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ABSTRACT: We studied the binding kinetics of family 3 carbohydrate-binding
module (CBM3a) molecules to crystalline cellulose ﬁbrils extracted from the poplar
cell wall by atomic force microscopy (AFM) recognition imaging. The free CBM3a
molecules of diﬀerent concentrations were added to the buﬀer solution to bind to the
crystalline cellulose sample immobilized on the AFM substrate. During in-situ AFM
imaging, the CBM molecules were observed to bind to cellulose eﬃciently and
regularly, especially in the ﬁrst 60−120 min. A 1:1 single-molecule binding model was
used to study the kinetics of the CBM3a−cellulose interaction. The saturation time
when the concentration of occupied binding sites is 99% of the maximum bound
CBM3a concentration at the end of reaction, t(0.99), was determined by ﬁtting diﬀerent
concentrations of CBM3a against reaction time using the high resolution AFM images
and the single-molecule kinetics equations. Based on the experimental data and
kinetics calculations, the minimal eﬀective initial CBM3a concentration was estimated
to be 5.1 × 10−7 M at 287 min reaction time. This study provides an in-depth
understanding of the binding mechanism of CBM with crystalline cellulose at single molecule level.

■

INTRODUCTION
Lignocellulosic biomass (mainly plant cell walls) is a renewable
source for biofuel production by enzymatic hydrolysis.1,2 This
procedure is greatly hindered by the natural complexity of the
plant cell wall structure and composition. The closely packed
cellulose chains are stabilized by hydrogen bonding to form a
tight, regular array which hinders many of the glycosidic bonds
from enzymatic attack. The carbohydrate-degrading enzymes
are mainly composed of two domains with speciﬁc functions.
One can speciﬁcally binding to carbohydrate surface, named
carbohydrate-binding domain (CBD). The other is called
catalytic domain3 and is connected to the CBD by a short
peptide linker. The CBD, or cellulose-binding modules (CBM),
have been grouped into several families sharing the same basic
structure and the same chemical reaction mechanism.4 Some
studies found that the removal of CBM could lead to a decrease
of about 50−80% of the eﬃciency of cellulases on insoluble
substrates.5−7 These results indicated a direct correlation
between the eﬃciency of cellulose degradation and enzyme
binding. It has long been a great challenge to improve the
eﬃciency of enzymatic hydrolysis, as little is known about the
plant cell wall structural changes and the mechanism of the
enzyme−cellulose interactions. Therefore, a more profound
understanding of this process, especially at single-molecule
level, is essential to the enzymatic biomass conversion and
ultimately improves bioethanol production.8,9
As the beginning step of enzymatic hydrolysis of cellulose,
the eﬃciency and aﬃnity of CBM binding to plant cell walls
© 2014 American Chemical Society

can directly inﬂuence the degradation process. The CBM has
been proposed to be responsible for the apparently irreversible
binding, rather than the catalytic domain.10,11 The CBM
binding can guide the movement of intact cellulase molecules
on the cellulose surface, the binding equilibrium is therefore of
great importance for understanding hydrolysis process. The
adsorption of CBMs is therefore required to be fully
understood and well-controlled.12 Measuring the single
molecular CBM−cellulose interaction may provide a better
understanding of the enzyme−cellulose interaction mechanism
at single molecule level.
In the past decades, bulk experimental measurements
quantitatively revealed a wide range of aﬃnities of diﬀerent
CBMs binding to various cellulose substrates under a series of
temperatures.13−18 In 1996, Linder and Teeri studied the
kinetics of binding of the CBM from Trichoderma reesei
cellobiohydrolase I on microcrystalline cellulose based on
binding isotherm data.12 In this work, free CBM molecules
(100 μL, 20 μM) were incubated with the same volume of
bacterial microcrystalline cellulose (2 mg/mL) for 3 h. Binding
aﬃnity of the CBM was found to increase at lower
temperatures. The exchange rate measured for the CBM−
cellulose interaction compared well with the hydrolysis rate of
cellobiohydrolase I with koff = 0.012 ± 0.0025 s−1 at 22 °C.
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Figure 1. Schematics and AFM images of CBM3a binding to crystalline cellulose. (a) Schematics of the blocking of binding sites after injection of
free CBM3a molecules; (b,c) Topography and (d,e) recognition images of crystalline cellulose ﬁbril before (0 min) and after (180 min) presence of
free CBM molecules (3.38 μM). The white lines label the topography (f,g) and recognition (h,i) cross-section of a single cellulose ﬁbril. The red,
dashed lines highlighted the individual binding sites before and after the blocking by free CBM molecules. The blue boxes indicate the diﬀerences of
binding sites at 0 and 180 min on a certain location of that cellulose ﬁbril.

