
201© Springer Nature Singapore Pte Ltd. 2018 
Y. Yamaguchi, K. Kato (eds.), Glycobiophysics, Advances in Experimental 
Medicine and Biology 1104, https://doi.org/10.1007/978-981-13-2158-0_10

Chapter 10
Visualization of Functional Structure 
and Kinetic Dynamics of Cellulases

Akihiko Nakamura and Ryota Iino

Abstract  Cellulose is the most abundant carbohydrate on earth and hydrolyzed by 
cellulases in nature. During catalysis, cellulase transfers protons to and from the 
oxygen atoms of the glycosidic bond and a water molecule. Since cellulose is an 
insoluble polymer, some kinds of cellulases, with high activity toward crystalline 
cellulose, move on the crystal surface with continuous hydrolysis of the molecular 
chain. In addition, binding and dissociation on/from the crystal surface are also 
important elementary steps of the reaction cycle. Recently, these interesting features 
of cellulases can be directly analyzed, due to the development of visualization tech-
niques. In this chapter, we introduce (1) visualization of the protonation state of the 
catalytic residue by neutron crystallography, (2) visualization of processive move-
ment on the crystal surface by high-speed atomic force microscopy, and (3) visual-
ization of binding and dissociation events by single-molecule fluorescence 
microscopy.
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10.1  �Introduction

Cellulase hydrolyzes cellulose, the main component of plant cell walls, to mono- or 
oligosaccharides. Cellulase is mainly produced by fungi and bacteria that live in soil 
(Štursová et al. 2012), coexist with animals (Julliand et al. 1999), or are pathogens 
of plants (Wood 1960). Cellulases are classified as members of the glycoside hydro-
lase (GH) family based on amino acid sequences and three-dimensional structures 
in the Carbohydrate-Active enZymes (CAZy) database (Lombard et al. 2014). At 
this time (Feb., 2018), 149 GH families exist, and cellulases are classified in 12 
families (GH5, 6, 7, 8, 9, 12, 44, 45, 48, 51, 74, and 124). Traditional classifications 
of them, based on activity, are cellobiohydrolases and endoglucanases (EC 3.2.1.4). 
The former is additionally separated into nonreducing-end cellobiohydrolases (EC 
3.2.1.91) and reducing-end cellobiohydrolases (EC 3.2.1.176), depending on differ-
ent preferences for the ends of the molecular chain (Fig. 10.1). Cellobiohydrolases 
mainly produce cellobiose (a β-1,4-linked glucose dimer) from chain ends, and 
endoglucanase cuts the middle of chains in amorphous regions. Many cellulases 
consist of a catalytic domain (CD) and a cellulose-binding domain (CBD). These 
two domains of fungal cellulases are connected by an intrinsically disordered region 
modified with sugars, and those of bacterial cellulase  (Leschine 1995) are con-
nected by linker domain (i.e., fibronectin type III-like domain). Although, cellulases 
without CBD also exist. In this chapter, we focus on fungal cellulase.

Two reaction mechanisms have been proposed for cellulases depending on the 
anomeric structure of the products: one is the retaining mechanism, and the other is 
the inverting mechanism (McCarter and Stephen Withers 1994). In the former case, 
the catalytic nucleophile residue attacks the C1 carbon of glucose, and the catalytic 
acid/base residue protonates the oxygen of the glycosidic bond. After making a 
glycosyl-enzyme intermediate, the catalytic acid/base residue receives a proton 
from a water molecule, and the glycosidic bond of the intermediate is hydrolyzed. 

Fig. 10.1  Structure of cellulose and the domain construction of cellulase
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On the other hand, inverting cellulases hydrolyze cellulose at once with protonation 
of the oxygen of the glycosidic bond and activation of water by the catalytic acid 
and base residues, respectively. Both mechanisms basically need two acidic resi-
dues (aspartate or glutamate) and catalyze proton exchanges between cellulose and 
water molecules. Therefore, visualization of the protonated states of the residues 
around the substrate-binding site is useful to determine the catalytic residues and 
mechanisms.

