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Abstract The endoglucanase, EGA, from Bacillus sp.
AC-1 comprises a glycosyl hydrolase family-9 catalytic
module (CM9) and a family-3 carbohydrate-binding
module (CBM3). Seven aromatic residues were sub-
jected to site-directed mutagenesis in both CBM3 and
EGA to investigate their roles in enzyme thermostabil-
ity. The complexes generated by mixing CBMY527G,
CBMW532A, or CBMF592G with CM9 each lost their
activities after 15 min at 45°C, while the wild-type
complex retained >70% activity after 2 h. The mutants
EGAYS527G, EGAWS532A, and EGAF592G showed
little activity after 15 min at 60°C, whereas EGA
remained 70% active after 2 h. Thus the residues Tyrs,7,
Trpss, and Phesg, contribute not only to CBM3-
mediated stability of CM9 but also to EGA thermosta-
bility suggesting that hydrophobic interaction between
the two modules, independent of covalent linkages, is
important for enzyme thermostability.
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Introduction

Most cellulases consist of at least one catalytic module
(CM) and a carbohydrate-binding module (CBM)
(Rabinovich et al. 2002). CBMs are responsible for
attaching enzymes to insoluble polysaccharide sur-
faces, thereby increasing the local enzyme concentra-
tion (Simpson et al. 2000), whereas CMs perform
hydrolysis of substrates. Many cellulase CMs and
CBMs have been expressed and analysed as isolated
modules (Nakazawa et al. 2008; Ziegelhoffer et al.
2009) and indicate that these modules can function
independently. However, the omission of CBM from
cellulase can affect enzyme stability. For example, the
deletion of CBM from Ampullaria crossean cellulase
EGX decreased enzyme thermostability (Ding et al.
2008), and the removal of the family Illc cellulose
binding domain (CBD) from Clostridium stercorari-
um cellulase CelZ also adversely affected enzyme
thermostability (Arai et al. 2003). The mechanism by
which CBM alters cellulase thermostability has not
been studied in detail.

Aromatic amino acid residues in CBMs play
important roles in binding polysaccharides through
the formation of hydrophobic stacking interactions
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with the non-polar sugar rings of substrates (Hilden
and Johansson 2004; Hashimoto 2006). However,
whether those aromatic residues take part in main-
taining the thermostability or activity of the enzyme
remains unknown.

In a previous study, we found that a novel
endoglucanase, EGA, from Bacillus sp. AC-1 com-
prises a glycosyl hydrolase family-9 catalytic module
(CM9) and a family-3 carbohydrate-binding module
(CBM3). The isolated CBM3 enhanced the thermo-
stability of CM9, reflecting molecular interactions
independent of covalent linkage (Zhang et al. 2007).
In the present study, seven aromatic amino acids were
mutated in both CBM3 and EGA to investigate the
relative importance of these residues in CBMS3-
mediated CM9 thermostability. The enzyme thermo-
stabilities were monitored on the basis of the
inactivation time at a particular temperature. The
results revealed that Tyrsy;, Trpssp, Phesso, and
Phesq, are central to maintaining hydrophobic inter-
actions between the modules, thereby contributing to
enzyme thermostability.

Materials and methods
Reagents

Carboxymethylcellulose (CMC-Na), PMSF and oat-
spelt xylan were purchased from Sigma (USA). IPTG
was from Sanland-Chem (USA). Dpnl was purchased
from New England Biolabs (USA), and PrimeSTAR
HS DNA polymerase was from Takara (Japan). The
other chemicals used were reagent grade from
Shanghai Chemical Industries (China).

