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Trichoderma reesei Cel6A (TrCel6A) is a cellobiohydrolase
that hydrolyzes crystalline cellulose into cellobiose. Here we
directly observed the reaction cycle (binding, surface move-
ment, and dissociation) of single-molecule intact TrCel6A, iso-
lated catalytic domain (CD), cellulose-binding module (CBM),
and CBM and linker (CBM-linker) on crystalline cellulose I�.
The CBM-linker showed a binding rate constant almost half that
of intact TrCel6A, whereas those of the CD and CBM were only
one-tenth of intact TrCel6A. These results indicate that the gly-
cosylated linker region largely contributes to initial binding on
crystalline cellulose. After binding, all samples showed slow and
fast dissociations, likely caused by the two different bound states
due to the heterogeneity of cellulose surface. The CBM showed
much higher specificity to the high affinity site than to the low
affinity site, whereas the CD did not, suggesting that the CBM
leads the CD to the hydrophobic surface of crystalline cellulose.
On the cellulose surface, intact molecules showed slow pro-
cessive movements (8.8 � 5.5 nm/s) and fast diffusional move-
ments (30 – 40 nm/s), whereas the CBM-Linker, CD, and a cata-
lytically inactive full-length mutant showed only fast diffusional
movements. These results suggest that both direct binding and
surface diffusion contribute to searching of the hydrolysable
point of cellulose chains. The duration time constant for the
processive movement was 7.7 s, and processivity was estimated
as 68 � 42. Our results reveal the role of each domain in the
elementary steps of the reaction cycle and provide the first

direct evidence of the processive movement of TrCel6A on crys-
talline cellulose.

Cellulose, a major component of plant cell walls, is the most
abundant biopolymer on earth and has potential as a regener-
atable source of bioenergy and chemicals (1, 2). Cellulases from
microorganisms are used to degrade physically and chemically
stable crystalline celluloses into oligosaccharides under mild
conditions (3, 4). Among cellulases, cellobiohydrolase (CBH)2

directly hydrolyzes crystalline cellulose into cellobiose. The
fungal CBHs Trichoderma reesei Cel7A (TrCel7A) and Cel6A
(TrCel6A) are the most studied CBHs.

The previous studies proposed the processive hydrolysis of
TrCel7A and TrCel6A, a continuous reaction without dissoci-
ation from cellulose surface. Electron microscopic observations
revealed that the edges of crystalline cellulose were sharpened
after treatment with TrCel7A and TrCel6A, suggesting the pro-
cessive hydrolysis from the chain ends (5, 6). Furthermore, it
has been shown that the unique tunnel-shaped catalytic site
keeps the enzyme bound on the substrate after each hydrolytic
event, which enables processive hydrolysis and movement on
crystalline cellulose (7). The processive reaction has been
thought to be a key for the efficient cellulose degradation. How-
ever, it is not easy to directly prove the processive hydrolysis
and movement of TrCel7A and TrCel6A by biochemical assays
and electron microscopy observations.

Single-molecule imaging of biomolecules is a powerful
method to visualize the elementary steps of reactions and
mechanical motions of enzymes and motor proteins (8 –10).
The processive movement of TrCel7A on crystalline cellulose
has been directly proved by single-molecule imaging with high
speed atomic force microscopy (HS-AFM), and the transla-
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tional rate constant (ktr) has been successfully estimated (11,
12). Very recently, even the step size (�1 nm) of the movement
was analyzed with single-molecule measurements using optical
tweezers (13). However, the processive movement of TrCel6A
has not been demonstrated (11), and it is unclear whether
TrCel6A can processively move on crystalline cellulose.
Because external force applied by the cantilever of the HS-AFM
is one possible factor preventing the movement of TrCel6A,
single-molecule methods without perturbation by external
force are required to verify this issue.

In addition to the processive movement (hydrolysis), the
overall cycle of the reaction of CBH includes binding and dis-
sociation on crystalline cellulose. The binding rate constant
(kon) and dissociation rate constant (koff) for intact TrCel7A
against crystalline cellulose were successfully estimated using
single-molecule fluorescence imaging (14 –16). However, the
kon and koff for TrCel6A have not been estimated at the single-
molecule level. Furthermore, although both TrCel7A and
TrCel6A contain the cellulose binding module (CBM), catalytic
domain (CD), and glycosylated linker region connecting the
CBM and CD, the role of each domain on binding and dissoci-
ation is not fully understood yet (17, 18). Previous biochemical
studies showed that the CBM increases the amount of enzyme
bound on the cellulose, indicating that the main role of the
CBM is to increase the affinity to cellulose (19). However, most
previous studies only estimated the dissociation constant (Kd)
in equilibrium, and the kon and koff are not reported, except for
the study by Carrand and Linder in 1999 (20). In addition,
although high affinity binding of the glycosylated linker region
of TrCel6A to the cellulose surface has been predicted by a
computational analysis (21), experimental evidence has not
been reported yet. To understand how CBHs efficiently hydro-
lyze crystalline cellulose on the liquid-solid interface, the rate
constants of binding and dissociation for each domain should
be analyzed independently and quantitatively.

