. A few studies also
reported the effects of loops on cellulases. For the cel-
lulase Cel12A from Thermotoga maritima, a Tyr-to-Gly
mutation on a unique loop related to substrate binding
led to an increased specific activity by 1.7-fold [15]. The
protonation state of the catalytic glutamates of Cel5B
from Clostridium thermocellum, with or without sub-
strate, is largely governed by the conformational changes
of Bsa loop [16]. When replacing the Phe267 with Ala
of cellulase GtCel5E from Clostridium thermocellum, its
hydrophobic interactions with two other residues were
broken, the flexible loop was relocated, and the variant
displayed an increased k_, value by fourfold [17]. These
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previous studies altogether reveal the importance of loop
structures in enzyme catalysis.

Protein engineering is a prevalent method with numer-
ous successes for enzyme improvements [18, 19]. Site-
directed mutagenesis based on rational design has been
widely used to identify the roles of a specific amino acid
residue. In the present study, a novel cellulase of GH5
from Gloeophyllum trabeum CBS 900.73, designated
GtCel5, was produced in Pichia pastoris GS115. GtCel5
with great catalytic performance had asparagine at posi-
tion 233 of loop 6 (Ba loop), the same as the structure-
resolved homologs GICel5A (72%, 5D8W) and TrCel5A
(69%, 3QR3) of GH5_5 [3, 4]. In contrast, some other
GHS5 cellulases have glycine at this position. In order to
gain insights into the functional role of loop 6 in GH5 cel-
lulases, we created saturation mutants of G¢Cel5 at posi-
tion 233 by site-directed mutagenesis. The results were
then verified by reverse mutation on two GH5 homologs.
Biochemical and bioinformatics analyses indicated that
residue 233 on loop 6 is critical for the substrate binding
and catalytic efficiency.

Methods

Strains and plasmids

The donor strain G. trabeum CBS 900.73 from the CBS-
KNAW Fungal Biodiversity Center (Utrecht, the Nether-
lands) was grown at 30 °C for 3 days in a lignocellulose
medium containing (w/v) 5 g/L NaCl, 5 g/L (NH,),SO,,
1 g/L KH,PO,, 0.5 g/L. MgSO,-7H,0, 0.2 g/L CaCl,,
0.01 g/L FeSO,-7H,0, 15 g/L corncob, 15 g/L soybean
meal, and 15 g/L wheat bran. Plasmid pPIC9 harboring
an ampicillin resistance gene was used for selection in
Escherichia coli Trans I-T1 (TransGen, Beijing, China).
Transformed E. coli was maintained on LB medium
supplemented with 100 pg/mL ampicillin and grown
at 37 °C. Cellulases TeEgl5A from Talaromyces emerso-
nii [20] and PoCel5 from Prosthecium opalus (unpub-
lished data) were selected for reverse mutation. Plasmids
pPIC9-TeeglSA and pPIC9-Pocel5 containing the cDNA
fragments of mature TeEgl5A and PoCel5-encoding
sequences were used as the PCR templates. Plasmid
DNA was isolated from E. coli using a Qiagen Miniprep
Kit. P pastoris GS115 (Invitrogen) was maintained on
MD plates (2% glucose and 2% agarose) at 30 °C.

Gene cloning

Fungal RNA was isolated and purified from 100 mg of
3-day-old mycelia grown in the lignocellulose medium
using the SV Total RNA Isolation System (Promega).
c¢DNAs were synthesized in vitro using the ReverTra
Ace-a-TM kit (TOYOBO, Osaka, Japan) with total
RNA as the template. Amplification of the GtCel5
gene was carried out using the oligonucleotide primer
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set GiCel5-F and GtCel5-R (5-CCGAATTCGCC
GCGCTCTCTCCGAGAGTGACA-3/, and 5'-ACT
GCGGCCGCTCATGCGTTGGCAATCGGAGCCAA
GCA-3', with the EcoRI and Notl restriction sites
underlined). The 50-puL PCR contained 10 pg of cDNA
template, 5 uM of each primer, 1 mM of dNTPs, 5 pL
of 10x PCR buffer, and 1 pL of Tag DNA polymerase
(Fermentas; 2.5 U/uL). The specific PCR products were
digested with EcoRI and Notl to create sticky ends and
ligated to the EcoRI-Notl-digested vector pPIC9 using
T4 DNA ligase (New England Laboratory). The con-
structed recombinant plasmid pPIC9-Gtcel5 was then
transformed into E. coli Trans I-T1 competent cells.
Positive transformants were sequenced for verification.

Sequence analysis

The DNA and amino acid sequences were analyzed
using the BLASTx and BLASTp programs (http://www.
ncbi.nlm.nih.gov/BLAST/), respectively. The introns,
exons, and transcription initiation sites were predicted
using the GENSCAN Web Server (http://genes.mit.
edu/GENSCAN.html). SignalP 3.0 was used to predict
the signal peptide sequence (http://www.cbs.dtu.dk/
services/SignalP/). The potential N-glycosylation sites
were predicted online (http://www.cbs.dtu.dk/servi
ces/NetNGlyc/). Sequence assembly and estimation of
the molecular mass and pl of the mature peptide were
performed using the Vector NTI Suite 10.0 software
(Invitrogen). MEGA 4.0 was used for inferring the phy-
logenetic relationship of GH5 cellulases [21].

