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Endo-1,3-β-glucanase from Cellulosimicrobium
cellulans DK-1 has a carbohydrate-binding module
(CBM-DK) at the C-terminal side of a catalytic
domain. Out of the imperfect tandem α-, β-, and
γ-repeats in CBM-DK, the α-repeat primarily
contributes to β-glucan binding. This unique feature
is derived from Trp273 in α-repeat, whose corre-
sponding residues in β- and γ-repeats are Asp314
and Gly358, respectively. In this study, we generated
Trp-switched mutants, W273A/D314W, D270A/
W273A/D314W, W273A/G358W, and D270A/
W273A/G358W, and analyzed their binding abilities
toward laminarioligosaccharides and laminarin.
While the binding affinities of D270A/W273A and
W273A mutants were either lost or much lower
than that of the wild-type, those of Trp-switched
mutants recovered, indicating that a Trp introduc-
tion in β- or γ-repeat can substitute the α-repeat by
primarily contributing to β-glucan binding. Thus,
we have successfully engineered a CBM-DK that
binds to laminarin by a mechanism different from
that of the wild-type, but with similar affinity.

Key words: isothermal titration calorimetry; protein
engineering; repeat preference for β-glu-
can binding; surface plasmon resonance
biosensor

Non-catalytic carbohydrate-binding module (CBM)
is often attached to catalytic unit of carbohydrate
degrading enzymes, both of which fold independently.
To date, CBMs have been classified into 80 different
families based on the amino acid sequence, binding
specificity, and three-dimensional structure.1) Investigat-
ing the role of CBMs in enzymes has shown that they
contribute to the catalytic activity and the stability of
enzyme.2,3) The carbohydrate binding analysis of
CBMs can also help us understand the molecular
recognition mechanism in carbohydrate–protein interac-
tions, which can have wide range of applications in
drug design and as diagnostic tools.4,5)

Endo-1,3-β-glucanase from Cellulosimicrobium
cellulans DK-1 has a catalytic domain and a CBM
(CBM-DK), classified in family 13, connected by a
Gly/Ser-rich linker region.6,7) The CBMs in family 13
have a β-trefoil fold displaying the pseudo-3-fold
symmetry arising from imperfect tandem α-, β-, and
γ-repeats, each of which has a putative carbohydrate-
binding site.8) We recently found that the α-repeat of
CBM-DK primarily contributes to β-glucan binding,9) a
property different from other CBMs in family 13 from
Streptomyces lividans xylanase 10A and Streptomyces
olivaceoviridis E-86 xylanase.10,11) The CBM13 lectin-
like xylan binding domain from Streptomyces lividans
xylanase 10A was reported to have different repeat
preferences for the respective substrates.12) Based on
the available crystal structures, we had hypothesized
that the conserved Asp residues, Asp270 in α-repeat,
Asp311 in β-repeat, and Asp355 in γ-repeat would con-
tribute to β-glucan binding. Using mutational experi-
ments, we showed that Asp270 primarily contributes to
the binding of laminarioligosaccharides and laminarin,
and Asp311 and Asp355 additionally contribute to the
multivalent binding of laminarin.9) We also showed that
the unique α-repeat preference for β-glucan binding of
CBM-DK is due to the Trp273 residue in α-repeat,
which could be exposed to the solvent and interact with
β-glucan. In the amino acid sequence of CBM-DK,
Trp273 corresponding residues in β- and γ-repeats are
Asp314 and Gly358, respectively (Fig. 1). The absence
of Trp residues in β- and γ-repeats was hypothesized to
result in the α-repeat contributing primarily to β-glucan
binding. In this study, we substituted Trp at 273 with
Ala, and switched the residues at 314 and 358 with
Trp, as W273A/D314W and W273A/G358W muta-
tions, respectively. The effects of these mutations on
β-glucan binding were analyzed using surface plasmon
resonance (SPR) biosensor and isothermal titration
calorimetry (ITC). As β-glucans, both laminarioligosac-
charides and laminarin were used. The binding of lami-
narioligosaccharides to CBM-DK is monovalent, while
that of laminarin is multivalent, due to its longer chain.
In the SPR system, the multivalent binding of
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laminarin can involve several CBM molecules immobi-
lized on the sensor chip, increasing the binding strength
depending on the laminarin concentration, as reported
previously.9) In contrast, ITC can detect the interaction
of laminarin with a single CBM-DK molecule. The
SPR and ITC results clearly showed that the α-repeat
preference of CBM-DK for β-glucan binding could be
switched by Trp introduction in other repeats.