Here, we directly observed the binding and dissociation of
the full-length TrCel6A (Intact) and the CD, CBM and linker
(CBM-linker), and CBM of TrCel6A (Fig. 1) on crystalline cel-
lulose I� using single-molecule fluorescence imaging. The kon
and koff values were quantitatively estimated and compared to
reveal the contribution of each domain to the binding and dis-
sociation events. Furthermore, we directly verified the pro-
cessive movement of the full-length TrCel6A on crystalline cel-
lulose I� using single-molecule fluorescence imaging with
improved localization precision (22) and appropriate control
experiments including an catalytically inactive mutant. The ktr,

duration of the movement, and the processivity of TrCel6A
were estimated quantitatively at the single-molecule level for
the first time.

Results

Hydrolysis Activities of Cy3-TrCel6A, Inactive Cy3-TrCel6A,
and Cy3-CD—For single-molecule fluorescence imaging anal-
ysis, mutants of the full-length molecule (447aa), TrCel6A
(S386C) and TrCel6A (D221A/S386C), isolated CD (S386C),
CBM-linker (S83C), and CBM (S43C) were generated (Fig. 2A).
These mutants were conjugated with the thiol-reactive fluores-
cent dye Cy3-maleimide and termed Intact, Inactive, CD,
CBM-linker, and CBM, respectively (Fig. 2B). The hydrolysis
activities of Intact against crystalline cellulose I� were similar to
those of wild-type TrCel6A (WT) at various concentrations of
the substrate (Fig. 3 and Table 1). As the substrate concentra-
tion increased from 0.03% (w/v) to 0.5% (w/v), the hydrolysis
activity of Intact increased, as did the WT. The plots were fitted
with the Michaelis-Menten equation, and values of kcat � 3.1
s�1 and Km � 0.26% (w/v) for the WT and kcat � 2.8 s�1 and
Km � 0.27% (w/v) for Intact were obtained. These results indi-
cate that cysteine mutation and Cy3 conjugation do not affect
enzyme function.

The CD showed lower activity (0.031 � 0.002 s�1, n � 3)
than the WT (0.79 � 0.04 s�1) and Intact (0.76 � 0.03 s�1)
against crystalline cellulose (measured at 0.1% (w/v)) (Table 1).
However, hydrolysis activities against amorphous cellulose
(phosphoric acid swollen cellulose (PASC)) were similar among
the WT, Intact, and CD (0.42 � 0.03, 0.41 � 0.07, and 0.43 �
0.09 s�1, respectively) (Table 1). These results indicate that the
CBM-linker is important for crystalline cellulose degradation.

Inactive showed no detectable activity against crystalline cel-
lulose (product concentration was lower than the detection
limit, 0.1 �M) and very little activity against PASC within the
standard deviation (0.017 � 0.022 s�1). Thus, the D221A muta-
tion significantly impairs the catalytic activity of TrCel6A, as
reported previously (23).

The Binding Rate Constants for Intact, CD, CBM-Linker, and
CBM—The kon values for Intact, CD, CBM-linker, and CBM
were determined according to a previous report (Fig. 4) (14).
Here, the kon value was defined as the number of cellulase mol-
ecules bound on the cellulose in a unit of cellulase concentra-
tion, cellulose length, and time (M�1 �m�1 s�1). The concen-
trations of each sample were set at 25, 250, 50, and 200 pM for
Intact, CD, CBM-linker, and CBM, respectively, to observe
more than two molecules binding on all of the cellulose micro-

FIGURE 1. Domain structures of Intact (left), CD (center left), CBM-linker (center right), and CBM (right) of TrCel6A. Pink spheres represent CD, blue spheres
represent the linker, and green spheres represent CBM. Yellow spheres in CBM represent added free cysteine at position 43. Yellow spheres in CD represent the
S386C mutation, and yellow spheres in the linker represent the S83C mutation. Orange spheres represent estimated sugar modifications on the linker.
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fibrils in the image field. Distributions of the kon for Intact, CD,
CBM-linker, and CBM are shown in Fig. 4. All samples showed
multiple peaks as in previous measurements of TrCel7A (14),
corresponding to the number of cellulose I� microfibrils in a
bundle. The minimum peaks, which represent the kon to a sin-
gle microfibril, were 7.5 � 108, 5.2 � 107, 3.9 � 108, and 5.6 �
107 M�1 �m�1 s�1 for Intact, CD, CBM-linker, and CBM,
respectively (Table 2). The kon of the CBM-linker was more
than half that of Intact, whereas those of the CD and CBM were
less than one-tenth that of Intact.

The Dissociation Rate Constants for Intact, CD, CBM-linker,
and CBM—The koff values for Intact, CD, CBM-linker, and
CBM were determined (Fig. 5). For all samples, the distribu-
tions of the duration time on cellulose were better fitted by
double exponential decay than single exponential decay, indi-
cating that two components exist: slow (koff

slow) and fast (koff
fast)

(Table 2). For Intact, koff
slow and koff

fast were 0.10 s�1 (30%) and 1.1
s�1 (70%), respectively. For the CD, koff

slow and koff
fast were 0.16

s�1 (28%) and 1.5 s�1 (72%), and those for the CBM-linker were
0.14 s�1 (35%) and 2.6 s�1 (65%), respectively. For the CBM, koff

slow

and koff
fast were 0.083 s�1 (30%) and 2.3 s�1 (70%), respectively.

The koff
slow values for Intact and the CBM were similar but less

than those for the CD and CBM-linker. The koff
fast values for the

CBM-linker and CBM and those for Intact and the CD were sim-
ilar. Our results also indicate that the time resolution of the obser-
vation (0.2 s, reciprocal of 5 fps) was sufficient for kinetic analysis of
koff because the time constant (reciprocal of koff) for the fast com-
ponent of all samples was longer than 0.2 s.