The most unique feature of cellulase is the heterogeneous reaction at the liquid-
solid interface. Cellulose is an insoluble polymer of β-1,4-linked glucose, and the 
molecular chains make stabile crystal structures. During the reaction, cellulase 
needs to bind on the surface of cellulose, hydrolyze the glycosidic bond, and dis-
sociate from the surface. In the case of crystalline cellulose hydrolysis, not all 
enzyme-binding events are productive, because molecular chains are tightly packed 
and hydrolyzable parts are limited (Jalak et al. 2012). The constants (e.g., turnover 
and dissociation constant) obtained by biochemical assays are averages of all states. 
Therefore, single-molecule analysis is needed to determine the binding rate con-
stant (kon), dissociation rate constant (koff), and turnover of “truly” productive mol-
ecules. Actually, the movement of cellobiohydrolases on crystalline cellulose that 
had been expected from biochemical results was directly visualized by high-speed 
atomic force microscopy (HS-AFM), as described below (Igarashi et al. 2009).

In this chapter, we will introduce visualization of (1) protonation states of the 
catalytic residue by neutron and X-ray crystallography, (2) processive movement by 
HS-AFM, and (3) binding and dissociation on/from cellulose crystals by single-
molecule fluorescence microscopy. These visualization methods should be useful 
not only for the characterization of cellulases but also for other carbohydrate active 
enzymes.

10.2  �Visualization of Protonated States by X-Ray 
and Neutron Crystallography

The hydrogen atom is the most abundant atom in an enzyme molecule. Hydrogen 
atom is an important element of hydrogen bonding that is indispensable for stabili-
zation of higher-order enzyme structures and interactions between enzymes and 
substrates. It is also well known that proton exchange (hydrogen nucleus, generally 
also called a hydrogen ion or proton) occurs between substrate or solvent and amino 
acids that have polar groups. Structural analysis, including hydrogen atoms and 
protons, is extremely important for understanding the structure and reaction mecha-
nism of enzymes.

10  Visualization of Functional Structure and Kinetic Dynamics of Cellulases
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10.2.1  �Advantages and Challenges of Neutron Crystallography

In terms of three-dimensional structure determination of an enzyme, the most com-
mon method is X-ray crystallography, and over 100,000 structures have been regis-
tered in the Protein Data Bank (PDB), to date. In X-ray crystallography, the electron 
density of the atoms constituting the enzyme molecule are observed using X-ray as 
a probe. Carbon, oxygen, and nitrogen atoms that have a large atomic number and a 
large number of electrons are easily observed, compared to hydrogen atoms. 
Ultrahigh (sub-angstroms) resolution is needed for observing hydrogen atom, 
hydride, or proton with coordinate bond (Ogata et  al. 2015). On the other hand, 
neutron crystallography uses neutron as a probe, and neutrons diffracted by nuclei 
are observed. Therefore, the visibilities of atoms are completely different from 
X-ray crystallography, as shown in Fig. 10.2 (Varley 1992; McMaster et al. 1969). 
For example, sulfur atoms, easily observed by X-ray crystallography, show weak 
scattering intensity in neutron crystallography. Additionally, oxygen and nitrogen 
atoms are easily distinguished from each other by neutron crystallography because 
nitrogen atoms clearly show stronger scattering intensity. The most interesting fea-
ture of neutron crystallography is the differences of scattering intensities between 
isotopes. Due to this property, a deuterium atom (D) shows a scattering intensity 
equivalent to that of carbon atoms, whereas a hydrogen atom (H) shows an apparent 
negative scattering intensity, because the phase of the scattered neutron is reversed. 
If the hydrogen atoms of an enzyme are fully exchanged to deuterium atoms, the 
protonation states of the targeted residues can be easily visualized. During the dif-
fraction measurement, the enzyme crystal will not be damaged or reduced even at 
room temperature. The energy of the neutron beam of 81.8 meV (7.9 kJ/mol) for a 
wavelength of 1Å is not enough to cleave the covalent bonds of amino acids. This is 
the other advantage of neutron crystallography.