Materials and methods
Materials. Laminarin from Laminaria digitata and

laminarioligosaccharides from Poria cocos were pur-
chased from Sigma–Aldrich Co. (USA) and Seikagaku
Kogyo Co. (Japan), respectively. The plasmid vector,
pET28a (Novagen, USA), was used for expression of
CBM-DK and its mutant proteins.

The plasmid DNAs of CBM-DK mutant proteins
were obtained by site-directed mutagenesis. The protein
with an N-terminal polyhistidine-tag was overexpressed
in E. coli, and purified as described previously.9) The
protein concentration was calculated from absorbance
of 280 nm using molar extinction coefficient, 3.5 × 104

M−1cm−1 for the wild-type and its modified values for
the mutants, depending on the number of Trp.

Circular dichroism (CD) measurements. Far-UV
(200–250 nm) CD spectra were measured on a Jasco
J-820 spectropolarimeter at 20 °C equipped with Peltier-
type temperature control system. The spectra were
obtained for the protein concentration, 0.02 mg/ml, in
40 mM potassium phosphate buffer (pH 7.0), using
quartz cell with 1.0-cm path-length. CD spectra were
obtained using scanning speed of 20 nm/min, a time
response of 1 sec, a bandwidth of 1 nm, and an average
over 4 scans. The melting curves were recorded in tem-
perature mode at 230 nm, from 20 to 80 °C with a heat-
ing rate of 1.0 °C/min. The analysis of the transition
curves obtained by temperature-scanning CD measure-
ments was performed on the basis of two-state transition
model, as described previously.13)

Analytical ultracentrifugation (AUC) measure-
ments. Analytical ultracentrifugation sedimentation
velocity (AUC-SV) experiments were performed using
a Beckman Optima XL-A analytical ultracentrifuge
equipped with the 4-hole An60 Ti rotor at 20 °C, as
described previously.14) The concentration of CBM-DK
was 37 μM in 40 mM potassium phosphate buffer (pH
7.0) and the speed of rotation was 60,000 rpm. A radial
step size of 0.003 cm was used for scanning which was
carried out for 2 min in continuous scan mode and data

were collected using absorbance optics at 290 nm. The
distribution of sedimentation coefficient was analyzed
using c(s) method of Program SEDFIT.15)

SPR measurements. SPR experiments were carried
out at 25 °C using Biacore 2000 (GE Healthcare) as
described previously.9) CBM-DK proteins were immo-
bilized on the dextran surface of a CM5 sensor chip
(GE Healthcare) with amine coupling method. The β-
glucan analyzed was diluted in PBS containing 0.005%
Tween 20 (running buffer) and the association of each
solution was recorded at rate of 20 μl/min for 3 min.
The sensorgrams obtained were first examined by
adjusting for background changes reflected in the bulk
refractive index, using sensorgrams of interactions
between β-glucan and negative control dextran surface
on the chip. The equilibrium association constant (Ka)
values were determined by Scatchard analysis.

ITC measurements. ITC experiments were carried
out at 25 °C using iTC200 (Malvern) as described pre-
viously.9) All samples were in 40 mM phosphate buffer
(pH 7.0). The solution of laminarin was titrated into
the solution of CBM-DK proteins. The heat for each
injection was subtracted from the dilution heat of the
titrant. Each corrected heat was divided by the moles
of laminarin injected and was analyzed using the
Origin software supplied by Malvern.

Results

Based on the assumption that Trp273 of CBM-DK is
the key residue responsible for the role of α-repeat in
β-glucan binding, we modified Trp273 deleted mutants,
W273A and D270A/W273A, by substituting the resi-
dues Asp314 and Gly358, corresponding to Trp273 in
β- and γ-repeats, respectively, with Trp (Fig. 1). As
reported previously,9) D270A mutant lost the laminarin
binding ability, while W273S mutant showed reduced
activity. The introduction of Trp in β- and γ-repeats in
the mutants with decreased binding affinities was
expected to detect whether Trp-focused mutations can
restore β-glucan binding affinities. We overexpressed
CBM-DK and its mutants, D270A/W273A, W273A,
W273A/D314W, W273A/G358W, D270A/W273A/
D314W, and D270A/W273A/G358W, with an N-termi-
nal His-tag. Purification yielded proteins with more
than 95% purity, as estimated by SDS-PAGE analysis
(data not shown). The far-UV CD spectra of purified
CBM-DK and its mutant proteins indicated that they
fold correctly (Fig. 2(a)). The thermal stability analysis