Processive Movement and Translational Rate Constants for
Intact and Other Samples—Next, we determined whether
Intact undergoes processive movement on crystalline cellulose
I� using the improved localization precision (see “Experimental
Procedures”) (22). As shown in Fig. 6, “apparent” unidirectional
movements were observed in all samples, i.e. Intact, Inactive,
CD, and CBM-linker. However, the movements of Inactive and
the CBM-linker are not processive because they are deficient in
hydrolysis activity. When the ktr distributions for Intact, Inac-
tive, and CBM-linker were compared (Fig. 7, left panels), only
Intact showed a slow component (peak: 8.8 � 5.5 nm/s) in addi-
tion to a fast one (34.9 � 16.3 nm/s), which was seen for Inactive
(35.5 � 17.4 nm/s) and the CBM-linker (42.6 � 28.0 nm/s).
Furthermore, when correlations between ktr and moving time
on cellulose were plotted, only the slow component had a mov-
ing time longer than 10 s (Fig. 7, right panels). From these
results, we concluded that the slow component seen only in
Intact corresponds to the processive movement accompanying
the hydrolysis of crystalline cellulose, whereas the fast compo-
nent is the diffusive movement on the cellulose surface without
hydrolysis. In addition to Inactive and the CBM-linker, the CD

FIGURE 3. Hydrolysis activities of WT and Intact at various substrate concen-
trations. Hydrolysis activities of WT (black circles) and Intact (yellow triangles) at
various substrate concentrations (from 0.03 to 0.5% (w/v)) and the Michaelis-
Menten fit are shown. kcat values of 3.1 s�1 and 2.8 s�1 and Km values of 0.26%
(w/v) and 0.27% (w/v) were obtained for WT and Intact, respectively.

TABLE 1
Turnovers for 0.1% (w/v) of substrates at 25 °C in 50 mM sodium ace-
tate buffer, pH 5.0
Enzymes (0.1 �M) were incubated with crystalline cellulose I� prepared from Cla-
dophora sp. and PASC for 2 and 30 min, respectively. Products from crystalline
cellulose I� were quantified by HPLC, and those from PASC were quantified by the
p-hydroxybenzaldehyde method.

Substrate
Turnover

WT Intact Inactive CD

s�1

Cellulose I� 0.79 � 0.04 0.76 � 0.03 Not detected 0.031 � 0.002
PASC 0.42 � 0.03 0.41 � 0.07 0.017 � 0.022 0.43 � 0.09

FIGURE 2. A, domain constructions and mutated amino acid residues of the
samples. B, SDS-PAGE of the samples used in this study. Lane 1, WT; lane 2,
Intact; lane 3, Inactive; lane 4, CD; lane 5, CBM-linker; lane 6, CBM. Samples (10
pmol) were loaded in lanes 1– 4, and 30 pmol and 100 pmol of sample was
loaded in lanes 5 and 6, respectively. Samples were separated in a 15–20%
gradient gel with Tris-Tricine buffer.
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also showed only the fast component (peak: 39.2 � 28.3 nm/s),
and most of their moving times were shorter than 10 s (Fig. 7).

Next, the moving time distribution for Intact, which showed
slow movement (0 –20 nm/s), was plotted (Fig. 8). The mole-
cules that showed moving times longer than 10 s, which is
unique for Intact, are highlighted (Fig. 8, pink bars). The distri-
butions for both the entire range and longer than 10 s were
fitted with single exponential decay functions with the same
time constant of 7.7 s.

Discussion

TrCel6A, together with TrCel7A, is one of the most well
studied cellulases, and the first cellulase for which the x-ray
crystal structure was determined (24). In addition, the pro-
cessive reaction of CBH was first proposed based on the com-
parison between the tunnel-like structure of TrCel6A and cleft-

like structure of an endo-glucanase Thermononospora fusca
Cel6A (25). However, the processive movement of TrCel6A has
not been directly observed, and the reaction cycle of TrCel6A
was still unclear. Moreover, the role of each domain was not
clear because quantitative measurements of the binding and
dissociation rate constants are difficult with biochemical
assays. In this report, we verified the processive movement of
TrCel6A and clarified the kinetic role of the CBM and glycosy-
lated linker region using single-molecule fluorescence imaging.

The role of the CBM and linker region was clearly shown by
the comparison of the kon and koff values among Intact, CD, and
CBM-linker (Table 2). Focusing on the binding event, the
CBM-linker is highly important because the kon for the CD
(5.2 � 107 M�1 �m�1 s�1) was less than one-tenth that of Intact
(7.5 � 108 M�1 �m�1 s�1) (Fig. 4). However, the kon for the
CBM-linker was only half (3.9 � 108 M�1 �m�1 s�1) that of

FIGURE 4. Distributions of the binding rate constant (kon) for Intact (left), CD (center left), CBM-linker (center right), and CBM (right). The distributions of
Intact, CD, CBM-linker, and CBM were fitted with two or three Gaussians. The concentrations of the samples were 25, 250, 50, and 200 pM for Intact, CD,
CBM-linker, and CBM, respectively. The number of cellulose microfibrils analyzed was 170, 106, 104, and 193 for Intact, CD, CBM-linker, and CBM, respectively.
The bin widths were 1.25 � 108

M
�1 �m�1 s�1 for Intact and CBM-linker, 1.4 � 107

M
�1 �m�1 s�1 for CD, and 2.0 � 107

M
�1 �m�1 s�1 for CBM.

