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Binding ability of chitinase onto cellulose:
an atomic force microscopy study

Polymer Journal (2011) 43, 742–744; doi:10.1038/pj.2011.60

INTRODUCTION

Polysaccharides have attracted considerable
attention because of their potential use in
the production of environmentally friendly
materials, bio-fuels and other applications.1–3

Cellulose (b-1,4-linked glucose) and chitin
(b-1,4-linked N-acetylglucosamine) are,
respectively, the first and second most abun-
dant natural polymers, and are degraded by
cellulase and chitinase, respectively. Among
polysaccharide-degrading enzymes with
binding modules, the initial step in the
hydrolysis of polymer chains is the binding
of the enzyme to the substrate.4,5 Therefore,
the binding event of the enzyme onto the
polysaccharide surface was studied in the
present investigation.

Atomic force microscopy (AFM) is a
powerful tool for observing surface topogra-
phies and measuring interaction forces (also
known as AFM force spectroscopy).6–8 In
our previous work,9 we applied force spectro-
scopy to measure the interaction force
between chitin and two different kinds of
chitin-binding domains (ChBDs) of a multi-
domain chitinase. The chitinase is produced
by Thermococcus kodakarensis KOD1, a
hyperthermophilic archaeon, and is com-
posed of five characteristic domains, includ-
ing dual catalytic domains (CatD A and B)
and triple ChBDs (ChBD1, ChBD2 and
ChBD3).10,11 All ChBDs can bind to the
substrate surface; however, they have different
roles that have been proposed on the basis of
their different binding forces. For instance,
the binding force of ChBD2 is 1.5 times
stronger than that of ChBD1. The purpose
of ChBD2 and ChBD3, which have nearly
identical amino-acid sequences (85% identi-
cal within 100 amino-acid residues), is to
secure the initial footing onto the chitin sur-
face. The strong binding of ChBD2 and
ChBD3 promotes endo-type cleavage of the
chitin chain by CatD B. Subsequently, the

chain ends are transported by ChBD1 to exo-
type CatD A.9

To further elucidate the substrate specifi-
city and binding mechanism of ChBD, we
investigated the effect of different substrates
on the binding force of ChBD. Cellulose,
which is structurally different from chitin
due to the side chain group, was used as a
substrate, as shown in Scheme 1. Owing to its
role in the initial binding event of the degra-
dation process, ChBD2 was selected for the
present investigation. To the best of our
knowledge, the binding force of chitinase
onto cellulose has not been previously
measured by AFM.

EXPERIMENTAL PROCEDURE

All of the chemicals employed in the present
study were used without further purification.
Oriented cellulose films from Cladophora sp.,
a green alga, were prepared according to a
previously published method.12 The film was
fixed with a water-resistant glue on a silicon
support (1�1 cm2), which was cleaned with
an ultraviolet–ozone cleaner. Purification of
recombinant ChBD2 from Escherichia coli
cells and functionalization of the AFM canti-
lever tip were performed according to a previ-
ously reported method.9 Briefly, a gold-coated
AFM cantilever (OMCL-TR400PB-1, Olympus,
Tokyo, Japan) was washed with ultraviolet–
ozone cleaner and was functionalized using
HS(CH2)11(OCH2CH2)6OCH2COOH (PEG6-
COOH; Prochimia, Gdansk, Poland). Subsequ-
ently, the carboxylic acid groups were connected

with N-(5-amino-1-carboxypentyl) imino-
diacetic acid (Dojindo, Kumamoto, Japan)
through an amide bond. Finally, His-tagged
ChBD2 was immobilized onto the AFM tip
via coordination bonds to Ni(II) ions.

The surface morphology of cellulose on
a silicon support was observed by optical
microscopy (Olympus BXFM-F) and AFM
(SPI4000/SPA400; SII Nanotechnology Inc,
Chiba, Japan). Cellulose film on a silicon
support was immersed into a 0.1 M Tris-HCl
buffer solution (pH 7.5), and the surface
morphology of cellulose was observed under
the tapping mode using a cantilever tip
without chemical modifications (OMCL-
AC240-TSW2, Olympus). The binding force
of ChBD onto the surface of cellulose was
measured under the force curve mode, and
a modified AFM cantilever tip was employed
at a loading rate of 2 nN s�1. Over 1000 data
points were collected, and different tips and
cellulose films were applied. The force data
were analyzed using SPIP software (Image
Metrology, Hørsholm, Denmark).

RESULTS AND DISCUSSION

The surface morphology of cellulose on a
silicone support was visualized using optical
microscopy and AFM. Figure 1 shows optical
and AFM images of the cellulose film. The
orientation of cellulose was observed in the
images, as shown in Figure 1a. AFM revealed
the nanostructure of the film, and fibrous
structures were detected throughout the
material. Most of the microfibrils possessed
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Scheme 1 Chemical structure of chitin (a) and cellulose (b).