Construction of CBM3 and EGA mutants

The plasmids pET-28a_CBM3 and pET-28a_EGA,
constructed as previously described (Zhang et al.
2007), served as templates for all PCRs. The amino
acid residues of interest were individually changed to
alanine or glycine using the oligonucleotide primers
listed in Supplementary Table 1. All PCRs were
performed with a PrimeSTAR polymerase kit (Taka-
ra). After PCR, Dpnl was added to each 50 ul PCR
mixture and incubated at 37°C for 1 h. Each result-
ing plasmid was transformed into E. coli ToplO,
amplified and sequenced.
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Expression and purification of mutated proteins

Escherichia coli BL21 (DE3) harbouring the recom-
binant plasmid was cultured in LB medium contain-
ing 30 pg kanamycin/ml at 37°C until the ODgq
reached 0.8. Protein expression was induced at 16°C
by adding IPTG at 1 mM for 20 h. Bacteria were
harvested by centrifugation at 10,000xg for 10 min
at 4°C. The pellets were resuspended in buffer
containing 20 mM Tris/HCI (pH 8.0), 500 mM NacCl,
5% (v/v) glycerol and 0.5 mM PMSF, sonicated
(UP200H cell disruptor, Heilscher, Germany) for
30 min in an ice bath and then centrifuged at
12,000x g for 30 min at 4°C to remove cell debris.
The protein was purified from the supernatant using
HisTrap HP (Qiagen) in accordance with the manu-
facturer’s protocols and then dialysed against 20 mM
sodium phosphate buffer (pH 6.5).

Binding assays

Binding isotherms were performed as described with
a few modifications (Bolam et al. 2001). The free
protein concentration (M) in the supernatant was
determined by the Lowry method. The bound poly-
peptide concentration (umol/g of substrate) was
calculated from the concentration of total protein
minus free protein. The data were analysed by
nonlinear regression using a one-site binding model
(GraphPad Prism). To determine the relative equilib-
rium association constant K, (I/g), we used the
method described by Gilkes et al. (1992). This
enabled comparison of the affinities of various related
ligands for a given preparation of polysaccharide.

Enzyme assay

The enzyme reaction mixture contained the appro-
priate enzymes and 100 pl 1% CMC-Na (1%, w/v in
sodium phosphate buffer, pH 6.5). The reactions were
carried out at 50°C for 10 min and were terminated
by adding 0.25 ml DNS and then heating the mixture
in a boiling water bath for 6 min. After adding
0.25 ml H,O, the absorbance was measured at
540 nm (Miller 1959). One unit of enzyme is defined
as the amount of enzyme that catalyses formation of
1 pmol glucose per min under the assay conditions.
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Effects of temperature and pH on enzyme activity
and thermostability

In a previous study, asEGA represents a complex
generated by mixing the purified CM9 and CBM3 at
4°C in a 1:1 ratio of (Zhang et al. 2007). Here, each
CBM3 mutant was mixed with CM9 to generate
mutated asEGA. To analyse the properties of asEGA
and its mutants, reactions were carried out at 35°C,
while 50°C was used for EGA and its mutants. The
optimal reaction pH was assessed with buffers
containing potassium phosphate, citric acid, barbi-
tone, boric acid, and NaOH with pH values ranging
from 3.0 to 12.5. The stability of pH in the assay
buffers was monitored at 4°C for 2 h. The optimal
reaction temperature was evaluated over the range of
30-80°C in 20 mM sodium phosphate buffer (pH
6.5). The thermostability of the mutated asEGA
complexes was tested by incubating the enzyme at
45°C for various intervals (0—120 min), whereas the
mutated EGA complexes were incubated at 60 and
50°C also at various intervals (0—120 min).