TABLE 2
Values of kon and koff

Sample
kon

a koff
b

1st peak 2nd peak 3rd peak Fast (fraction) Slow (fraction)

M�1 �m�1 s�1 s�1

Intact 7.5 � 108 � 2.7 � 107 1.6 � 109 � 2.4 � 107 1.1 � 0.03 (70%) 0.10 � 0.02 (30%)
CD 5.2 � 107 � 4.2 � 106 1.0 � 108 � 4.9 � 106 1.5 � 108 � 7.7 � 106 1.5 � 0.03 (72%) 0.16 � 0.02 (28%)
CBM-linker 3.9 � 108 � 4.5 � 106 1.1 � 109 � 3.6 � 108 2.6 � 0.05 (65%) 0.14 � 0.02 (35%)
CBM 5.6 � 107 � 2.3 � 106 1.3 � 108 � 3.5 � 106 2.0 � 108 � 6.9 � 106 2.3 � 0.05 (70%) 0.083 � 0.02 (30%)

a The peak values � S.E. of the Gaussian fitting.
b The means � S.E. of the fitting with the double exponential decay functions.

FIGURE 5. Distributions of the duration time on cellulose for Intact (left), CD (center left), CBM-linker (center right), and CBM (right) fitted with double
exponential decay functions. For Intact, koff

fast was 1.1 s�1 (70%), and koff
slow was 0.10 s�1 (30%). For CD, koff

fast was 1.5 s�1 (72%), and koff
slow was 0.16 s�1

(28%). For CBM-linker, koff
fast was 2.6 s�1 (65%), and koff

slow was 0.14 s�1 (35%). For CBM, koff
fast was 2.3 s�1 (70%), and koff

slow was 0.083 s�1 (30%). The number
of events was 757, 403, 614, and 756 for Intact, CD, CBM-linker, and CBM, respectively. The bin widths of the distributions were 0.2 s.
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Intact. This difference suggests that half of the binding events of
Intact are caused by the CBM-linker and half are caused by the
synergistic effect of the CBM-linker and CD. Weak and tran-
sient bindings of the CBM-linker, which could not be detected
as clear fluorescence signals in our observations, may help bind-
ing of the CD and increase the kon for Intact. For dissociation,
both the koff

fast (1.1 s�1) and koff
slow (0.10 s�1) for Intact were

the lowest among Intact, CD, and CBM-linker (Fig. 5). If the
CBM-linker and CD of the intact molecule cannot bind to cel-
lulose simultaneously, the koff for Intact should be same as that
for the CD or CBM-linker. Therefore, the low koff values for
Intact indicate that both the CD and CBM-linker simultane-
ously interact with the crystalline cellulose surface. Comparing

the kon and koff values between Intact and the CD (with and
without CBM-linker), CBM-linker caused the kon to increase 14
times and the koff to decrease to two-thirds that of the CD.
Thus, the CBM-linker mainly contributes to the binding of
TrCel6A by increasing the kon directly and assisting the binding
of the CD. The binding of the glycosylated linker region to the
cellulose surface has been demonstrated using molecular

FIGURE 6. Trajectories of the movement for Intact, Inactive, CD, and CBM-
linker. The red plots show the centroid trajectory of the movement. The blue
plots show the centroid trajectory of a non-moving molecule in the same field
of view and demonstrate that the coverslip did not drift. The frame rate of
observation was 0.5 fps. The scale bars are 40 nm for both the vertical and
horizontal axes.

FIGURE 7. Distribution of translational rate constant (ktr) for Intact, Inac-
tive, CD, and CBM-linker and plots of ktr versus moving time on crystal-
line cellulose. Distribution of the ktr for Intact was fitted by two Gaussians;
the peak � S.D. values were 8.8 � 5.5 and 34.9 � 16.3 nm/s (n � 180), respec-
tively. Distributions of the ktr for Inactive, CD, and CBM-linker were fitted by a
single Gaussian. The peak � S.D. values were 35.5 � 17.4 nm/s (n � 174),
39.2 � 28.3 nm/s (n � 102), and 42.6 � 28.0 nm/s (n � 105), respectively.
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dynamics simulation (21). The synergistic binding of the CD
and CBM-linker is reasonable because the freedom of the ori-
entation of the CD will be restricted after the binding of the
CBM-linker.

After comparing kon and koff between the CBM and CBM-
linker, the contribution of the glycosylated linker region
becomes clear. The kon of the CBM was one-seventh that of the
CBM-linker. Thus, the linker region is more important than the
CBM for the initial interaction with crystalline cellulose. The
main role of the glycosylation has been thought to protect cel-
lulase from proteolysis, and information on the effect of glyco-
sylation on the binding to crystalline cellulose is limited, espe-
cially for TrCel6A (26). One good example is the comparison of
WT TrCel7A and recombinant TrCel7A produced by Aspergil-
lus niger (27). The mass of recombinant TrCel7A is only few
hundred Daltons larger compared with the WT because of
more glycosylation sites in the linker and CBM, but it binds
more than twice as much as the WT. Moreover, the association
constants of the CBM and CBM-linker of TrCel7A were com-
pared, and the affinity of the CBM was reported to be only
one-tenth that of the CBM-linker (21). Taken together, our
results strongly suggest that the interaction between glycans on
the linker region of TrCel6A and the crystalline cellulose sur-
face causes the initial binding events. However, the koff values
for the CBM were smaller than those for the CBM-linker, indi-
cating that the CBM-linker binds crystalline cellulose mainly by
the CBM and that the linker region somehow disturbs the bind-
ing of the CBM. Considering the binding mechanism of type A
CBMs such as CBM1 and CBM2a with a flat hydrophobic sur-
face, binding of the CBM-linker should be more entropically
unfavorable than the isolated CBM because the binding of the
CBM-linker decreases the conformational entropy of the flexi-
ble linker region (28).