Fig. 1. The amino acid sequence of CBM-DK. The sequence alignments of α-, β-, and γ-repeats were carried out based on the 3D structure
model of CBM-DK, reported previously9). Single dashes denote identity to α-repeat, and double dashes indicate no amino acid residue at that
position.
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using CD indicated that the analyzed proteins exist in
the folded state at a temperature below 40 °C (data not
shown). The AUC-SV experiments for CBM-DK wild-
type and D270A/W273A/G358W showed two peaks: a
main peak (13.8 kDa for wild-type, 14.4 kDa for
mutant) and a minor peak (27.1 kDa for wild-type,
25.6 kDa for mutant), corresponding to the expected
molecular masses of monomers (theoretical value,
15.5 kDa) and dimers (theoretical value, 31.1 kDa),
respectively (Fig. 2(b)). The results indicate that
CBM-DK molecules exist mainly in a monomeric state
(~70%). Taken together, all the CBM-DK mutant
proteins showed tertiary structures and folded states,
similar to those of the wild-type.

The interactions of the Trp-switched mutants with
laminarioligosaccharides and laminarin were analyzed
using SPR biosensor, Biacore (Fig. 3). The binding
affinities determined from Scatchard analysis are sum-
marized in Table 1. As reported previously,9) CBM-DK
interacts with laminarioligosaccharides in a monovalent
manner, while it interacts with laminarin in a multiva-
lent manner. In Scatchard plots for laminarin binding,
the different binding modes resulted in a gradual
increase in the slope at a lower occupancy. Therefore,
the Ka values were determined from a linear fit in a
concentration range of 5–40 and 0.625–5 μM of lami-
narin, and these values were compared between the
CBM-DK molecules (Table 1). The binding affinities

Fig. 2. Secondary structure and monomeric state analyses. (a) Far-UV CD spectra of CBM-DK wild-type (solid line), D270A/W273A/D314W
(dotted line), and D270A/W273A/G358W (broken line). The spectra of other mutants used in this study were also similar. (b) (upper) Sedimenta-
tion pattern and best fit result obtained from the c(s) analysis of a solution of CBM-DK wild-type and D270A/W273A/G358W. Residuals between
observed data and best-fit result are also indicated. (lower) Distribution of CBM-DK wild-type and D270A/W273A/G358W.
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of D270A, D270A/W273A, and W273A mutants to
both laminarioligosaccharides and laminarin were either
lost or much lower than that of the wild-type. Mutants
with Trp introduced in their β- and γ-repeats showed
higher binding affinities than those of W273A and
D270A/W273A mutants. Based on the observation that
β-glucan binding affinity of D270A/W273A mutant is
under the detection limit of Biacore, we confirmed that
the β-glucan mainly binds to the Trp-introduced site.

The Trp-introduced repeat bound monovalently to lami-
narioligosaccharides, and primarily bound to laminarin,
with additional contribution from other repeats.
The laminarin binding was also evaluated using ITC

(Fig. 4). The Ka values obtained from ITC experiments
were mainly derived from interactions of single CBM-
DK molecules, while those obtained from Biacore were
derived from the interactions of multiple CBM-DK
molecules immobilized on the sensor chip.9) Similar to
the results of Biacore, the binding affinities recovered
in Trp-switched mutants, in comparison with those of
D270A, D270A/W273A, and W273A mutants (Table 2).
All mutants showed similar values of binding stoi-
chiometry, laminarin/CBM-DK ≈ 0.12, indicating that
approximately 8 CBM-DK molecules bind to a single
laminarin molecule. Together with the Biacore data, the
Ka value in case of laminarin was higher than that in
case of laminarioligosaccharides, indicating that multi-
ple binding sites of a single CBM-DK molecule are
involved in laminarin binding, and the Trp-introduced
repeat primarily contributes to the binding. In compar-
ison with CBM-DK wild-type, the Trp-introduced
mutants, W273A/D314W, W273A/G358W, D270A/
W273A/D314W, and D270A/W273A/G358W, showed
similar binding affinities toward laminarin but reduced
binding affinities toward laminarioligosacchrides
(Tables 1 and 2), indicating that Trp273-based α-repeat
binding is more effective than that of β- and γ-repeats,
bearing Trp314 and Trp358 mutations, respectively.
Finally, the effects of D314W and G358W mutations
on CBM-DK wild-type, without mutations in α-repeat,
showed little improvements on the laminarin binding
relative to the wild-type (Table 2).