Polymer Journal (2011) 43, 742–744
& The Society of Polymer Science, Japan (SPSJ) All rights reserved 0032-3896/11 $32.00

www.nature.com/pj

http://dx.doi.org/10.1038/pj.2011.60
http://www.nature.com/pj


a width of 20 nm and were oriented perpen-
dicular to the direction of the images shown
in Figures 1b and c.

The binding force of ChBD2 onto the
cellulose surface was measured using AFM
in a buffered solution. In the negative control
experiment, the force curve was obtained
with AFM tips terminated with nitrilotriace-

tic acid. Figure 2a shows a typical force curve
obtained from the AFM tip without the
enzyme. Nonspecific interactions between
the tip and the cellulose surface were not
detected because of the presence of a hydro-
philic ethylene glycol unit in the linker
region.13 Force curves without interaction
peaks were observed at a frequency of 90%.

In contrast, the force curve obtained with a
ChBD2-functionalized AFM tip displayed
multiple interaction peaks corresponding to
the rupture force between ChBD2 and
the cellulose surface (Figure 2b). This result
indicates that ChBD2 can bind to the surface
of cellulose. Force curves with multiple
rupture events were observed at a frequency
of 30%.

The single binding force of ChBD2 onto
cellulose was analyzed by collecting the force
curves. The number of enzymes participating
in the binding event cannot be directly
counted; thus, histogram analysis was per-
formed.14 Figure 3 shows the histogram con-
structed from ca 500 force curve datasets. Fast
Fourier transform smoothing and Gaussian
function fitting were performed to determine
the local maxima in the data. The difference
in the local maxima force (that is, the interval
between the red peaks shown in Figure 3)
corresponds to the rupture of a single
enzyme–substrate bond. The results revealed
that the binding force of ChBD2 onto cellu-
lose was 84±13 pN, which was almost iden-
tical to that of chitin at a similar loading rate
(ca 2 nN s�1).9

In our previous work,9 we determined
the binding force of ChBD1 and ChBD2 on
the surface of chitin, and the results were
compared with the tertiary structures of
ChBDs, which were deduced from homology
modeling. The binding force of ChBDs is
proportional to the number of conserved,
surface-exposed, aligned aromatic residues in
the enzyme. Carbohydrates with nonpolar
surfaces often display stacking interactions
with aromatic residues in enzymes. This hydro-
phobic interaction is strong in aqueous media
and is one of the major components of the
intermolecular interaction between the sub-
strate and the enzyme.4,5

In the present study, the binding force of
ChBD2 onto cellulose was comparable to that
of chitin, which suggests that the binding
ability of ChBD2 to the surface of cellulose
and chitin is similar. In both of these systems,
carbohydrate–aromatic interactions are the
driving force for binding, and the side chains
on cellulose do not affect the binding ability
of ChBD. The frequency of binding events of
ChBD2 onto cellulose (30%) was slightly
lower than that of chitin (39%).9 Currently,
the origin of these differences and their effect
on the binding of the enzyme to the poly-
saccharide surface remains unclear. To deter-
mine the mechanism of binding, the binding
force of the enzyme on the polysaccharide
surface must be further analyzed; thus, the
energy landscape of enzymatic binding is
under investigation.
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Figure 1 Optical (a) and atomic force microscopy images (b, c) of the oriented cellulose film on a

silicon support. The white-lined region in the frame consists of cross-sectional data (c). The inset

within the frame (c) is a schematic representation of cellulose microfibrils with a width of 20nm. A full

color version of this figure is available at Polymer Journal online.
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Figure 2 Typical force curve acquired with nitrilotriacetic acid (NTA)-terminated (a) and chitin-binding

domain 2 (ChBD2)-functionalized atomic force microscopy tips (b). Only the retraction curve is shown.
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CONCLUSION

Force curve measurements of the binding of
ChBD2 on the surface of cellulose were
obtained, and the data were compared with
that of chitin. Preliminary results revealed that
the binding forces of ChBD2 onto cellulose
and chitin are nearly equivalent, suggesting
that the side chains on the polysaccharide
have a limited effect on the binding of
ChBD2. Thus, the binding of ChBD onto
cellulose/chitin can be attributed to interac-
tions between aromatic residues in the enzyme
and the pyranose ring of the polysaccharide.
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Figure 3 Histogram of pull-off forces for the binding of chitin-binding domain 2 onto cellulose. The

blue and red curves correspond to fast Fourier transform-smoothed and Gaussian fitted data,

respectively. The force values for each peak are indicated in the histogram. A full color version of this

figure is available at Polymer Journal online.
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