The heterogeneity of the binding modes of CBH to crystal-
line cellulose has long been discussed. First, bindings with high
and low affinities were reported for TrCel7A and attributed to
its multidomain structure (19). Recently, the reason for the
complicated binding isotherm was explained by the steric effect
using a CBM-linker connected with red fluorescent protein
(29). In our previous single-molecule fluorescence imaging of
intact TrCel7A, we also observed two components for the koff
and attributed the slow and fast components to productive and
non-productive binding, respectively (14). However, in the

present study on TrCel6A, not only Intact and CD but also
CBM-linker and CBM showed the slow and fast components
(Fig. 5). In addition, two components were observed at very low
sample concentrations (�pM). These results indicate that the
slow and fast components of dissociation are caused by other
effects of the multidomain structure, the steric effect, and pro-
ductive/non-productive bindings. The ratios between the slow
and fast components for the CBM-linker and CD were 35 and
65% and 28 and 72%, respectively. If the fast component is
caused by structurally unstable bindings (such as only one tryp-
tophan residue on the CBM binds the cellulose surface), the
ratio of the fast component of Intact should be smaller than that
of the truncated domains. However, Intact showed ratios of
30% (slow) and 70% (fast), which were between the values for
the CBM-linker and CD. Thus, this is not plausible.

Other reasons for the two components are structural hetero-
geneities of cellulose. First, a single cellulose chain has polarity,
i.e. reducing and non-reducing ends. Second, the ends and mid-
dle of the cellulose chain can have different interactions with
CBH. Third, cellulose can form crystalline and amorphous
structures. Furthermore, crystalline cellulose has flat hydro-
phobic and solvated hydrophilic surfaces (30). If the two bound
states were caused by the binding orientation of the enzyme, the
probabilities of the fast and slow components would be similar.
However, all of the samples showed higher fractions of the fast
component (�70%). In addition, in our single-molecule obser-
vations, the positions at which the samples strongly bound were
random and not localized to the ends or middle of the crystal-
line cellulose microfibrils (Fig. 9). These results rule out the first
two possibilities. In this study, we used crystalline cellulose I�

prepared from Cladophora sp., and the ratio of the amorphous
region was very low and less than the detection limit of XRD
measurement (Fig. 10). In addition, if the surface of crystalline
cellulose is highly disordered and amorphous-like, CD will
show similar kon to Intact because hydrolysis activities of Intact
and CD against amorphous cellulose are similar (Table 1).
Therefore, the most likely reason for the two bound states is the
two different surfaces of the crystalline cellulose. The CBM has
a flat surface with hydrophobic, aromatic amino acid residues.
It has been reported that the CBM preferentially binds to the
hydrophobic surface of crystalline cellulose (31), although the
area ratio of the hydrophobic surface is much smaller than that
of the hydrophilic surface in crystalline cellulose I� (26). Thus, it
is more likely that the slow and fast components correspond to
the binding to the hydrophobic (high affinity) and hydrophilic
(low affinity) surfaces, respectively. The dissociation constants
(Kd � koff/kon) for the two binding modes are summarized in
Table 3. The kon for short and long bindings were calculated
from the ratio of the fast and slow components of the koff. The
affinity of Intact to the hydrophobic surface was 25 and 11 times
higher than that of the CD and CBM, respectively, and that to
the hydrophilic surface was 19 and 28 times higher, respec-
tively. In a previous report, the partition coefficients of the
intact TrCel6A, CD, and CBM to bacterial microcrystalline cel-
lulose were compared at nanomolar order enzyme concentra-
tions, and the values for the intact form were 34 and 3.4 times
higher than those for the CD and CBM (32). Thus, our results

FIGURE 8. Distribution of moving time for Intact showing slow (0 –20
nm/s), processive movement. Molecules that moved for longer than 10 s are
highlighted in pink. The distributions were fitted by single exponential decay
functions: y � 31.9 � exp(�0.13 � t) (all range) and y � 36.4 � exp(�0.13 �
t) (�10 s). The bin width was 2 s. The numbers of molecules were 100 (all
range) and 40 (�10 s).
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are similar to those from this previous study, although the CBM
showed much lower affinity than the Intact in our study.