Discussion

CBM-DK has a unique property that the α-repeat
primarily contributes to β-glucan binding and the other
two repeats bind it in a cooperative manner, resulting
in binding laminarin with higher strength.9) The differ-
ent contribution of each repeat to β-glucan binding was
hypothesized to be an effect of the hydrophobic contact
derived from Trp. Our previous study also showed that
W273S mutation reduced the β-glucan binding ability.9)

In this study, we focused on the role of Trp and gener-
ated new CBMs, which can interact with β-glucans

Fig. 3. Typical sensorgrams for the binding of laminarin to D270A/
W273A/D314W. (a) D270A/W273A/D314W was immobilized on a
CM5 sensorchip and laminarin (0.625–40 μM) was flowed over the
chip surface at rate of 20 μl/min for 3 min, followed by 3 min
dissociation. (b) Scatchard plots for the laminarin binding. The Ka

values determined from the linear fitting to the laminarin in the range
of 5–40 μM and 0.625–5 μM, respectively.

Table 1. Ka values (M
−1) for interactions of β-glucans with immobilized CBM-DK and its mutants on the sensor chip.

CBM laminaritetraosea laminarihexaoseb laminarinc laminarind

CBM-DK wild-type e 1.5 × 104 2.8 × 104 8.0 × 106 1.1 × 106

D270A e n.d.f n.d.f n.d.f n.d.f

D270A/W273A n.d.f n.d.f n.d.f n.d.f

W273A 3.0 × 102 6.6 × 102 1.0 × 106 1.6 × 105

W273A/D314W 1.8 × 103 2.2 × 103 2.2 × 106 6.4 × 105

W273A/G358W 1.3 × 103 8.3 × 102 7.2 × 106 1.3 × 106

D270A/W273A/D314W 1.9 × 103 2.6 × 103 4.3 × 106 7.7 × 105

D270A/W273A/G358W 1.3 × 103 2.9 × 103 1.9 × 106 3.1 × 105

aDetermined from a Scatchard analysis using laminaritetraose concentrations of 0.16–1.28 mM.
bDetermined from a Scatchard analysis using laminarihexaose concentrations of 0.08–0.64 mM.
cDetermined from a Scatchard analysis using laminarin concentrations of 0.625–5 μM.
dDetermined from a Scatchard analysis using laminarin concentrations of 5–40 μM.
eData were taken from Tamashiro et al.9)
fNot determined from the sensorgram because little increase of RU was observed.
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primarily through β- and γ- repeats. These CBMs were
engineered by switching the corresponding sites of
Trp273 in β- and γ- repeats, residues 314 and 358,
respectively, with Trp. The binding affinities of Trp-
introduced mutants were clearly higher than that of the
W273A mutant itself (Tables 1 and 2). It should be
noted that Trp introduction in D270A/W273A mutant
recovered its β-glucan binding ability. The binding
affinities of Trp-introduced mutants to laminarin are
higher than those to laminarioligosaccharides, similar to

the case of CBM-DK wild-type (Table 2). The W273A
or D270A/W273A mutation reduced or eliminated the
binding ability of α-repeat: introduction of Trp into
β-repeat resulted in binding to laminarin primarily
through the β-repeat, with additional contribution from
α- or γ-repeat. Similarly, the mutant with Trp intro-
duced into γ-repeat bound to laminarin primarily
through γ-repeat with additional contribution from α-
or β-repeat. Assuming that the Asp residues, Asp270 in
α-repeat, Asp311 in β-repeat, and Asp355 in γ-repeat,
also play a critical role in β-glucan binding,9), we
hypothesized that the γ-repeat would contribute to the
additional binding in D270A/W273A/D314W mutant,
and the β-repeat would contribute to the additional
binding in D270A/W273A/G358W mutant (Fig. 5).
The binding thermodynamics showed that the Trp-
introduced W273A mutants, W273A/D314W and
W273A/G358W, have relatively less favorable ΔH and
more favorable ΔS, in comparison with the Trp-intro-
duced D270A/W273A mutants, D270A/W273A/
D314W and D270A/W273A/G358W, whose binding
thermodynamics are comparable to those of the wild-
type (Table 2). The hydrophobic contact with dehydra-
tion on Trp introduction possibly contributes to the
different binding thermodynamics.
The Trp-introduced mutants, which lacked Trp273,