Fig. 10.2  Difference in scattering efficiency among atoms in neutron and X-ray crystallography
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There are two types of neutron sources for neutron crystallography. One is a 
nuclear reactor, which generates a mixed wavelength neutron beam, and the desired 
wavelength of the neutron beam is separated by a monochromator. This type of 
sources is available in Japan (Japan Research Reactor No.3), France (High-Flux 
Reactor), Germany (Forschungs-Neutronenquelle Heinz Maier-Leibnitz), and the 
USA (High Flux Isotope Reactor). The other is a short-pulsed nuclear spallation 
neutron source that generates a neutron from nuclear fission of a metal target (such 
as tungsten or liquid mercury) by pulsed proton beams from a synchrotron or linear 
accelerator. The neutron wavelength diffracted by the crystal can be selected using 
a synchronized chopper, because the timing of neutron generation is known. These 
sources are now available in Japan (Materials and Life Science Experimental 
Facility; MLF), the United Kingdom (ISIS spallation neutron source), and the USA 
(Spallation Neutron Source and Protein Crystallography Station). Additionally, a 
European Spallation Source is under construction in Sweden. Especially for the 
MLF BL02 iBIX of the Japan Proton Accelerator Research Complex (J-PARC), 
detectors synchronized with the neutron generator and chopper are used to analyze 
diffraction spots by a time-resolved Laue method. This system showed one of the 
highest efficiencies of measurement in the world (Kusaka et al. 2013).

Even with the continuous development of neutron crystallography, the biggest 
problem is the weak brightness of the neutron source. Because of this disadvantage, 
usually more than 1 mm3 of protein crystal and a half-month of measurement are 
needed for diffraction analysis. The probability of big crystal formation can be 
increased with detailed analysis of the crystallization condition (Nakamura et al. 
2013a), but crystal preparation is still the bottleneck of neutron crystallography. 
Further improvement of facilities and crystallization techniques are necessary to 
make neutron crystallography more generalized.

10.2.2  �An Example of Protonation Analysis of Cellulase

Some cellulases do not have a pair of acidic residues at the expected catalytic site 
from substrate-bound structures. For example, a GH45 inverting cellulase from a 
basidiomycete Phanerochaete chrysosporium (PcCel45A) has an aspartic acid resi-
due as the catalytic acid and produces products from cellulose, but an acidic residue 
was not found at a suitable position for the catalytic base residue (Nakamura et al. 
2015). The asparagine 92 residue was identified as a possible catalytic base from 
structural comparison with the most studied GH45 cellulase from the ascomycete 
Humicola insolens (HiCel45A) (Fig. 10.3a). In a biochemical assay, the PcCel45A 
N92D mutant showed drastically lower activity than the WT, indicating that Asn92 
is acting as the catalytic residue (Fig. 10.3b). These results mean that PcCel45A has 
a different mechanism from other known cellulases. Normally, however, asparagine 
cannot receive a proton at a moderate pH, because protonation of nitrogen and oxy-
gen atoms at a side chain amide need pH -7 or pH 0, respectively. Therefore, neu-
tron crystallography was applied to determine the protonation states of Asn92 and 
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the reaction mechanism of PcCel45A. Neutron diffraction from the 6 mm3 crystal 
was measured for 13.5 days at the iBIX in the MLF of J-PARC with 300 kW accel-
erator power. As a result, it was revealed that the Asn92 residue is not in the usual 
“amide form,” but in the “imidic acid form,” that is, the tautomer of amide (Fig. 10.4). 
However, under normal conditions, the imidic acid form is unstable, and the equi-
librium is biased to the amide form. Then, further analysis of the hydrogen bond 
around the catalytic residue revealed that the oxygen of the carbonyl of the Asn92 
side chain and the nitrogen of the amide of the main chain are connected by the 
positive scattering power map of neutron crystallography. Since no scattering map 
was observed there with X-ray crystallography, it was expected that deuterium ion 
was shared between the two atoms. Next, the hydrogen bonds between the two cata-
lytic residues (Asn92 and Asp114) were also analyzed in detail, and it was 
confirmed that the two catalytic residues are connected by a series of the positive 
scattering power map of neutron (Fig.  10.4). To verify these results, the activity 
profile of PcCel45A N105D was analyzed, because Asn105 does not directly par-
ticipate in substrate recognition or catalysis itself, but it looks to be relaying protons 
between the catalytic residues. As expected, the N105D mutant retained 80% activ-
ity, compared to wild type at pH 3.0, whereas at pH 5.5, the activity of the N105D 
mutant was completely lost (Fig.  10.3b). This is likely because the proton relay 
pathway is disconnected, due to the deprotonation of the aspartic acid side chain 
(pKa 3.9) at a lower pH than the wild type. From these results, it was shown that 
PcCel45A uses the imidic acid form of Asn92 as the catalytic base and that proton-
ation of the glycosidic bond and activation of the water molecule is coupled to the 
proton pathway. In this model, the imidic acid form of Asn92 can be regenerated via 
reverse proton relays by protonation of Asp114; thus it can be explained why the 
optimal pH of the reaction is acidic.