Selection of the mutation site and site-directed
mutagenesis

Loop 6 of GtCel5 is in close proximity to the cata-
lytic pocket and the component residues YLDSDN
are capable of forming a unique hairpin structure
(Fig. 1). Identification and multiple sequence align-
ment of 51 fungal cellulases of GH5 were conducted
using the FASTA [22] and ClustalW [23] algorithms.
Based on the structure and sequence analysis of loop
6, a key residue probably related to GtCel5 func-
tionality was identified, and selected for saturation
mutagenesis. With recombinant plasmids pPIC9-
Gtcel5, pPIC9-Teegl5A, and pPIC9-Pocel5 as the tem-
plates, the mutants were first constructed by overlap
PCR for preliminary screening. Reverse mutations of
G216A and G216N of TeEgl5A and G210A and G210N
of PoCel5 were performed using the Fast Mutagenesis
System Kit (TransGen) with 30 amplification cycles.
The primer pairs used in this study are listed in Addi-
tional file 1: Table S1.
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Fig. 1 Modeled structure of GtCel5. The unique hairpin structure
is shown in green. Residues Tyr228 and Asn233 involved in the
movement loop 6 are indicated

Enzyme expression and purification

Recombinant plasmids containing the gene fragments
coding for the wild-type and mutant enzymes of GtCel5,
TeEgl5A, and PoCel5 were then linearized with BglII
for transformation into P pastoris GS115. The positive
transformants were screened on MD plates. Ninety-six
positive transformants of each enzyme were selected
to grow in 3 mL BMGY at 30 °C for 48 h, collected, and
resuspended in 1 mL BMMY containing 0.5% methanol
for 72-h enzyme induction at 30 °C. The culture super-
natants of each transformant were collected by centrifu-
gation at 12,000xg for 10 min at 4 °C and examined by
activity assay. The transformants showing the highest
cellulase activities were inoculated into 30 mL YPD and
incubated at 30 °C, 200 rpm for 48 h, and transferred
into 400 mL BMGY in 1-L Erlenmeyer flasks for 48-h
growth. Cells were then harvested by centrifugation at
4500xg for 5 min at 4 °C and resuspended in 200 mL of
BMMY containing 0.5% (v/v) methanol for 48 h at 30 °C
for induction.

Cell-free cultures were collected by centrifugation at
12,000xg for 10 min at 4 °C. Further purification was
performed using the HiTrap Q HP anion exchange col-
umn (Amersham Biosciences, Uppsala, Sweden). Bind-
ing buffer was composed of 10 mM sodium phosphate
(pH 7.5). Elution was performed using a linear gradient
of 0—1 M sodium chloride in the same buffer. The puri-
ties of the enzymes were checked with 12% SDS—poly-
acrylamide gel electrophoresis (PAGE) and Coomassie
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blue staining. Endo-B-N-acetylglucosaminidase H (Endo
H) from New England Biolabs was used to remove N-gly-
cosylation according to the manufacturer’s instructions.
Purified proteins were quantified using the Bradford
protein assay kit (Bio-Rad) and then used for enzyme
characterization.

Cellulase activity assay

CMC-Na (medium viscosity) from Sigma-Aldrich at a
concentration of 10 mg/mL was used as the substrate.
The assay mixtures contained 900 pL of substrate solution
in 100 mM Mcllvaine buffer (optimal pH) and 100 pL of
appropriately diluted enzyme. The reaction mixtures
were incubated at optimal temperature for 10 min, fol-
lowed by the addition of 1.5 mL 3,5-dinitrosalicylic acid
(DNS) and incubation in a 100 °C water-bath for 5 min
[24]. The amounts of reducing sugar released were meas-
ured at 540 nm, and one unit of the cellulase activity was
defined as the amount of enzyme that released 1 pmol of
reducing sugar per minute.

Biochemical characterization

CMC-Na was used as the substrate for enzyme charac-
terization. The buffers used were 100 mM KCI-HCI (pH
1.0-3.0), 100 mM citric acid—Na,HPO, (pH 2.2-7.0),
100 mM Tris—HCI (pH 8.0-9.0), and 100 mM glycine—
NaOH (pH 9.0-12.0). The pH-activity profile of each
enzyme was determined at optimal temperature in buff-
ers of pH 2.2-8.0. The temperature—activity profile of
each enzyme was determined at optimal pH over the
temperature range from 40 to 90 °C. For pH stability,
each enzyme was preincubated at 37 °C for 1 h in buffers
of different pH (1.0-12.0) and subjected to the residual
activity assay under standard conditions as described
above. For thermostability assay, each enzyme (approxi-
mately 100 pg/mL) was preincubated at 60 or 70 °C for
0-60 min, and aliquots of 100 uL were withdrawn at spe-
cific time points for residual activity assay.

Substrate specificity

Polysaccharides from Sigma-Aldrich and Megazymes
(Wicklow, Ireland) containing different glycosidic link-
ages, including CMC-Na, barley pB-glucan, lichenan,
laminarin, konjac glucomannan, Avicel, locust bean gum,
xylan, and filter paper, were used to test the substrate
specificity of GtCel5 under standard conditions. The spe-
cific activities of GtCel5 variants toward barley -glucan
and CMC-Na were also determined and compared to
that of the wild type.