roughness of the plant cell wall were precisely determined.
Recently, AFM recognition imaging was combined with the
dynamic force measurements to map the substrate components
and measure the intermolecular forces using functionalized
AFM tips.23 In our previous work, AFM recognition imaging
and single molecule dynamic force spectroscopy (SMDFS)
have been applied to map the natural and pretreated plant cell
wall surface and study the aﬃnity between noncatalytic family 3
carbohydrate-binding modules (CBM3a) and crystalline
cellulose.24,25 The bottom of the CBM3a molecule consists
some conserved surface residues, including ﬁve amino acid
residues (Trp118, Arg112, Asp56, His57, and Tyr67), which
form a planar and hydrophobic strip. Based on biochemistry
study, this ﬂat region will speciﬁcally interact with crystalline
cellulose.26 Therefore, CBM3a was chosen as the probe for the
speciﬁc recognition of crystalline cellulose. The crystalline
cellulose exposed on the cell wall surface before and after
pretreatments was speciﬁcally recognized and its surface
coverage changes were quantiﬁed.27
In this work, we studied the binding process of the CBM−
cellulose interaction on extracted crystalline cellulose of poplar
monitored by AFM topography and recognition images.
CBM3a molecules (derived from Clostridium thermocellum
Scaﬀoldin CipA) were used for both AFM tip functionalization
and free CBM molecule binding under a series of
concentrations. We also observed the distribution of bound
CBMs on cellulose sample surfaces and determined the binding
kinetics by a single-molecule kinetics model, which is based on
counting the surface concentrations of CBM3a−cellulose
complexes along the reaction time. Consequently, a minimal

McLean and co-workers extended the CBM species and
cellulose substrates in 2002 to identify the speciﬁcities of
diﬀerent CBMs to diﬀerent cellulose structures by competition
isotherms and ﬂuorescent labeling.19 The adsorption isotherms
were obtained by incubating 2−20 μM of competing
ﬂuorescence-labeled CBM species with cellulose substrates (1
mg/mL) for 3 h at 4 °C. The surface and solution
concentrations of each CBM were monitored as a function of
time and composition. A very ﬁne binding speciﬁcity of
cellulose-speciﬁc CBMs was determined down to the resolution
of cellulose microstructures. This research provided a
comprehensive understanding of how an enormous number
of CBM molecules from diﬀerent enzyme species bound to the
carbohydrate substrates competitively and the speciﬁcity of
each CBM was quantitatively determined. However, the
complicated labeling procedure and averaged kinetic values
made the measurement of binding eﬃciency down to the single
CBM molecule impossible.
To better understand the binding process and eﬃciency of
CBM binding, direct observation and measurement at single
molecule level are needed to study the binding behavior of a
single CBM molecule. An accurate measurement of binding
eﬃciency and surface distribution of CBM bound to cellulose
can provide very important information about the minimum
concentration as well as reaction time for an optimal enzymatic
hydrolysis process. Among the single molecule techniques,
atomic force microscopy (AFM) has the advantages of imaging
the sample surface with ultrahigh resolution, down to the single
molecule and atomic level. AFM has already been widely used
to directly visualize the surface structure of plant cell walls with
nanometer resolution.20−22 The morphology and surface
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Figure 2. Timeline of CBM3a binding to crystalline cellulose: (a−d) topography images; (e−h) recognition images; (i−l) cross sections of
topography images along the white lines; (m−p) cross sections of recognition images along the white lines. Some representative binding sites are
labeled with red, dashed lines.