Fig. 10.3  (a) Superposition of the active sites of PcCel45A and HiCel45A (b) pH dependencies 
of the activity of PcCel45A WT, D114A, N92D, and N105D
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10.3  �Visualization of Processive Movement of Cellulase 
by HS-AFM

High-speed atomic force microscopy (HS-AFM) is the cutting-edge technique in 
single-molecule observation. The most important point of this system is that 
enzymes can be visualized without labeling. Higher frame rates and lower tapping 
force than conventional AFM were achieved using small cantilevers and high-speed 
scanners (Ando 2013). Actually, unidirectional movement of myosin V on actin fila-
ments (Kodera et al. 2010) and chitinase on the crystal chitin surface (Igarashi et al. 
2014) was visualized. In addition, the structural change of bacteriorhodopsin with 
photo activation (Shibata et al. 2010) and cooperative movements of the ring of a 
rotating motor F1-ATPase (α3β3 subunits), without the rotator (γ-subunit), were 
observed (Uchihashi et al. 2011). Recently, the distance distribution between two 
domains, connected by an intrinsically disordered region, was also analyzed (Kodera 
et al. 2015). These results mean that even the structural dynamics of enzymes can 
be visualized by HS-AFM. Please read reviews by developers about the detailed 
working mechanism of HS-AFM (Ando 2017).

One of the most exciting findings in the cellulase research is the direct observa-
tion of the processive movement of GH7 cellobiohydrolase from the ascomycete 
Trichoderma reesei (TrCel7A) using HS-AFM (Igarashi et al. 2009), like shown in 
Fig. 10.5. As described as above, cellobiohydrolases have been thought of as pro-
cessive enzymes, because they specifically produce cellobioses, that is, the repeat-
ing unit of the cellulose molecular chain. From the structural comparison between 
cellobiohydrolase and endoglucanase in the same GH family, it was shown that only 
cellobiohydrolases have a tunnellike structure to keep the substrate-bound state 

Fig. 10.4  (a) Imidic acid form of Asn92  in PcCel45A WT. (b) Neutron scattering power map 
between Asn92 and Asp114
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(Davies and Henrissat 1995). Furthermore, sharpened edges of cellulose crystals, 
after degradation by cellobiohydrolases, were shown by electron microscopy (Imai 
et  al. 1998). Processivity of cellulases have been discussed for a long time with 
these indirect evidences. Visualization of processive movement by HS-AFM pro-
vided a new direction of analysis for cellulase characterization, like moving velocity 
(meaning kcat of a productive molecule) and moving length (indicating 
processivity).