Kinetic assays
Kinetic parameters of the enzymes were derived from the
reactions under optimal conditions with 0.125-10 mg/
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mL CMC-Na as the substrate. Initial velocities were
determined by measuring the production rates of reduc-
ing sugar with the DNS method. The kinetic parameters
(apparent K, and k) were calculated using the Graph-
Pad Prism 6.0 (http://www.graphpad.com/scientific
-software/prism/) and the nonlinear regression algorithm
embedded in the enzyme kinetics module. The catalytic
efficiency (k,/K,) of each enzyme was then calculated.
Bioinformatic analyses

Discovery Studio 2017 software was used for automated
comparative modeling of GtCel5 and its variants with
TrCel5A (3QR3, 69% identity) as the template. To explore
the possible roles of site-directed mutagenesis at posi-
tion 233, molecular dynamic (MD) simulation was con-
ducted to compare the dynamic properties of monomeric
GtCel5 and its variants N233A, N233D, and N233G. All
of the MD simulations were carried out using the Amber
14 package at a temperature of 323K for 20 ns. Force
field ff99SB with the TIP3P water model was used to
describe the systems [25-27]. All protein atoms were at
least 12 Acc from the edge of the water box. The systems
had net negative charges and were neutralized by addi-
tion of sodium ions with the Amber tool program [28].
Prior to the MD simulations, each system was carried out
with 10,000 steps of steepest descent for energy minimi-
zations. The trajectories of the first 5 ns were treated as
equilibration periods, and the trajectories of the last 15 ns
were used for data analyses. The root-mean-square devi-
ation (RMSD) and root-mean-square fluctuation (RMSF)
values of the C, atoms calculated from the equilibrium
state were plotted as a function of residue number.

To analyze the interactions between enzyme and sub-
strate, cellotetraose (G4) was docked to GtCel5 and its
variants N233A and N233G, respectively, using YASARA
software (http://www.yasara.org). MD simulations of the
enzyme—cellotetraose complex were then carried out at
a temperature of 323K for 20 ns. The Amber force fields
ff99SB and GLYCAM_06 [26, 29] were employed to
model the cellulase and cellotetraose, respectively. Five
thousand snapshots taken from the last 5-ns MD trajec-
tories were used for molecular mechanics/Poisson Boltz-
mann and surface area continuum solvation (MM/PBSA)
calculations. The binding free energy between ligand
and protein was calculated by the Amberl4. The AG
value was determined according to the equation: AG=
Gomplex — Greceptor — Gligand- The contributions of internal,
electrostatic, and van der Waals’ energy to AG were ana-
lyzed using the force field (http://ambermd.org/tutorials/
advanced/tutorial3/py_script/section2.htm) [30].

Hydrogen bond is one of the most important direc-
tional intermolecular interactions [31]. Putative hydrogen
bonds were assigned based on two geometric criteria: the
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distance of less than 3.5 A and the angle larger than 120°
between the acceptor and the hydrogen donor. Visualiza-
tion and figure preparation of the three dimensional mol-
ecules were performed using the PyMOL version 1.7.2.1
(Delano Scientific).

Results

Cloning and sequence analysis of Gtcel5

A GHS5 cellulase-encoding gene, Gtcel5 (GenBank Acces-
sion No. XP_007867902), was identified in the genome of
G. trabeum CBS 900.73. The Gtcel5 contains 1415 base
pair that is composed of 7 exons and 6 introns. Deduced
GtCel5 contained 359 amino acid residues including a
putative N-terminal signal peptide of 20 amino acids.
The catalytic domain showed the highest amino acid
sequence identity of 73% with the Cel4 from Polyporus
arcularius and the endo-p-1,4-glucanase from Sporotri-
chum thermophile, and 72% with the structure-resolved
GICel5A (5D8W) [8] and 69% with the structure-
resolved TrCel5A (3QR3) [7]. As most fungal cellulases
of GH5 (EC3.2.1.4) are classified into subfamily GH5_5
[4], GtCel5 is closely related to cellulases 5D8W and
BAF75943 belonging to the same subfamily (see Addi-
tional file 1: Fig. S1). Homology modeling indicated that
GtCel5 folds into a typical (B/a)g structure and contains
eight highly conserved residues of GH5 enzymes, includ-
ing Arg67, Hisl1ll, Asnl54, Glul55, His226, Tyr228,
Glu267, and Trp300 (numbering without the signal pep-
tide sequence).

Selection of the mutagenesis site in GtCel5

Loop regions are proposed to play vital roles in the inter-
actions between TIM-barrel enzymes and substrate [11,
13, 32, 33]. Structure and sequence analysis (Figs. 1, 2)
indicated that the Tyr228 and Asn233 of G¢Cel5 might be
the key switch residues to control the movement of loop
6. The conformational plasticity of this hairpin structure
might affect the catalytic performance of GtCel5. Tyr228
was highly conserved, while Asn233 showed variation.
Therefore, we selected N233 for saturation mutagenesis
to investigate the effects of the residue at position 233 on
catalytic efficiency of GH5 cellulases.

Production of GtCel5 and its mutants in P. pastoris

GtCel5 and its 19 mutant enzymes were successfully
expressed in P pastoris GS115. One protein band of
GtCel5 with the apparent molecular weight of approxi-
mately 40 kDa was detected on the SDS-PAGE (Addi-
tional file 2: Fig. S2), which was higher than the calculated
value (35.7 kDa). After Endo H digestion, the N-degly-
cosylated GtCel5 decreased to approximately 36 kDa.
Mutant enzymes had similar apparent molecular weights,
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and showed a single band with expected molecular mass
after Endo H treatment (data not shown).