Between the hydrophobic and hydrophilic surfaces, the CBM
and CBM-linker showed 12 and 10 times higher affinities to the
hydrophobic surface than to the hydrophilic surface, respec-
tively. Therefore, the CBM is necessary to determine the sur-
face specificity of binding, as shown by a molecular dynamics
simulation of the CBM of TrCel7A (33). The glycosylated linker

region increases the kon and affinity to both surfaces but
decreases the binding specificity to the hydrophobic surface
(Table 3). It has been reported that TrCel7A hydrolyzes Valo-
nia crystalline cellulose from the hydrophobic surface (34). The
cellulose polymer chains accessible to the catalytic site of CBH
exist mainly on the hydrophobic surface, because the cellulose
chains forming the hydrophilic surface stack each other (35).
Thus, our result can explain the increase in non-productive
binding of the recombinant TrCel7A with extra O-glycosyla-
tion in the linker and CBM (27). Furthermore, the affinity of the
CD to the hydrophobic surface is only 3.6 times higher than to
the hydrophilic surface. This result suggests that the CBM leads
the CD to the hydrophobic surface and increases the probabil-
ity of catching the hydrolysable chain of cellulose.

One of the most important issues regarding TrCel6A is
whether it actually undergoes processive movement. With sin-
gle-molecule fluorescence imaging with improved localization
precision, we addressed this issue and verified that intact
TrCel6A shows slow, processive movements. Thus, TrCel6A
can act as a linear molecular motor moving on crystalline cel-
lulose. The estimated value of the ktr (8.8 � 5.5 nm/s) for
TrCel6A was comparable with or slightly higher than those for
TrCel7A (5–7 nm/s) determined by HS-AFM observations (11,
14). Because TrCel6A has a shorter catalytic tunnel structure
compared with that of TrCel7A, TrCel6A would be more easily
detached from crystalline cellulose by the tapping force of the
cantilever, preventing the movement under the HS-AFM. The
distribution of the moving time for the slow, processive move-
ment of TrCel6A can be fitted by a single exponential decay
function with time constants of 7.7 s (Fig. 8). Considering the
length (�1 nm) of the product cellobiose (13), the processivity
of TrCel6A was calculated to be 68 � 42 (8.8 � 5.5 nm/s �
7.7 s � 1 nm�1) from the ktr and the time constant. This value is
three times larger than that of TrCel7A estimated by HS-AFM
observation (16). By the electron microscopy observation, the
processivity of TrCel7A was expected to be higher than that of
TrCel6A, because the edge of cellulose microfibril hydrolyzed
by TrCel7A was more sharpened than that by TrCel6A (5, 6).
To compare the value of processivity of TrCel6A estimated in
our study with that of TrCel7A quantitatively, the TrCel7A also
need to be analyzed with single-molecule fluorescence imaging.

FIGURE 9. Binding specificity and distribution of Intact, Inactive, CD, CBM-linker, and CBM to crystalline cellulose. Bright field images of cellulose
microfibrils (top). Single-molecule fluorescence images of each sample (middle). Fluorescence images of each sample obtained by accumulating 150 consec-
utive images (bottom). The scale bars are 3 �m.

FIGURE 10. XRD profile of crystalline cellulose I� prepared from Clado-
phora sp. used in this study. Voltage and current were 40 kV and 40 mA.
Scattering from the glass holder was subtracted.

TABLE 3
Values of Kd calculated from kon and koff

Sample kon
a koff Kd

b

M�1 �m�1 s�1 s�1 M �m
Intact

Low affinity site 5.3 � 108 1.1 0.21 � 10�8

High affinity site 2.3 � 108 0.10 0.044 � 10�8

CD
Low affinity site 3.7 � 107 1.5 4.0 � 10�8

High affinity site 1.5 � 107 0.16 1.1 � 10�8

CBM-linker
Low affinity site 2.5 � 108 2.6 1.0 � 10�8

High affinity site 1.4 � 108 0.14 0.10 � 10�8

CBM
Low affinity site 3.9 � 107 2.3 5.9 � 10�8

High affinity site 1.7 � 107 0.083 0.49 � 10�8

a The kon for short and long bindings was calculated from the ratio of the fast and
slow components of the koff.

b The unit of �m represents the length of a crystalline cellulose microfibril.
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It has been reported that fungal glycoside hydrolase 6 (GH6)
enzymes has mixed modes of endo- and exo-initiations (36). In
our analysis, however, we could not distinguish endo- and exo-
initiations of TrCel6A. Furthermore, we cannot exclude the
possibility that TrCel6A also acts non-processively, because a
significant fraction of Intact showed dissociation without trans-
lational movement.

The CD of TrCel6A has shorter loops covering the catalytic
tunnel than that of a bacterial GH6 cellulase from Thermobifida
fusca Cel6B (37), and structures of the linker region and CBM
are also different between fungal and bacterial GH6 cellulases.
Therefore, the correlation between structure and function such
as between loop length and degree of processivity is an interest-
ing question that can be assessed by single-molecule fluores-
cence imaging. By quantitatively analyzing the role of each
domain of not only fungal but also bacterial GH6 cellulases,
valuable insights to engineer more efficient hybrid cellulases
will be gained.

Previous single-molecule studies have reported processive
movements of the isolated CD of TrCel7A (12, 13). However, in
our study, we did not observe the CD of TrCel6A undergoing
slow and long movement (Fig. 7). One possible explanation is
that the ratio of productive binding decreased in the absence of
the CBM-linker, as we described above. Alternatively, the
absence of the CBM-linker may significantly decrease the pro-
cessivity. Regarding this second possibility, Bu et al. (38) pre-
dicted that the CBM has important roles in not only binding but
also introducing a single cellulose chain to the catalytic site and
increasing the processivity of the reaction. Their molecular
simulation showed that the CBM exerts a driving force and
assists processive movement by biased sliding when the CBM
binds near the cellulose chain end. However, the effect of the
CBM-linker on the processivity of TrCel6A is still open for
discussion.