interference. After obtaining repeatable AFM images of
extracted crystalline cellulose within the same scanned area,
the CBM3a solution in 100 μL Tris-Cl buﬀer was gently
injected into the ﬂow cell. The CBM3a concentrations used in
this work were 3.38 μM, 2.37 μM, 1.20 μM, 0.5 μM, 0.3 μM,
0.2 μM, and 0.1 μM. The binding process of CBM3a onto
crystalline cellulose was then monitored in the following 3−8 h.
Binding Site Calculation by AFM Recognition Imaging. Under each CBM3a concentration, the binding experiment was repeated 3 times. The binding sites were calculated in
a 300 nm × 300 nm scanned area, and 5 randomly selected
locations on the sample surface were used to obtain the images
with the same scan size in order to obtain average results. The
functionalized AFM tip was set at a scanning speed of 6 μm/s.
AFM recognition images have been used to calculated the
recognition area percentage in our previous work.25,27 To study
the kinetics of the CBM3a binding process, the numbers (or
concentrations) of available binding sites on the cellulose
sample surface were counted from individual binding site,
which was estimated as 5 nm in width with 5−8 nm interval
along a single crystalline cellulose ﬁbril.24 Both the total binding
sites at the beginning of the reaction and the unoccupied
binding sites after a certain reaction time (which were
converted into the numbers of the formed CBM−cellulose
complex) were calculated from the AFM images with 300 nm ×
300 nm scanned area.

eﬀective initial concentration of CBM3a was determined at a
comparatively short reaction time using this kinetics model.

■

EXPERIMENTAL METHODS
Preparation of Recombinant CBM3a and AFM Tip
Functionalization. The recombinant CBM3a was provided by
Complex Carbohydrate Research Center, University of Georgia
as introduced previously.24 The AFM tips (CS-25 silicon) with
the nominal spring constant of 0.1 N/m were purchased from
Nanoscience Instruments, Phoenix, AZ. The CBM3a-AFM tip
functionalization procedure has been described in a previous
publication.24
Preparation of Extracted Plant Cell Wall Cellulose and
AFM Sample. The extraction of crystalline cellulose ﬁbrils
followed a widely used procedure and the details were depicted
in our previous work.25,28 To prepare the AFM sample for
recognition imaging and binding site calculation, the extracted
poplar suspension (0.1 wt %, 20 μL) was dropped onto the
cleaned glass surface. After 20 min, the glass surface was washed
by 200 μL puriﬁed water ﬁve times to remove extra cellulose
that had weak adsorption to glass. Finally, the air-dried glass
chip was ﬁxed into an AFM ﬂow cell29 and then ﬁlled with 0.4
mL Tris-Cl buﬀer (10 mM Tris-Cl and 150 mM NaCl, pH =
7.5) for recognition imaging and binding site calculation.
AFM Experimental Settings. The PicoPlus system
combined with an Agilent 5500 Controller was used in this
work. An Agilent multipurpose AFM scanner was used to
obtain images in an area as large as 10 μm by 10 μm. All the
images were taken under Top magnetic AC (TopMAC) mode
with a PicoTREC controller (Agilent Technologies, Santa
Clara, CA). The whole system was enclosed by a PicoPlus
Isolation Chamber to be shielded from environmental

■

RESULTS AND DISCUSSION
Figure 1 shows the schematics and real-time AFM images of
CBM3a binding to crystalline cellulose. As shown in Figure 1a,
the CBM3a molecule functionalized on the AFM tip was
induced to interact with the crystalline cellulose on substrate
6716
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Figure 3. AFM topography (a−d), recognition (e−h), and 3D (i−l) images of CBM3a−cellulose binding at a smaller scale. The blue arrows in (b−
d) and (j−l) indicate the regularly aligned CBM3a molecules binding on a crystalline cellulose ﬁbril from 0 to 300 min. The binding sites are labeled
by white, dashed circles.