Comparison of the enzymatic properties between GtCel5
and its variants

When using CMC-Na as the substrate, GtCel5A showed
the highest activity at pH 4.0 and remained more than
30% active at pH values between 2.2 and 6.0 (Fig. 3a).
This pH—-activity profile is similar to those of most fun-
gal cellulases. The variants except for N233V showed
similar pH optima to the wild type, and the optimal pH
of N233V shifted to pH 5.0 (Fig. 3a). As shown in Fig. 3b,
GtCel5A had an optimal temperature of 70 °C. All of the
variants except for N233D were optimally active at 50
or 60 °C, which was 10-20 °C lower than the wild type,
while N233D had similar optimal temperature to the
wild type. In comparison with the wild type, all variants
showed decreased activities except for N233A, N233G,
N233S, and N233D (Fig. 3a, b). The stabilities of GtCel5A
and mutants N233A, N233G, and N233D were also com-
pared. For pH stability, GzCel5 retained more than 65% of
its initial activity after 60-min incubation at 37 °C over a
wide pH range (3.0-12.0), while the variants N233D and
N233G retained stability over a wider pH range (over 70%
activity after 1-h incubation at pH 2.0-12.0) (Fig. 3c). The
good stability under both acidic and alkaline conditions
makes variants N233D and N233G more favorable for
applications in the industries of bioethanol, detergents,
and feed additives. GtCel5 and variants N233A, N233D,
and N233G showed similar thermostability (Fig. 3d). The
results suggested that the single mutation at position
233 had significant effects on some enzyme properties of
GtCel5.

Substrate specificities and kinetics of GtCel5 and its
mutants

Of the nine polysaccharide substrates tested, GtCel5
showed the highest activity on barley p-glucan
(6257 +26 U/mg) and lichenan (5318 + 54 U/mg), mod-
erate on CMC-Na (1117 +43 U/mg), low toward locust
bean gum, and no detectable activity on Avicel, filter
paper, xylan, and laminarin. These results indicated that
GtCel5 had no activity on crystalline cellulose and p-1,3
glycosidic linkages. Using CMC-Na as the substrate,
GtCel5 had the K, V., and k_,, values of 4.5+0.3 mg/
mL, 1475+71 pmol/min/mg, and 878+44/s, respec-
tively, according to the Lineweaver—Burk plot.