could monovalently bind to laminarioligosaccharides,
but with reduced affinities than those of the wild-type.
While the monovalent binding ability of Trp-introduced
mutants is relatively low, the multivalent binding abil-
ity, in contrast, is comparable to that of the wild-type.
This phenomenon seems to be similar to binding avid-
ity of an antibody. The antigen binding affinity of
germline-type is lower than that of affinity-matured-
type, but the antigen binding avidity, multivalent
binding affinity, derived from two Fab arms is
comparable.16) In addition, the Ka value around
106 M−1 might be the saturation value of binding
affinity, as observed in case of an antibody.17) In the
Trp-introduced mutants, D314W and G358W, the bind-
ing abilities were similar to that of the wild-type
(Table 2). There might be potential maxima of avail-
able β-glucans because of the CBM-DK architecture. A
single repeat preference toward the β-glucans might be
reasonable to achieve the maximum binding affinity.
Furthermore, it can be considered that the α-repeat

Fig. 4. Typical ITC data for the binding of laminarin to D270A/
W273A/D314W. (a) The 500 μM laminarin solution was injected into
the 100 μM D270A/W273A/D314W solution. (b) The data points
were obtained by integration of the peaks in (a), corrected for the
dilution heat, and plotted against the molar ratio, laminarin to
D270A/W273A/D314W. The data were fitted using a nonlinear least-
squares method.

Table 2. Thermodynamic parameters of laminarin binding to CBM-DK and its mutants.

Proteins n Ka (M
–1) ΔG

ΔH
TΔS(kcal·mol–1)

CBM-DK wild-type a 0.12 1.32 (±0.08) × 106 –8.35 –112 (±2) –103
D270A n.d. b

D270A/W273A n.d. b

W273A 0.12 3.73 (±0.15) × 104 –6.23 –104 (±2) –97.8
W273A/D314W 0.12 1.45 (±0.24) × 106 –8.40 –61.2 (±1.6) –52.8
W273A/G358W 0.12 1.15 (±0.12) × 105 –6.90 –57.1 (±1.6) –50.2
D270A/W273A/D314W 0.10 3.41 (±1.05) × 104 –6.18 –102 (±8) –95.8
D270A/W273A/G358W 0.12 1.15 (±0.16) × 104 –5.54 –89.3 (±0.7) –83.8
D314W 0.08 1.09 (±0.24) × 106 –8.23 –117 (±13) –109
G358W 0.11 1.68 (±0.15) × 106 –8.49 –103 (±2) –94.5

Note: The S.D. were based upon fitting errors.
aData were taken from Tamashiro et al.9)
bNot determined from the titration data because little heat was observed.
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preference of CBM-DK is reasonable, based on its
architecture. This is supported by the results that
W273A/D314W and W273A/G358W mutants have les-
ser binding affinities to laminarioligosaccharides, as
compared to those of the wild-type (Table 1). Based on
our assumption that Pro272 in α-repeat orients Trp273
better for β-glucan binding (Fig. 1), we also introduced
Pro at the corresponding sites in β- and γ-repeats, gen-
erating W273A/R313P/D314W and W273A/T357P/
G358W mutants, and analyzed their β-glucan binding.
The results showed little improvements in binding
affinities (data not shown).

Our previous study on endo-1,3-β-glucanase from
Cellulosimicrobium cellulans DK-1 and its isolated cat-
alytic domain showed that the presence of CBM-DK
could enhance the stability of the catalytic domain at
an acidic pH,7) possibly due to the intramolecular inter-
action between the catalytic domain and CBM-DK.
Although there is no direct observation of an
intramolecular interaction, the α-repeat preference for
β-glucan binding might be related to it. It can be
expected that α-repeat can assist hydrolysis through the
catalytic domain, even when CBM-DK interacts with
the catalytic domain. CBMs from family 13 are consid-
ered to assist localization of catalytic domains with
insoluble polysaccharides,18,19) and CBM-DK con-
tributes to increased activity of the full-length enzyme
for curdlan and yeast-glucan.7) The binding preference
of α-repeat might be sufficient for the substrate-binding
strength or the binding kinetics, which is efficient for
the hydrolysis by the catalytic domain. The analysis for
relative orientation of catalytic domain and CBM-DK
is under progress using small angle X-ray scattering,
which can clarify the preferential choice of α-repeat,
over β- or γ-repeat, for β-glucan binding.
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