during scanning. A series of recognition signals could be
generated at the supposed binding sites along each crystalline
cellulose ﬁbril. The binding kinetics study was based on the
initial concentrations of free CBM3a, the number of estimated
available or initial binding sites on cellulose surface at the
beginning of reaction, and the time-dependent formation of
CBM-cellulose complex along the binding reaction course
(Figure 1). The number of estimated binding sites was deﬁned
as the total number of binding sites located on the entire
crystalline cellulose sample surface (300 nm × 300 nm scanned
area). The interval between two adjacent binding sites was
measured to be 5 to 8 nm (Figure 1h,i).24,30 After injecting the
CBM3a solution, the binding sites were gradually blocked by
the free CBM molecules in solution; therefore, the number of
available binding sites decreased. When coverage of the CBM3a
molecules on the crystalline cellulose surface became saturated,
most binding sites were blocked. The number (or concentration) of the CBM3a-crystalline cellulose complexes could be
calculated by subtracting the number (or concentration) of
unblocked binding sites (Figure 1i) from the total number of
estimated available (initial) binding sites (Figure 1h). Therefore, the number of bound CBM3a-crystalline cellulose
complexes was estimated to be 15−20 along a 200 nm ﬁbril.
The crystalline cellulose surface with and without CBM
binding was illustrated by AFM topography (Figure 1b,c) and
recognition (Figure 1d,e) images. A representative crystalline
cellulose ﬁbril of diameter 20−25 nm was labeled by a white
line along the axis. The cross-section along the white line was
analyzed to show the diﬀerence of the surface morphology
before and after CBM binding (Figure 1f−i). Before injecting
the CBM3a solution, the surface of cellulose was comparatively

rough with numerous binding sites available, as labeled by red
dashed lines with the intervals of 5−15 nm in Figure 1h. At 180
min after injection of 3.38 μM of CBM3a, more small features
appeared on the surface of cellulose ﬁbril, which were supposed
to be individual CBM3a molecules aligning along the cellulose
ﬁbrils. Therefore, the number of binding sites greatly decreased
(less red dashed lines in Figure 1i), indicating the blocking of
binding sites by free CBM molecules. The blue boxes in Figure
1h,i highlight the details of the change in binding sites between
0 and 180 min within a distance of 200 nm on cellulose ﬁbril
surface. Based on the observation of 15 crystalline cellulose
ﬁbrils, the average blockage ratio of the binding sites at 180 min
was around 70−80% under this relatively high CBM
concentration of 3.38 μM.
To reveal the details of the CBM binding process and the
changes of cellulose surface morphology along the reaction
time, a series of AFM topography and recognition images were
collected with the initial CBM3a concentration of 0.2 μM, as an
example. Figure 2 shows the images obtained at 0, 30, 120, and
300 min after injection of CBM3a solution. The cellulose
surface morphology and the change of the binding sites were
also revealed by cross-section analysis.
With the presence of CBM3a molecules, the surface of each
crystalline cellulose ﬁbril was gradually covered by CBM
(Figure 2a−d). Simultaneously, more and more small features
appeared along the cellulose ﬁbril (Figure 2a−d). About 20
small “bumps” with diameter of ∼5 nm were observed at 300
min along the ﬁbril labeled by the white line, suggesting the
regular alignment of CBM3a molecules (Figure 2i−l). Besides,
the number of representative binding sites decreased from
about 22 to 9 after 300 min reaction (Figure 2e−h and m−p),
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indicating a weaker and nonspeciﬁc interaction between the
CBM3a on the AFM tip and cellulose due to blocking of
binding sites. Diﬀerent from the results with the higher CBM
concentration, the average blockage of binding sites reduced to
60−70% after saturated binding at 300 min under this lower
concentration of CBMs.
Diﬀerent from bulk experiments, we were able to directly
observe the time-dependent alignment of individual CBM3a
molecule along a single cellulose ﬁbril at a smaller scale in AFM
images (Figure 3). In topography images (Figure 3a−d), the
morphology of the cellulose ﬁbril kept changing and a highly
regular pattern was ﬁnally observed along the ﬁbril after 300
min, indicating the binding of increasing number of CBM
molecules onto cellulose as indicated by the blue arrows. The
recognition images (Figure 3e−h) showed a clearer trend of
decreasing number of binding sites (as highlighted by the white
dashed circles) due to the surface coverage of free CBM
molecules.
The 3D images (Figure 3i−l) also provided the binding and
alignment details of individual CBM molecule along cellulose
ﬁbril. After 120 min reaction, the CBM molecules on cellulose
ﬁbril began to show a regular pattern until the formation of a
well-arranged alignment of nine “bumps” at 300 min (indicated
by blue arrows in Figure 3b−d and j−l). Notably, the changes
of the surface morphology and binding sites were signiﬁcant
during the ﬁrst 120 min, but ones between 120 and 300 min
were not pronounced. This diﬀerence implied that the CBM−
cellulose binding happened faster in the ﬁrst 1 to 2 h then
slowed down until saturation. The same situation was also
found in Figure 2k,l,o,p). The above observations provided
important information on the binding behavior of CBM3a
molecule. The binding eﬃciencies of CBM at diﬀerent stages of
time could lead to a more profound insight into the enzymatic
hydrolysis process.
To quantitatively determine the binding process of CBM3a
to cellulose, we also studied the reaction kinetics of CBM3a−
cellulose interaction. The CBM3a binding reaction mechanism
was based on a 1:1 single-molecule surface reaction model for
the CBM3a and cellulose molecules. The CBM3a−cellulose
interaction process can be expressed as follows:31
CBM3a(M ) + cellulose(C)