CMC-Na was selected as the substrate to compare the
specific activities and kinetic values of G¢Cel5 and its var-
iants (Table 1). For the substitutions at position 233, the
main outcome was a significant decrease in specific activ-
ity (1.4-138.6-fold) and k&, (0.7-66.5-fold). A few of the
variants also showed an increase of K, (variants N233M,
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233
GtCel5 202 G...GSAARRIATVIN STTNLIMD VEIKMLES INEET|s N I[CV[I|NNT[VEAWEP . . . . . LS
3QR3 177 D...GSAARALSQVTNPDG|STTN|LIFDVEIKF4LIS INEXET|H A E[C|T|T|N|N IDGAFSP . . . . . LA
KIP12070.1 238 E....AGP|LL|VK[VTD GTTK|LVE D VEIKP4LINS DINEXE T|H P D[C|T|T[DN V|SVMQT . . . . . . LV
EMD41942.1 233 E....AGP[YLVTIITD TTDK|LLFDVEIK NEE T|HAD|C[VITN[NVDVLTT. - . . . . L V|
KIJ68221.1 234 E....AGP[YLVK[VTID 3G TSK|LLFDVEIKFL s INEIE TN A E[C|V|TD[NV[SVLET . . . . . . L V|
XP_007265296.1 228 E....AGPDLLTVTDPAGGTSK|LLFDVL DINEXE T|H P D[C|T|T[D[N VIQVLQT . . . . . . LV
KDQ30980.1 243 E....AGPAL|LGVTD DK SK NHET|H TE[C[S|T|NN I[QVF TN . . . . . . L V|
ABA64553.1 260 D...GSAARALISQVTN 5STTN NEE T HAE[C|T|TN[N I[DGAFSP . . . . . LA
BAA36216.1 261 D...GSAAAL|SQV TN 3|S T TN ANEE T|HAE|C|T|TNN IDGAFAP . . . . . LA
ACH92572.1 260 D...GSAARALSQVTNPDG|STTN| oANElE T|H A E|C|T|T|NN IDGAFAP . . . . . LA
EHK17826.1 265 D...GSAARALISQVKN ISTTN NE{e T|H AD|C|V|T|N|N I[NDAFSP . . . . . v A
EHK50177.1 262 D...GSSTRALSQVEKN 5|STTN|L IFDLEIKNLS INEIE T|H TE|C|V|TINN IATAFQP . . . . . VA
XP_007914601.1 184 D...GSAARAL|STVKN STTN|LIFDVEIKNLS INEIE T|H TE|C|V|TNN IDSAFAP . . . . . LA
ADZ44606.1 251 D...GSAARAL|STVIN TTTN|LIFDVEIKMLS INEIET|H TE|C|V|T[N[N IDDAFAP . . . . . LA
EHK45466.1 269 D...GGVARALIGA[ITN SKIN|LIFDV, NELE TN S V[C|V|T[D[N I[DSAFAP . . . . . LA
AHW57398.1 273 D...GGAAAL|GA[I TN SKTN|LIFD Vi NELE TN S VIC[V|T|NN IDSAFSP . . . .. LA
EHK26379.1 268 D...GGAAAL[SA[I TN 5ISKTN|L TFDVEIKp{LSs INEE T[N S I|C[V|TDNVIDSAFAP . . . . . LA
ESZ90854.1 244 D...GSAARAIL|STVKN SITTTN[LIFDV NEET[H TE|C[V|TNN IDAAFAP . . . .. LA
CDO75753.1 257 N...GSADRALINKVTN sTTG|LTFDVERMLEF BTN A ElC|T/TINN TDNAWAP . . . . . LA
XP_008041272.1 261 N...GSADALNKWVTN [STTNILTFDVIKMLF IR TN AEIC|T|T|NIN IDNAWGE . . . . . LA
BAF75943.1 262 N...GSGARALMKVTN 5|S T TN|LVF D Vs AANEXE T|H E E[C|[V|T|N|N IDNAWAP . . . . . LA
KDQ28749.1 273 N...GSAAAL|SKVTNPDG|SITG|LIFDVi ofNEE TN A E[C|V|T[DN I[ADAWAP . . . . . LA
KIY69904.1 256 S. GSAARALIKG|I T|N TN TG|L I F D VE{K)Y NEXE T|H TE[C|T|T|N[N I|SEAWEP . . . . . LS
KIK39795.1 198 S...GSADRAL[STVQN TF TN|LIMD Ve sEfeN|N AE[C|V|T|N[G IEEAWDP . . . . . LAl
AEJ35166.1 187 D...GSGARL|LNVTIN TKTN|LIFDVEIKpLY INEIE T(HAN|C|T|TNIN IDTAWEP . . . . . LS
KDQ55186.1 257 N...GSGAAL|LT[VIN TTTN|LIFDVEIKMI ANEE TN AE|C|V|TDNVISSSWQP . . . . . LA
XP_007276739.1 180 S...GSADRAL|TATTINE TTDN|LIIDV NHEETHKP[C|T|TDINVIESFRT . . . . . . v A
EQB44428.1 186 S...GSADAL[TAIITN TTDN|LI IDVEIKMLEEINEETHKP|C|TTDNVESFRT . . . . . . VA
EFQ26994.1 181 S...GSAEALAATKNPDGTTDGLTID IKKMLIEINEIETHKPCTTDNVIDSERT . . . . . . VA
CCF41661.1 185 S...GSADJALAA|TTN 5|S TDN|LT NEETHK L[C|[T|TDNV[ESFRK . . . . . . VA
EXU98682.1 185 T...GSAERLAAITN STDNI|L NEET|HAE[C|T|TN[NV[AGFKT . . . . . . g\
EPE07999.1 194 S...GSAD|GL|LS|I TN 5ISTDN|L L NEXel T|L A S[C|N[TD[NVIGNFTA . . . ... LA
EFX06636.1 210 D...GSGDALFFK|I TN S|T T D NI ANELE SN A E[C|T|TDINVIGNE TV . . . . . . M A
XP_003653515.1 202 X....SGPALLKVEN SITTDG[L NE{e T(H T E[C[V|TDNVISDTFQP . . . . . LA
ARB03889.1 204 N...GSAARALKKVTIN S TDN| NEe T|H TE[C|V|T|N[N IDDAFKP . . . . . LA
XP_007689899.1 199 S...GSAARLNKVEN STTN NEXE T|H TE[C[VK[D|SVIDTAF . . . . . KP|LA|
XP_009157238.1 221 SNSDGSGP[ALMG|LT|D GT SK|l DEXEIG|N N E[C[V|T|NIN I]D TS YGRAGLSN|LA
ACN43345.1 251 N...GSGARALAAVVN S THNI[ NE{eT[HAE[C|V|TNNVID .AFSS. .. .. LA
GAM37652.1 255 N...GSGARALAAVVN S THNI : NE{e] T[H SE|C|V|T|NNVID . AFSS. . ... LA
CAA61740.1 253 N...GSGARALLPVTN 5ISTTN|L I FD VEIKFL NE{e T[HAE|C|V|T|N[NAD . AFNN. . . .. LA
1GzJ 178 VN..... D[N MK S|L. T|D . . DK|T T YEMEIQF4T.)s DIGHE T|S A T|C[V[S|S|T I|IGQERITS . . . .|AT
AHX56800.1 179 VN..... D|S MK S|L T|D . . DX|T T YEMEIQF TS IGEXE T|S A A|C|[V[S|S|T I[GQERITS . . . .|AT
Q96WQS8. 1 186 VN..... D|N M|K N|L T[D . DK|I VY E MEIONS GHEIET|SE T[C|[V|S[E|T I|GKERVTE . . . .|AT
AAG50051.1 186 VN..... D|N M|K N|L T|D . DK|I VY EMEIOpe GHEe (S E T|C|V|S[E|T I|GKERVTE . . . .|AT|
XP_001257866.1 186 VN..... D[N L|K A[L T|D . . DK|IVYEMEION NS IGEXE T|S E S|C|[V|S|T|T I[GKERVTA . . . .|AT
BAD72778.1 189 VN..... D[N M|K N|L E|D .|- - DK|T VY QMEIOML IS IGEE T|S E T|C|V|S|G|T I[GQERVTS . . . .[AT]
ACB06750.1 185 VN..... T[N L[V S|L T|D . . NK[IVYEMEIONLINS IGEXE T|S D T|C[V|S|S|T I|GOQERVQS . . . .|AT
BAA29030.1 184 YN..... T[N L{V N|L T|D . . DK|I IYEMEIONLINS IGEXE T|S S D|C|V|S|T|T I|GAERVAA . . . .|AT
BAA82592.1 173 VNowswse D[N MK A[L T|D . .DK[L I YEMEIOFLS JGHE TN T A|C|V|S|S|T I|IGSERVTA. . . .|AT
BAA12676.1 240 TN..... N|N Z{A A|L RD|E . NK[LVYQMEIOMLINS DIGEXE T|S TAC|V[S[TIQVIGLQRVIG. . . .|AT
WP_020307908.1 187 VN...... anFLINDlpa .. . DRLIYEAMLMFED - 8K Y MalQT|SIRN IIDPMTI GVERARPF I
loop 6
Fig. 2 Multiple sequence alignments of 51 fungal cellulases of GH5. Two main groups are classified based on the residue at position 233

N233L, N233Y, N233W, N233K, N233V, and N233P).
Interestingly, some of the variants gave an increased spe-
cific activity, k_,,, and k_, /K, (catalytic efficiency). These
were N233A and N233G. These two variants also showed
increased specific activities of 1.3- and 1.7-folds toward
barley B-glucan in comparison to the wild type (Table 2).
The results in combination indicated that glycine or ala-
nine at position 233 contributed to the improved cata-

lytic performance of GtCel5.