10.3.1  �Analysis of Velocity and Processivity by HS-AFM

For the observation of cellulase movement, cellulose crystals should be stabilized 
on the surface of a graphite disc or hydrophobized mica, stuck on a glass stage. 
Fortunately, cellulose crystals are bound on their surface by just putting a drop of 
the cellulose crystal suspension, because a cellulose crystal has hydrophobic planes 
on its surface. Usually, 2 μl of 20 μM enzyme are added into 80 μl of observation 
buffer in the liquid chamber. In the case of a weak-binding mutant, like a separated 
CD, about ten times higher concentration of enzyme solution is required to find 
moving molecules. The highest frame rate reported previously is 5 fps. Higher 
frame rates will provide better time resolution for moving time analysis and proces-
sivity estimation, but they also make it difficult to track moving molecules across a 
long distance, due to the limitation of the field of view. Tracking of moving mole-
cules is achieved by peak estimation with a 2D-Gaussian distribution fitting to the 
molecule image of height per frame. Moving distance and time are calculated from 
the difference of peak positions and number of frames between the start and end 
frames of movement. From these values, velocities of each molecule are deter-
mined, and the moving velocity of the enzyme can be estimated from the 

Fig. 10.5  Processive movement of TrCel7A observed by HS-AFM
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distributions of these velocities of observed molecules. In single-molecule analysis, 
a velocity of an observed molecule does not always represent the typical character 
of the target enzyme, because the values of the velocities of molecules follow a 
Gaussian distribution, if the enzyme has a single mode of movement. Therefore, 
velocities of a high enough number of molecules should be analyzed to discuss the 
overall enzyme properties. The analysis of moving time follows the same manner. 
Distribution of moving times of observed molecules is fitted with an exponential 
decay function, and moving time (or dissociation constant) can be determined. 
Moving distance can be calculated using the values of velocity and moving time, 
and processivity can be calculated when the step size of cellobiohydrolases is 
assumed as 1 nm from the size of cellobiose (1.04 nm).

Not many kinds of cellobiohydrolases were observed with HS-AFM. Values of 
velocity and processivity have only been compared among TrCel7A and two iso-
zymes of GH7 cellobiohydrolases from P. chrysosporium (PcCel7C and PcCel7D) 
(Nakamura et al. 2014). All of them hydrolyze cellulose from reducing ends. At 
first, the processive movement of TrCel7A was compared, across the wild-type 
enzyme, only the CD, an inactive mutant (E212Q) and a less-active mutant to crys-
talline cellulose (W40A) (Igarashi et al. 2009). Processive movement of the TrCel7A 
CD indicated that the CBD and linker region are not necessary for processive move-
ment. On the other hand, TrCel7A E212Q just bound to cellulose and did not move. 
From these results, it was clearly shown that TrCel7A moves on cellulose with 
hydrolysis of the chain. Additionally, processive movement of TrCel7A W40A was 
also not found, although Trp40 is only located at the entrance of the tunnel structure 
and far from the catalytic site. The tryptophan residue at the entrance of the tunnel 
is highly conserved in GH7 cellobiohydrolases (Nakamura et al. 2013b). In a bio-
chemical assay, TrCel7A W40A showed lower activity per bound enzyme to crys-
talline cellulose, but higher specific activity toward amorphous cellulose. The role 
of Trp40 in TrCel7A was identified from the results of molecular dynamics simula-
tions. When the glucose ring of the reducing end of the cellulose chain was placed 
on Trp40, wild-type TrCel7A can take the molecular chain into the tunnellike struc-
ture. In contrast, W40A could not hold the reducing end at the entrance of the tunnel 
and failed to take in the chain. However, when the chain end was placed in the tun-
nel, there was no difference between the wild type and W40A, indicating that Trp40 
is just important for initial chain catching at the entrance of the tunnel. Trp40 is 
important only for crystalline cellulose degradation, because the number and length 
of available chain ends might be limited on the surface of crystalline cellulose, com-
pared to disordered amorphous cellulose.

Compared to cellobiohydrolases from Ascomycetes like TrCel7A, cellobiohy-
drolases from Basidiomycetes have more open tunnel structures, due to the deletion 
of loops (Nakamura et al. 2014). These structural features are expected to cause the 
difference in processivities, but there has been no clear evidence. In a direct com-
parison of the processive movement with HS-AFM, the processivity of TrCel7A 
was 34.0, while the processivities of PcCel7D and PcCel7C were 29.4 and 28.8, 
respectively (Table 10.1). TrCel7A showed higher processivity than PcCel7D and 
PcCel7C, as expected. Their moving times showed a similar trend, and the values 
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were 5.0 s (TrCel7A), 3.1 s (PcCel7D), and 2.0 s (PcCel7C). Interestingly, the order 
of moving velocities was opposite, and TrCel7A showed the slowest velocity 
(6.8 nm/s) in the three. The velocity of PcCel7C (14.7 nm/s) was higher than that of 
PcCel7D (9.4 nm/s). This trade-off relationship between velocity and processivity, 
or moving time, indicates that a high affinity to the cellulose chain causes slow-
moving actions. These results show that HS-AFM is a powerful tool to analyze the 
relationship between structure and function of processive cellobiohydrolases.