Results
Generation of mutants of CBM3 and EGA

Nine aromatic amino acid residues in CBM3, namely,

Tyrsa7, Trpssz, Phesys, Tyrsas, Tyrsas, Tyr s79, Tyr
586, Phesg; and Phesq,, were subjected to site-directed

Cel9G-CBM
CelZ-CBEM
Cell-CEM
CelB-CBM
EgltA-CBM
EGA-CBM

Cel9G-CBM
CelZ-CEM
Cell-CEM
CelB-CBM
EgltA-CBM
EGA-CBM

Fig. 1 Alignment of CBM3 of EGA with other family-3
CBMs. The asterisks indicate the locations of the substituted
amino acid residues, and the numbers correspond to the

mutagenesis to investigate their functions. Sequence
analysis of CBM3 indicated that eight of these
residues were conserved in family-3 CBMs (Fig. 1).
Each of these nine residues was substituted with
alanine or glycine. The mutants CBMY544G and
CBMY545G were expressed as inclusion bodies in
E. coli BL21 (DE3), reducing the number of CBM3
mutants available for analysis to seven. These seven
mutants were CBMY527G, CBMWS532A, CBMF
542G, CBMY579G, CBMY586G, CBMF587G, and
CBMF592G. The same residues were mutated in
EGA, providing the following seven mutants: EGAY
527G, EGAWS532A, EGAF542G, EGAY579G, EGA
Y586G, EGAF587G, and EGAF592G. All the mutant
proteins were expressed in E. coli BL21 (DE3) in
soluble form and were purified using one-step
chelation chromatography to apparent homogeneity,
as judged by SDS-PAGE (Fig. 2).

Affinities of CBM3 and its mutants for insoluble
xylan

Binding-isotherm measurements were performed to
determine the affinities of CBM3 and its mutants for
the insoluble oat-spelt xylan. K, the relative equilib-
rium constant (1/g), was determined as a measure of
the relative affinities between different proteins and
the substrate (Gilkes et al. 1992). The affinities of
CBM3 and its mutants for this substrate were
analysed, with the results shown in Table 1. The K,
values of CBMY527G, CBMW532A, CBMF542G,

positions of these residues in the full-length enzyme EGA.
Highly conserved residues are indicated by boxes
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Fig. 2 SDS-PAGE analyses of the purified mutated proteins.
a SDS-PAGE of the CBM3 mutants. Lane 1, CBM3; lane 2,
CBMY527G; lane 3, CBMWS532A; lane 4, CBMF542G; lane
5, CBMY579G; lane 6, CBMY586G; lane 7, CBMF587G;
lane 8, CBMF592G. b SDS-PAGE of the EGA mutants. Lane
1, EGA; lane 2, EGAY527G; lane 3, EGAWS532A; lane 4,
EGAF542G; lane 5, EGAYS579G; lane 6, EGAY586G; lane 7,
EGAF587G; lane 8, EGAF592G. M, molecular mass standards
97.4, 66.2, 43.0, 31.0, 20.1, 14.4 kDa

and CBMF592G were lower than that of the wild-type
CBM, which indicates that these mutants had lower
affinities for insoluble xylan, with CBMW532A
showing the lowest affinity among the seven mutants.

Enzymatic properties of the asEGA mutants

The seven CBM3 mutants were mixed with CM9 of
EGA to generate seven asEGA mutant complexes,
which were asEGAY527G, asEGAWS532A, asEGAF
542G, asEGAYS579G, asEGAY586G, asEGAF587G,
and asEGAF592G. The effects of temperature and pH
on these mutants were analysed. All complexes had
similar optimal pH values (Table 2) and pH stability
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Table 1 Binding of CBM3 and its mutants to oat-spelt xylan

CBMs K. (IVg)
CBM3 0.44
CBMY527G 0.28
CBMW532A 0.16
CBMF542G 0.24
CBMY579G 0.47
CBMY586G 0.37
CBMF587G 0.48
CBMF592G 0.25

The binding reactions were carried out at 4°C in 20 mM
sodium phosphate buffer, pH 6.5, at protein concentrations
ranging from 1 to 200 pM. Protein (250 pl) was added to
0.5 mg of insoluble oat-spelt xylan (washed twice) and
incubated for 3 h with gentle mixing. Each sample was
centrifuged at 10,000xg for 1 min to remove the polysac-
charide. The relative equilibrium association constant, K, (1/g),
of each protein was calculated from the free protein
concentration (M) and the bound polypeptide concentration
(umol/g of substrate) using a one-site binding model (GraphPad
Prism), as described by Gilkes et al. (1992)