Reverse mutations on TeEgI5A and PoCel5

In order to validate the effect of position 233 on catalytic
efficiency, reverse mutation was performed on another
two GH5 cellulases: TeEgl5A [20] and PoCel5. The

corresponding Gly216 of TeEgl5A and Gly210 of PoCel5
were substituted by asparagine or alanine, respectively, to
generate four variants TeEgl5A_G216A, TeEgI5A_G216N,
PoCel5_G210A, and PoCel5_G210N. All enzymes were
successfully produced in P. pastoris GS115 and showed
bands of theoretical molecular masses after Endo H treat-
ment (Additional file 2: Fig. S3).

With CMC-Na as the substrate, TeEgl5A and its vari-
ants TeEgl5A G216A and TeEgl5A_G216N were opti-
mally active at pH 4.0 and 90 °C, while PoCel5 and its
variants PoCel5_G210A and PoCel5_G210N showed
optimal activities at pH 5.0 and 60 °C (Additional file 2:
Fig. S4). These results indicated that the single specific
mutation of glycine with asparagine or alanine has no
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Fig. 3 Enzymatic properties of the wild-type GtCel5 and its variants. a pH-activity profiles tested at the optimal temperature of each enzyme with
10 mg/mL CMC-Na as the substrate in 100 mM citric acid—-Na,HPO,, buffer over the pH range of 2.2-7.0 for 10 min. b Temperature—activity profiles
tested at the optimal pH of each enzyme in the temperature range of 40-90 °C for 10 min. ¢ pH-stability profiles determined by measuring the
residual activity at optimal pH (100 mM citric acid-Na,HPO,) and temperature for 10 min after 1-h incubation at pH 1.0-12.0 and 37 °C without
substrate. d Temperature—-stability profiles investigated by measuring the residual activity at optimal pH and temperature after incubation at
different temperatures for various durations

Table 1 The kinetic values of GtCel5, TeEgI5A, PoCel5, and their mutants with CMC-Na as the substrate

Enzymes Specific activity K, (mg/mL) Vmax (HmMol/min/mg) Keat (/5) Keat/ K (ML/s/mg)
(U/mg)

GtCel5 1117+43 45403 1475+ 71 878 +44 195+6
N233G 1901 £ 21 3.6+£04 1802 +96 1072+£63 2978
N233A 1419+22 37403 1742+ 96 1036+57 283+4
N233D 1185£35 44+£0.7 1511498 899+87 2025
N233S 103926 7502 2302+£112 1370£74 184+£3
TeEgI5A 732+£10 74+03 1014154 600 £ 24 81.1£75
TeEgI5A_G216A 523+£30 109+£04 1255+94 732443 612+6.7
TeEgI5A_G216N 368+ 15 113£06 958+76 559433 494143
PoCel5 401£3 56+03 534+£28 311+£37 551452
PoCel5_G210A 374%2 55+£04 599+ 36 337+43 62.5+£12.1

PoCel5_G210N 1664 6.9£0.6 280432 163124 23.7£32
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Table 2 The substrate specificities of GtCel5 and its
variants

Enzymes CMC-Na (U/mg) Barley B-glucan
(U/mg)

GtCel5 1117+43 6257 +26

N233G 1901 £ 21 838357

N233A 1419422 7866 £ 56

N233D 1185£35 5869+33

N233S 1039426 5474443

effect on the pH-activity and temperature—activity pro-
files of TeEgl5A and PoCel5. However, great changes were
detected on the catalytic performance of variants, as the
specific activities of TeEgI5A_G216N and PoCel5_G210N
decreased to 50 and 41% of the wild types (Table 1). The
kinetic values of the variants showed similar trends, i.e.,
decreased or similar substrate affinity and catalytic effi-
ciencies. The results suggested that glycine at position
233 on loop 6 does make a contribution to the catalytic
performance of GH5 cellulases.

Homology modeling and MD simulation

To determine the structural changes caused by mutation
at position 233, the modeled structures of GtCel5 and its
variants N233A, N233D, and N233G with and without
substrate (G4) were constructed. MD simulations of 20 ns
at 323K were then performed. The RMSD of C, atoms
tended to be at equilibrium after 5 ns, and thus, the simu-
lation trajectory of the last 5 ns was selected for further
analysis. As shown in Fig. 4a, the RMSD values of vari-
ants N233A and N233G were lower than that of G¢Cel5,
suggesting that variants have more stable conformations
than the wild type. Moreover, the average RMSF values
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of N233A (1.84 A) and N233G (1.87 A) at loop 6 were
higher than that of GtCel5 (1.74 A) and N233D (1.46 A)
(Fig. 4b). These results suggested that loop 6, containing
the position 233 is more flexible in variants N233A and
N233G than in the GtCel5 and mutant N233D, which
may affect the interaction between enzyme and substrate.