kon =

MC(∞)koff
M 0[C0 − MC(∞)]

(2)

Here, both the initial binding sites on cellulose molecules C0
and the ﬁnal binding complex MC(∞) were counted based on
the AFM images. With koff value estimated from singlemolecule unbinding force measurements,25 the dissociation
constant kd value was also calculated from the kon and koff (eq
3)
kd =

koff
kon

(3)

To better understand the speciﬁc process of CBM3a−cellulose
interactions, seven diﬀerent M0 values (3.38 μM, 2.37 μM, 1.20
μM, 0.5 μM, 0.3 μM, 0.2 μM, and 0.1 μM) were used to obtain
the real-time reaction curve. The ﬁtting curves based on SI eq
S2 were compared with their corresponding experimental data
points (Figure 4). Here, the CBM3a concentrations were

Figure 4. CBM3a against reaction time plots for diﬀerent initial
concentrations of CBM3a (M0). t(0.99) is the saturation time when the
concentration of occupied binding sites is 99% of the maximum bound
CBM3a concentration at the end of reaction.

converted from the numbers of molecules counted in each
AFM image along reaction time t. The saturation time t(0.99)
was deﬁned as the reaction time when the concentration of
occupied binding sites is 99% of the maximum bound CBM3a
concentration at the end of reaction (see the ﬁtting curves in
Figure 4). The value of t(0.99) at each concentration was
calculated from its corresponding ﬁtting curve, and highlighted
as cross marks on the ﬁtting curve of each M0 concentration in
Figure 4. The k d values also depended on the M 0
concentrations. When M0 increased, both MC(∞) and kd
increased in the binding process (Table S2, SI Section S3).
Both M0 and t showed the exponential relationships with the
binding complex concentration MC (eq S3, SI Section S2).
Therefore, the relationship between M0 and t can be expressed
as

kon
binding complex(MC)
koff
(1)

Here, M is the concentration of injected CBM3a molecules; C
is the concentration of estimated initial binding sites on the
cellulose surface; MC is the concentration of CBM3a−cellulose
binding complex at time t on the sample surface. The
calculations of C and MC were described in detail in SI
Section S1 (Table S1). The initial concentration of CBM3a
(M0) was considered constant during the entire reaction course
if excess of CBM3a molecules were added, compared to the
relatively small concentration of cellulose (C0) on the substrate
surface.
After the estimated binding sites on cellulose in the scanned
area were blocked by CBM3a molecules toward a saturation
state, MC(t) became a constant value MC(∞) (eq S1 and S2,
SI Section S2). With the dissociate constant or oﬀ-rate koff
estimated from the Bell’s model of single-molecule unbinding
force measurements,32 the on-rate kon could also be determined
from the relationship below (eq 2):

t(0.99) =

ln[C0 − MC(0.99)]
−konM 0

(4)

Here, MC(0.99) represents the saturation binding complex
concentration at saturation time t(0.99). The plots of t(0.99)
against M0 are shown below. The saturation time signiﬁcantly
decreased when initial CBM3a concentration increased.
According to eq 4, the initial CBM3a concentration M0 and
saturation time t(0.99) had a simple reciprocal relationship if the
6718
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change of saturation complex concentration, the MC value at
t(0.99), could be neglected.
According to the work of Lee et al., the values of koff, kon, and
kd obtained from the force spectroscopy approach diﬀered from
those obtained by a best ﬁt of the data.31 The distribution of
free molecules was not expected to be homogeneous due to
nonideal mixing of the injected solution. Therefore, the binding
rate was assumed to lag behind the estimation in SI eq S2 under
an ideal-mixing condition. This was also conﬁrmed by SI eq S2
with the koff determined from force spectroscopy. Thereby, the
binding kinetics could be determined more realistically using
force spectroscopy in real experiments.
Figure 5 showed the plot of t(0.99) against M0 and the trend of
these data points was very close to a reciprocal relationship.