Table 2 Enzymatic properties of the asEGA mutants

Optimal temperature (°C) Optimal pH
asEGA 50-55* 7.0
asEGAYS527G 35-40 7.0
asEGAWS532A 35 7.0
asEGAF542G 50 6.0
asEGAYS579G 50 6.0
asEGAY586G 50 7.0
asEGAF587G 50 6.0
asEGAF592G 35 7.0
CM9 35° 7.0

The optimal reaction temperature of each complex was
determined at different temperatures varying from 30 to 80°C
for 10 min in 20 mM sodium phosphate buffer (pH 6.5). The
optimal reaction pH was tested in the assay buffers with pH
ranging from 3.0 to 12.5 for 10 min

? Determined in previous work (Zhang et al. 2007)

profiles (Fig. 3a), but asEGAWS532A, asEGAF592G,
and asEGAY527G exhibited much lower optimal
reaction temperatures than that of wild-type asEGA
(Table 2). The thermostability assays were performed
by incubating the seven asEGA mutants at 45°C for
various the wild-type asEGA and CM9 serving as two
controls (Fig. 3b).
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Fig. 3 Effects of pH and temperature on the stabilities of the
asEGA mutants. a Effects of pH on the stabilities of the
complexes. The complexes were incubated at different pH
conditions at 4°C for 2 h, and their residual activities were
assayed at 35°C. b Effects of temperature on the stabilities of

The mutants, asSEGAY527G asEGAWS532A, and
asEGAF592G and CM9 had extremely low thermo-
stabilities: almost all activity was lost after 15 min.
On the other hand, asEGAF542G retained approx.
50% activity under the same conditions. However,
when the incubation time was extended to 60 min,
asEGAF542G retained only 10% activity.

Enzymatic properties of the EGA mutants
The optimal reaction temperatures of EGAWS532A

and EGAF592G were much lower than that of wild-
type EGA, while those of EGAY527G, EGAF542G,

a0

120 150

the complexes. Thermostability experiments were performed
by incubating the complexes at 45°C for different times (from
0 to 120 min). Residual activity was assessed at 35°C. The
wild-type asEGA and CM9 served as controls

and EGAF587G were slightly lower than that of wild-
type EGA (Table 3).

The thermostability assays were performed by
incubating the seven EGA mutants at 60°C for
various intervals, and wild-type EGA served as a
control (Fig. 4b). EGAWS532A and EGAF592G lost
all activity after incubation for 15 min, and EGAY
527G was inactive after 30 min. When the incubation
time was extended to 120 min, EGAF542G lost its
activity, while the wild-type EGA remained approx-
imately 60% active. Another thermostability assay,
performed at 50°C, showed that after 2 h, EGAW
527A was completely inactive whereas EGAF592G
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Table 3 Enzymatic properties of the EGA mutants

Optimal Optimal pH Specific

temperature activity

(°C) (U/mg)
rEGA 65-70% 6.0* 60
rEGAYS527G 60 7.0 47
rEGAWS532A 50 6.0 31
rEGAF542G 60 6.0 45
rEGAY579G 65 7.0 59
rEGAY586G 65 7.0 62
rEGAF587G 60 7.0 60
rEGAF592G 50 6.0 48

The optimal reaction temperature of each mutant was deter-
mined by incubation at different temperatures varying from 30
to 80°C for 10 min in 20 mM sodium phosphate buffer (pH
6.5). The optimal reaction pH was tested in the assay buffers
with pH ranging from 3.0 to 12.5 for 10 min

? Determined in previous work (Zhang et al. 2007)

retained more than >80% activity. EGAWS527A had
the lowest thermostability among the seven mutants
(Fig. 4c¢).