The conformations of GtCel5 and its variants in the
force field AMBER99SB were chosen for the analysis of
putative hydrogen bonds. As shown in Fig. 5 and Table 3,
the Asn233 of GtCel5 and the Asp233 of N233D formed
two hydrogen bonds with Tyr228 and Asp230, and the
Tyr228 formed one more hydrogen bond with the cata-
lytic residue Glu267. These three hydrogen bonds had the
occupancy rates of 20-40%. However, in variants N233A
and N233G, Ala233, and Gly233 form only one hydrogen
bond with Asp230; the occupancy rates were 35 and 53%,
respectively; and the hydrogen bond between Tyr228 and
Glu267 was absent. The results confirmed that mutation
at position 233 has significant effects on the local hydro-
gen-bonding network.

Interactions between residue 233 and the substrate

The interactions between residue 233 and the substrate
were analyzed using the YASARA software. As shown
in Fig. 6, one hydrogen bond was formed between the
A233@0 and G4@H60 in variant N233A—cellotetraose
complex or G233@0O and G4@H60O in N233G-cello-
tetraose complex. The occupancy rates of these hydrogen
bonds were up to 37 and 45%, respectively. However, this
hydrogen bond was absent in the GtCel5. These results
are in accordance with the increased catalytic efficien-
cies of the two variants. Based on the MM/PBSA calcu-
lations, the wild-type G¢Cel5 has a binding free energy
(AG) of —2.74+0.2 k., /mol, while variants N233A and
N233G exhibit much lower AG values (—22.24+0.2 and

o

N233D

—— GfCel5 ——N233A ——N233G

RMSD (A)

0.0

0 5 10 15 20
Time (ns)

b —— GtCelS ——N233A ——N233G N233D

5.0
4.5 r
4.0
35+
3.0
25 |
2.0 |

HILN W

0.0

RMSF (A)

—_—

0 50 100 150 200 250 300 350

Residue number

Fig. 4 MD simulation analysis of the wild-type GtCel5 and its variants, N233A, N233D, and N233G, using the force field of AMBER99SB. The data are
collected at 323K for a minimum of 20 ns. a The RMSD values. The trajectories of first 5 ns were treated as equilibration periods, and the trajectories
of the last 15 ns were used for data analyses. b The RMSF values. The loop 6 region is indicated by the dashed box




Zheng et al. Biotechnol Biofuels (2018) 11:76

Page 9 of 13

Tyr228

Glu267

a
..
Asp230 o K Asn233 Asp230
’
’
3 Ala233
A L)
0 .
%ﬂzs Tyr228
o
.
Glu267
Glu267
c d

e

Asp230 b
R Gly233

Tyr228

.
o
%d

Glu267

purple. a GtCel5. b N233A. ¢ N233D. d N233G

Fig. 5 Hydrogen bonds probably formed at position 233 within GtCel5 and its variants without substrate. The residue of position 233 is shown in

—324 k. /mol, respectively). Moreover, the binding
energies of GtCel5 and its variants at position 233 were
also calculated. As shown in Fig. 7, N233G showed lower
binding energy than that of N233A and GtCel5. These
findings revealed a stronger interaction between the sub-
strate and N233G.

Discussion

GH5 is a large GH family containing enzymes with broad
substrate specificity and various activities, and those
from fungi are generally acidic and mesophilic [4]. In this
study, an acidic, mesophilic GH5 cellulase was identi-
fied in G. trabeum CBS 900.73. Based on the key amino
acid residue at position 233 of loop 6, the 51 fungal cel-
lulases of GH5 were classified into two main groups: one
with asparagine as shown in G¢Cel5 and 3QR3 [7], and
the other with glycine, as in cellulases TeEgl5A, PoCel5
and 1GZ] [6]. The roles of the residue at position 233
were then revealed in GtCel5 by saturation mutagen-
esis, which were further verified by reverse mutation in
GtCel5 homologs TeEgl5A and PoCel5.

Mobile surface loops have been found to play key roles
in protein functions. For example, the thermostability
and activity of cellobiohydrolase TeCel7A were improved
by introducing more disulfide bridges to the loop struc-
tures [34]. As for the N-a-acetyl transferase from Sulfolo-
bus solfataricus, changing the residues of the loop region
between sheets ;5 and B, destroyed the hydrogen bond
network and caused a decrease of 3-7 °C in the protein
melting temperature [35]. In the present study, the resi-
due at position 233 was found to have effects on both
thermal adaptation and catalytic efficiency of G¢Cel5. The
temperature—activity profiles of GtCel5 and its variants
showed great variations. Bioinformatic analysis indicated
that the local hydrogen bond network of loop 6 (Fig. 5)
varied in the enzymes, which probably contribute to the
thermal adaptability.

As the best variants, the catalytic performances of
N233A and N233G were compared to that of commer-
cial cellulases. When using CMC-Na as the substrate,
the specific activities of the widely used cellulase Cel5A
from Hypocrea jecorina (Trichoderma reesei) [36] and
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Asn233