One of the GH6 cellobiohydrolases from T. reesei (TrCel6A) that hydrolyzes 
cellulose from nonreducing ends was also observed by HS-AFM (Igarashi et  al. 
2011), but clear movement of TrCel6A was not observed, even though TrCel6A 
showed crystals with sharpened edges in electron microscopy analysis (Chanzy and 
Henrissat 1985). Some GH6 enzymes from cellulose-degrading bacterial species 
showed processive motion on cellulose crystals, but this has not yet been published. 
Further analysis is needed to clarify the structural and functional differences of 
moving and nonmoving GH6 cellobiohydrolases in HS-AFM observation.

10.4  �Visualization of Binding and Dissociation by Single-
Molecule Fluorescence Microscopy

Single-molecule fluorescence microscopy is a more conventional method than 
HS-AFM, but it is still a very useful technique (Iino et al. 2017). To visualize target 
molecules, samples must be labeled with fluorescence probes. One of the easiest 
labeling strategies is to make a fusion enzyme with a fluorescent protein (e.g., the 
green fluorescence protein, GFP). The labeling ratio can be very high, if the linker 
peptide between the protein and GFP is not cleaved by proteases. But for cellulase 
analysis, the size of GFP is almost same as the size of the CD. Thus, it has the pos-
sibility to inhibit the binding. The other method of fluorescence labeling is conjuga-
tion with small dyes. Many kinds of combinations of dyes and functional groups are 
commercially available. Cy3-maleimide is used for labeling of cellulase, in that a 
free cysteine residue is introduced far from the expected cellulose-binding surface. 
Cy3 itself does not bind to cellulose; thus, labeling will not affect the binding prop-
erties of cellulase. Because cellulases work outside the cell, an unexpected reaction 
with an intrinsic free cysteine rarely happens. Therefore, conjugation with a 
maleimide group is easier for specific labeling than using isothiocyanate and 

Table 10.1  Moving velocities, moving time, and processivity of GH7 cellobiohydrolases

Enzyme Velocity (nm/s) Moving time (s) Processivity

TrCel7A 6.8 ± 3.5 3.5 ± 0.2 34.0
PcCel7D 9.4 ± 3.7 2.2 ± 0.1 29.4
PcCel7C 14.7 ± 9.1 1.4 ± 0.0 28.8

From Nakamura et al. (2014)
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N-hydroxysuccinimide ester groups that react with amide groups. After labeling 
with Cy3, the unreacted dye should be completely removed with size exclusion 
chromatography or ultrafiltration to calculate the labeling ratio of the enzyme. This 
labeling ratio is needed to normalize the observed kon value. Cellulose crystals were 
stabilized on glass for observation (usually, cover glass with a thickness of 0.12–
0.17 mm is used) by spin coating. The glass is treated with 10 M KOH overnight 
and carefully washed with ultrapure water to remove fluorescence by debris. If a 
His6-tag is used for enzyme purification, it should be removed by protease treat-
ment before observation. Histidine residues have positive charges at acidic pH and 
cause non-specific binding to the glass surface.