In addition to the slow and long processive movements of
Intact, fast (30 – 40 nm/s) and short (�10 s) movements were
observed for all samples. We attributed these fast movements
to diffusion on the surface of crystalline cellulose. TrCel6A may
employ multiple strategies to catch the hydrolysable point of
the cellulose chain efficiently: direct binding from solution and
diffusional searching on the crystalline cellulose surface. In the
near future, high resolution and long-term single-molecule
imaging with much brighter optical probes such as quantum
dots (39) and gold nanoparticles (40 – 42) will be applied to
TrCel6A and other CBHs. These studies will resolve the detail
of the entire cycle of the processive reaction including the
decrystallization, chain threading, bond cleavage, and product
release and will give valuable insights for the rational design and
engineering of better, non-natural cellulases.

Experimental Procedures

Construction of the TrCel6A Mutant Gene and Transforma-
tion into Pichia pastoris—The wild-type TrCel6A (WT) gene in
the pPICZ� plasmid was used as a template, and the S386C
point mutation was introduced by PCR. The TrCel6A S386C
mutant (Intact) gene and a signal sequence of the vector were
transferred into a new pPICZ� plasmid with MfeI and NotI.
The Asp221 to Ala mutation (Inactive) was introduced into the

gene of the TrCel6A S386C mutant by the same method. The
CD gene of TrCel6A S386C was amplified by PCR with forward
and reverse primers containing the 15 bp of the homologous
sequence to the end of the �-factor and the 5	-end of the NotI
recognition site, respectively. The region from the 3	-end of the
�-factor to the 5	-end of the NotI site of pPICZa was also ampli-
fied by PCR and ligated with the gene of the CD of TrCel6A
S386C by an In-fusion kit (Clontech). The gene was also trans-
ferred into a new pPICZ� by MfeI and NotI. The CD region of
TrCel6A was determined according to the x-ray crystal struc-
ture (Protein Data Bank code 1QK2). The gene encoding the
CBM and linker region (CBM-linker) was amplified from the
MfeI site of the pPICZ� plasmid to the end of the linker region.
The sequence of the recognition site of Factor Xa protease, the
His6 tag, and the NotI site was included in the reverse primer.
The amplified product was ligated into pPICZa by MfeI and
NotI. The gene encoding the CBM, the recognition site of Fac-
tor Xa protease, and EGFP were connected by PCR. The His6
tag and NotI site were included in the reverse primer for EGFP.
The amplified product was ligated into pPICZa by MfeI and
NotI. All vectors with the WT and mutant genes were linear-
ized by BglII and transformed into P. pastoris strain KM71H
(Invitrogen) by electroporation.

Production and Purification of WT and Mutant TrCel6A—
WT and mutants were produced using a jar fermenter (Taka-
sugi Seisakusho) or flask. WT, Intact, Inactive, and CD were
purified by passing through a hydrophobic interaction column
and an anion exchange column. The detailed conditions were
described previously (43). CBM-linker and CBM were purified
by a nickel-nitrilotriacetic acid-agarose column (Qiagen). The
culture medium was loaded into the column and washed with
50 mM imidazole in 20 mM sodium phosphate buffer (pH 7.0)
and 100 mM NaCl. The proteins were eluted with 100 mM im-
idazole in the same buffer.

Conjugation with Cy3—Purified Intact and Inactive were
reduced by 10 mM 2-mercaptoethanol for 1 h at 4 °C, and
2-mercaptoethanol was removed by HPLC with a size exclusion
column (YMC-Pack Diol-200G; YMC). Intact (262 �M, 68 �l
and 28.1 �M, 120 �l in two trials) and Inactive (40.8 �M, 100 �l)
in 20 mM sodium phosphate buffer (pH 7.0) containing 100 mM

NaCl was mixed with Cy3-maleimide monoreactive dye (GE
Healthcare) at a molecular ratio of enzyme:Cy3-maleimide �
1:20 and reacted for 4 days at room temperature. Unreacted
Cy3-maleimide was removed by ultrafiltration (Vivaspin 500 5
K PES membrane; Sartorius, Germany). CD (30 �M, 50 �l) in 20
mM sodium phosphate buffer (pH 7.0) containing 100 mM NaCl
was reduced with 10 mM DTT for 16 h at 4 °C and then mixed
with Cy3-maleimide monoreactive dye. DTT was removed by
HPLC with a size exclusion column (YMC-Pack Diol-200G).
The reaction with Cy3-maleimide was conducted at a molecu-
lar ratio of enzyme:Cy3-maleimide � 1:20 for 4 days at room
temperature. Unreacted Cy3-maleimide was removed by
HPLC equipped with a size exclusion column. CBM-linker was
reduced by 10 mM 2-mercaptoethanol for 1 h at room temper-
ature, and 2-mercaptoethanol was removed by HPLC with a
size exclusion column (YMC-Pack Diol-120G; YMC). Then 500
�l of 66.5 �M CBM-linker was mixed with three times the
amount of Cy3-maleimide and incubated for 16 h at room tem-
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perature. Unreacted Cy3 was removed by an EconoPack DE10
column (Bio-Rad), and the sample was eluted with 20 mM Tris-
HCl (pH 8.0) containing 100 mM NaCl. Cy3-labeled CBM-
linker (2.8 �M, 500 �l) was incubated with 2.5 �g of Factor Xa
(NEB, England) and 2 mM CaCl2 for 16 h at 23 °C. Factor Xa was
removed by HPLC with a size exclusion column (YMC-Pack
Diol-120G), and the sample was eluted with 20 mM sodium
acetate buffer (pH 5.0) containing 100 mM NaCl. CBM was
reduced by 10 mM 2-mercaptoethanol for 1 h at room temper-
ature, and 2-mercaptoethanol was removed by HPLC with a
size exclusion column (YMC-Pack Diol-120G; YMC). CBM
(40.0 �M, 1500 �l) was mixed with 3 times the amount of Cy3-
maleimide and incubated 16 h at room temperature. Unreacted
Cy3 was removed by an EconoPack DE10 column (Bio-Rad),
and the sample was eluted with 20 mM Tris-HCl (pH 8.0) con-
taining 100 mM NaCl. Cy3-labeled CBM (288 �M, 200 �l) was
incubated with 65 �g of Factor Xa (NEB, England) and 2 mM