The specific activities of the seven mutants
towards CMC (1%, w/v) are shown in Table 3.
EGAWS532A had the lowest specific activity, which
was 50% lower than that of EGA, whereas those of
EGAYS527G, EGAF542G and EGAF592G were
approx. 20% lower than that of EGA. Mutations of
Tyrss9, Tyrsgs, and Phesg; had little effect on either
the thermostability or the specific activity of EGA.

Discussion

The binding of CBMs to polysaccharides is medi-
ated primarily by hydrophobic stacking interactions
between sugar pyranose rings and aromatic amino
acids (Shoseyov et al. 2006). In this study, Tyrs,7,
Trpsso, Phessy, and Phesg, in CBM3 were found to
play roles in binding to insoluble substrates; this role
is exemplified by the Trpsz,Ala substitution, which
caused a significant decrease in xylan binding affinity.
The mutant CBMW532A thus had the weakest
hydrophobic interactions with the sugar pyranose
rings among the four mutants. Enzyme activity assays
of the asEGA mutants also revealed that, compared to
the wild-type CBM3, the CBMY527G, CBMW532A,
CBMF542G, and CBM592G mutants had almost
no ability to enhance CMO stability. These results
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Fig. 4 Effects of pH and temperature on the stabilities of the
EGA mutants. a Effects of pH on the stabilities of the EGA
mutants. The enzymes were incubated at different pH
conditions at 4°C for 2 h, and their residual activities were
assayed at 50°C. b Effects of temperature on the stabilities of
the EGA mutants. Thermostability experiments were per-
formed by incubating the enzymes at 60°C for different times
(from O to 120 min). Residual activity was assessed at 50°C.
¢ Effects of temperature on the stabilities of EGAWS532A and
EGAF592G. Thermostability experiments were performed
by incubating the two proteins at 50°C for various times (from
0 to 120 min). Residual activity was assessed at 50°C. The
wild-type EGA served as a control

suggest a potentially important role for these four
aromatic residues in maintaining hydrophobic inter-
actions between the modules to stabilise CM9. By
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Fig. 5 Three-dimensional structure of CBM3 predicted by
Swiss-Model (Schwede et al. 2003) and visualised in the
Swiss-Pdb viewer (Guex et al. 1997). Tyryy, Trpso, Pheso, and

using the three-dimensional structure of chain A of
Thermomonospora-derived exocellulase (1JS4_A) as
a template, the hypothetical conformation of CBM3
was predicted by the Swiss-Model (Schwede et al.
2003) (Fig. 5). The two amino acids Tyr527 and
Trp532 are exposed to solvent, and their aromatic
rings may interact with the CM9 module through
hydrophobic interactions. Phe542 and Phe592 are
located on the inside of the protein, and their aromatic
rings may interact with each other to maintain the
stability of CBM3. These potential interactions might
be the reason why substitution of these four aro-
matic amino acids leads to significant declines in the
thermostability of the complex.

Mutations of the seven aromatic amino acid residues
in the full-length EGA endoglucanase were also
performed to evaluate their effects on enzyme ther-
mostability and activity. The mutants EGAY527G,
EGAF542G, EGAF592G, and especially EGAWS532A
showed significantly lower stabilities as compared to
that of wild-type EGA. Mutations of the same four
residues caused decreased thermostabilities for the
asEGA complex and for the full-length EGA enzyme.
These results indicate the importance of these four
aromatic residues in maintaining hydrophobic inter-
actions between the two modules, and this interaction,

Phe g9 in CBM3 corresponded to Tyrsy;, Trpssp, Phesss, and
Phesq, in EGA, respectively

independent of covalent linkage, is necessary for
normal enzyme thermostability.

We document here for the first time the importance
of aromatic residues in CBM on enzyme thermosta-
bility, and these results may provide new directions for
the protein engineering of cellulases, with the intent of
improving their stability for industrial applications.
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