Other literature reported the reaction times of the CBM3a−
cellulose interaction with various criteria and methods.33,34 For
instance, Goldstein and co-workers reported that a plateau
value of the 1.2 μM complex was attained by 60 min with 2 μM
CBM incubated with 1 mg/mL Avicel.14 Besides, the measured
complex concentration dropped to around half of the maximum
value after prolonged incubation of 18 h. This was assumed to
be caused by gradual denaturation of the CBMs or by disrupted
cellulose surface during nonhydrolytic processes according to
Din et al.35 Our single-molecule measurements provided
important information about the reaction process as well as
time at the nanometer scale. It is well known that the binding
kinetics can diﬀer widely among cellulose sample preparations,
surface immobilizations, reaction temperatures, and so forth.
Thus, the very close agreement between bulk experiment and
single molecule measurement was not expected in this study. In
our work, we used small CBM molecules to study only the
binding process and kinetics of CBM−cellulose interaction.
When a larger enzyme molecule is used, a diﬀerent and more
complex hydrolysis process is supposed to be observed with
diﬀerent binding site distribution and changes of counts over a
time course.

■

CONCLUSIONS
In this work, the binding process of CBM3a molecules to
crystalline cellulose ﬁbrils was studied by AFM topography and
recognition images. The free CBM3a molecules of diﬀerent
concentrations were observed to bind to crystalline cellulose
eﬃciently and regularly, especially in the ﬁrst 120 min. Singlemolecule kinetics revealed the detailed relationships among the
real-time CBM3a concentration on cellulose surface, reaction
time, and initial CBM3a concentration in solution. The
saturation time when the concentration of occupied binding
sites is 99% of the maximum bound CBM3a concentration,
t(0.99), was determined by the AFM recognition images and
kinetic model we used in this study. The minimal eﬀective
initial CBM3a concentration was found to be 5.1 × 10−7 M
when the reaction time and initial CBM3a concentration were
considered as critical conditions in the experiments. The singlemolecule kinetics used in this study was based on large amounts
of AFM experimental results and could guide the future
experiments on similar reaction systems.

Figure 5. Plot of t(0.99) against a series of M0. Data points determined
by low M0 and high t(0.99) are ﬁtted by the blue line and data points
determined by high M0 and low t(0.99) are ﬁtted by the red line. The
trend of the changes of t(0.99) is guided by the black, dashed line. The
point near intersection indicates the minimal eﬀective initial
concentration of M0 (around 5.1 × 10−7 M).

However, when M0 decreased in the experiments, the value of
saturation complex concentration (marked as a brown cross for
each M0 value in Figure 4) gradually decreased. Therefore, the
saturation time t(0.99) was determined by both initial CBM3a
concentration M0 and measured complex concentration MC
t(0.99). Strictly speaking, the relationship between t(0.99) and M0
was more complex than a highly simpliﬁed reciprocal ﬁtting
curve.
In the experimental analysis, we aimed to obtain a minimal
eﬀective initial CBM3a concentration M0 so that the binding
reaction could reach saturation with a reasonable t(0.99). Here,
linear ﬁttings were used for the four data points in the left part
and three data points in the right part of Figure 5. The
intersection of these two ﬁtting lines showed the minimal
eﬀective initial CBM3a concentration and its corresponding
saturation time t(0.99). Based on this estimation, the initial
CBM3a concentration should be 5.1 × 10−7 M and the
saturation time will be 17200 s or 287 min. If the purpose was
to obtain a shorter saturation time, further increasing the
CBM3a initial concentration would not be eﬃcient any more.
On the other hand, the CBM3a initial concentrations lower
than 5.1 × 10−7 M would dramatically increase the reaction
time to reach binding saturation on the cellulose surface. The
5.1 × 10−7 M should be an economic value for the CBM3a−
cellulose surface binding reaction.
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