Asp230

Fig. 6 Hydrogen bonds probably formed at position 233 within the
complexes of GtCel5 or its variants and cellotetraose. The residue of
position 233 is shown in purple, and the cellotetraose is shown in
blue. a GtCel5. b N233A. ¢ N233G

the commercial cellulase from Thermotoga maritime
(Magazyme) are 215.6 and 245 U/mg, respectively, which
were much lower than those of N233A (1419 U/mg) and
N233G (1901 U/mg). However, other variants had similar
or decreased activities (Fig. 3). MD simulation analyses
indicated that variants N233G and N233A have higher
RMSEF values in the region of loop 6, which are cor-
respondent to the improved loop flexibility, especially
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in N233G. Glycine without side chain has been found
to contribute to conformational flexibility of some loop
regions, and consequently has effects on enzymatic catal-
ysis and substrate binding. For example, a glycine-rich
loop is postulated to undergo conformational change for
substrate binding in the mitochondrial-processing pepti-
dase [36], while residue G76 contributes to the active-
site loop flexibility of a pepsin [37]. Variants N233A and
N233G with more flexible loop 6 showed improvements
in substrate affinity (decreased K, values), turnover rate
(increased k, values), and catalytic efficiency (increased
k! K, values) (Table 1), which confirmed the effects of
alanine and glycine on the loop conformation. Moreover,
MD calculation indicated that the improved flexibility of
the loop 6 probably affects the hydrogen-bonding net-
work near the active site indirectly (Fig. 5, Table 3). As
a result, the conformational freedom of catalytic Glu267
is reduced. However, without the steric hindrance caused
by the hydrogen bond between Tyr228 and Glu267, vari-
ants N233A and N233G probably experienced a confor-
mational change of the catalytic pocket. Consequently,
these variants having higher mobility at loop 6 and a dif-
ferent hydrogen bond pattern at the active site may bind
substrates more easily and thus catalyze the hydrolysis of
substrate more efficiently.

To the best of our knowledge, hydrogen bonds are
also crucial in substrate recognition and binding [38,
39]. Therefore, we also investigated the hydrogen bonds
between the enzyme and substrate. MD analysis of the
enzyme—substrate complex dynamics indicated that the
Asn233 of GtCel5 has no direct ligand contact with G4,
while Ala233 or Gly233 of variants N233A and N233G
was more likely to form a hydrogen bond with G4 with
higher occupancy rates. Although this hydrogen bond
was also identified in N233D, the occupancy rate was
much lower (27%). This result is in agreement with
the increased catalytic efficiencies of variants N233A
and N233G. Similar results have been reported in the
TrCel7A from T reesei, in which hydrogen bond inter-
action exists in the whole catalytic process and plays a
role of special importance in stabilizing the intermedi-
ate state and improvement of the catalytic performance
[40]. Besides, in TIXynl0A_P from Talaromyces leycet-
tanus, G149D on the loop 4 is able to form a hydrogen
bond with substrate and probably plays a major role in
the improvement of catalytic performance [41]. To ana-
lyze the binding affinity of substrate and enzyme, we
performed MM/PBSA calculations, and found that the
binding energies of GtCel5 and its variants are in the
order of N233G < N233A < GtCel5. These data are corre-
spondent to the experimental work that showed N233G
and N233A having higher affinity with cellotetraose than
withGtCel5 (Tables 1, 2). Therefore, the substitution of
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Fig. 7 Binding energies of the residue at position 233 within GtCel5,
N233A, and N233G in the last 1000 steps of MD trajectories
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Asn233 with alanine or glycine might cause the enzyme
to form more stable hydrogen bonds with the substrate
and improve the interactions between enzyme and sub-
strate, and consequently enhance the substrate’s binding
and catalytic efficiencies.

Conclusions

In the present study, an acidic, mesophilic cellulase of
GH5 was identified in G. trabeum CBS 900.73 and pro-
duced in P, pastoris GS115. Structure and sequence anal-
yses indicated that the residue at position 233 on loop 6
plays a crucial role in the catalytic performance of GH5
cellulases. By increasing the local hydrogen bond inter-
actions around the residue at position 233 and between
the enzyme and substrate, the substrate affinity was
enhanced, as was the catalytic efficiency. Considering the
significance of GH5 cellulases in biomass conversion, the
findings are valuable for the protein engineering of GH5
cellulases in the viewpoints of research, development,
and industrial applications.
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Additional file 1: Table S1. Primers used in this study.

Additional file 2: Fig. S1. The phylogenetic analysis of GtCel5 and

other GH5 enzymes of bacterial and fungal sources. GenBank acces-

sion numbers or PDB numbers are shown. Fig. S2. SDS-PAGE analysis of
GtCel5 and its variants. M, the molecular weight markers; 1,4, 7 and 10,
the crude enzymes; 2, 5,8 and 11, the purified enzymes; 3, 6,9 and 12,
the deglycosylated enzymes with Endo H treatment. Fig. S3. SDS-PAGE
analysis of TeEglI5A, PoCel5 and their variants. M, the molecular weight
markers; 1,4 and 7, the crude enzymes; 2, 5 and 8, the purified enzymes;
3,6and 9, the deglycosylated enzymes with Endo H treatment. Fig. S4.
Enzymatic properties of the wild type TeEgI5A, PoCel5 and their variants.
(A) pH-activity profiles of TeEgI5A and its variants tested at the optimal
temperature of each enzyme (90 °C) over the pH range of 3.0-7.0 for

10 min. (B) Temperature-activity profiles of TeEgI5A and its variants tested
at the optimal pH of each enzyme in the temperature range of 50-95 °C
for 10 min. (C) pH-activity profiles of PoCel5 and its variants tested at the
optimal temperature (60 °C) over the pH range of 3.0-8.0 for 10 min. (D)
Temperature-activity profiles of PoCel5 and its variants tested at the opti-
mal pH of each enzyme in the temperature range of 40-90 °C for 10 min.
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Abbreviations

CMC-Na: carboxymethycellulose sodium; G4: cellotetraose; MD: molecular
dynamics; RMSD: root-mean-square deviation; RMSF: root-mean-square
fluctuation; MM/PBSA: molecular mechanics/Poisson Boltzmann and surface
area continuum solvation.
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