CaCl2 for 16 h at 23 °C. Factor Xa and EGFP were removed by
HPLC with a size exclusion column (YMC-Pack Diol-120G),
and the sample was eluted with 20 mM sodium acetate buffer
(pH 5.0) containing 100 mM NaCl. The labeling ratios of Intact
was 85 and 91% for 2 trials, and the labeling ratios of Inactive,
CD, CBM-linker, and CBM were 74, 64, 69, and 85%, respec-
tively. The molecular extinction coefficient used for Cy3 was
150,000 M�1 cm�1 at 550 nm, and those for WT, Intact, and
Inactive were 95,880 M�1 cm�1; that for CD was 80,300 M�1

cm�1; and those for CBM-linker and CBM were 15,580 M�1

cm�1 at 280 nm.
Cellulose Preparation—Crystalline cellulose I� was prepared

from Cladophora sp. The plant body was incubated at room
temperature in 1 M NaOH for 16 h. NaOH was removed by
washing with deionized water, and the sample was incubated at
70 °C for 3 h in 1.0 liter of 100 mM sodium acetate buffer (pH
4.9) containing 0.3% NaClO2. The sample was washed with
water and incubated in 1 M NaOH at room temperature for
16 h. Hard tips were removed, and fibers were cut into short
pieces with scissors after washing with water. The fiber was
incubated in 0.1 M HCl at 110 °C for 20 min and washed with
water. The fiber was suspended in water for 16 h at room tem-
perature and homogenized by Physcotron (Microtec). The sus-
pension was centrifuged at 8,000 � g for 10 min, and cellulose
was collected. Cellulose (30 g), 30 ml of water, and 120 ml of 6 N

HCl were mixed and incubated at 80 °C for 9 h with agitation at
300 rpm. Cellulose crystals were collected by centrifugation at
10,000 � g and 15,000 � g and washed with milliQ water until
the pH became neutral. The aggregated crystals and large fibers
were removed by centrifugation at 6,000 � g. Crystallinity was
checked by XRD, and scattering intensity from amorphous
regions was not observed (Fig. 10).

Hydrolysis Activity Measurement—WT, Intact, CD, and
Inactive were mixed with cellulose I� (final concentration, 0.1%
w/v) for 2 min at 25 °C in 50 mM sodium acetate buffer (pH 5.0).
The final concentration of enzymes was 0.1 �M. The hydrolysis
activities were determined by HPLC analysis. Glucose (Sigma-
Aldrich); cellobiose, cellotetraose, and cellopentaose (Serva);
and cellotriose (Seikagaku) were used as standards. For PASC
hydrolysis, 0.1 �M enzyme was mixed with 0.1% substrate for 30
min at 25 °C in 50 mM sodium acetate buffer (pH 5.0). Product

concentrations were quantified by the p-hydroxybenzaldehyde
method with a glucose standard.

Single-molecule Fluorescence Imaging Analysis—Single-mol-
ecule fluorescence imaging was performed as described previ-
ously (14). A glass coverslip (thickness, 0.12– 0.17 mm; Matsu-
nami Glass) was cleaned with 10 M KOH for 1 day. A sample
chamber was constructed with the coverslip. A cellulose I�

solution (0.02% w/v, 20 �l) was spin-coated (3,000 rpm, 10 s) on
the coverslip. Then Cy3-conjugated enzymes (25–250 pM, 20
�l) in 50 mM sodium acetate (pH 5.0) were dropped on the
coverslip and observed.

For the kon and koff analysis, image sequences were obtained
at 5 fps with a laser power of 0.14 �W/�m2 before entering the
objective lens. The photo-breaching time constant for Cy3 con-
jugated to TrCel6A under these conditions was 18.8 � 0.8 s.
The binding specificity of the samples to crystalline cellulose I�

was confirmed by comparing the bright field image of crystal-
line cellulose I� microfibrils and single-molecule fluorescence
image of the samples in the same field of view obtained at a
frame rate of 0.5 fps (Fig. 9).

For the analysis of movement, the localization precision was
improved to 6 – 8 nm by increasing the laser power to 0.28
�W/�m2 and adjusting the frame rate to 0.5 or 1 fps. The pho-
to-breaching time constant under these conditions was 15.0 �
0.7 s. The images were analyzed using ImageJ software
(National Institutes of Health).
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