Total internal reflection fluorescence microscopy was used to observe the fluo-
rescence from single dye molecules. Illumination by total internal reflected light 
can excite the molecules just near the glass surface (~200 nm). Therefore, back-
ground intensity from unbound molecules is kept low, and only bound molecules on 
the crystal surface are observed. Observation conditions for kon and koff analysis are 
5 fps with 0.14 μW/μm2 of laser power (532 nm) to visualize the fast dissociation 
events and long binding events without photobleaching. The photobleaching time of 
Cy3 in 50 mM sodium acetate buffer, pH 5.0, at 25 °C is 18.8 ± 0.8 s under these 
observation conditions. For observation of single molecules, 25 to 250 pM of 20 μl 
enzyme solution is dropped on the glass, and cellulose fibrils are stained by 10 nM 
labeled enzyme. A movie of binding and dissociation is overlaid with the stained 
cellulose image using ImageJ software, and the number of bound molecules on each 
crystal and the binding times of each molecule are counted during the observation 
time. Lengths of cellulose fibrils are calculated from the length and pixel size in the 
stained image. The value of kon is defined by the number of bound molecules per 
concentration of enzyme (M), standard length of the fibril (μm), and analyzed time 
(s). The value of kon for the target enzyme is estimated from the peak of a Gaussian 
fit to the distribution of kon for each fibril. The value of koff is obtained by fitting with 
exponential decays to the distribution of the binding time of the molecules. Movies 
for the analysis of moving velocities and processivity are recorded at 0.5 fps with 
0.28 μW/μm2 laser power to improve the position precision. The values of precision 
on the x- and y-axis are 6 to 8 nm, and the photobleaching time is 15.0 ± 0.7 s. 
Moving distances and times of molecules that move more than three frames along 
with cellulose are analyzed. Velocity, moving time, and processivity are analyzed 
with the same method used for HS-AFM observation.

To understand the complete reaction cycle of cellulase, not only the velocity of 
processive movement (ktr) but also the rate constants of binding (kon) and dissocia-
tion (koff) should be analyzed. In HS-AFM observation, the total number of binding 
molecules is difficult to count, due to the limited field of view and non-specific 
binding of enzymes to graphite or the hydrophobic, coated mica surface. TrCel7A 
and TrCel6A have been observed by single-molecule fluorescence microscopy 
(Shibafuji et al. 2014; Nakamura et al. 2016). The results of the kinetic constant 
analysis are summarized in the following subsections.

10  Visualization of Functional Structure and Kinetic Dynamics of Cellulases
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10.4.1  �Analysis of the Binding and Dissociation Rate 
Constants of Cellulase

Distributions of binding constants of both TrCel7A and TrCel6A showed multiple 
peaks (Fig. 10.6). Peak values are roughly quantized in both cases, due to the bun-
dled forms of fibrils. By HS-AFM observation of the cellulose crystals, bundles of 
crystals were observed. The width of single crystals of cellulose Iα and IIII that are 
the different shapes of crystals were 24 nm and 21 nm, respectively. Thus, bundles 
of cellulose were not resolved by fluorescence microscopy (special resolution is ~ 
λ/2), and kon values might show quantized values. First peaks of kon (corresponding 
to the single crystals) for cellulose Iα of TrCel7A and TrCel6A were 7.3 × 108 ± 0.3 
× 108 M–1μm–1s–1 and 7.5 × 108 ± 0.3 × 108 M–1μm–1s–1, respectively. These two 

Fig. 10.6  kon and koff of TrCel7A and TrCel6A for cellulose Iα measured by single-molecule fluo-
rescence microscopy
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enzymes both consist of the CBD, a linker, and the CD. These similar values of kon 
represent the similarities of the domain structures. When the kon values of the CD, 
CBD-linker, and CBD of TrCel6A are compared with the value for the whole struc-
ture of TrCel6A, the values of the CD (5.2 × 107 ± 0.4 × 107 M–1μm–1s–1) and the 
CBD (5.6  ×  107 ±0.2  ×  107 M–1μm–1s–1) were less than one tenth of the whole 
enzyme. Although that of the CBD-linker was 3.9 × 108 ± 0.05 × 108 M–1μm–1s–1, 
that is just a half of the full-length TrCel6A.  These results mean that the linker 
region is very important for the initial interaction with the cellulose surface. The 
linker region of cellobiohydrolases from fungi is comprised of serine- and threonine-
rich sequences and highly O-glycosylated. The role of glycosylation has been 
thought to be for protection from proteolysis. Recently, the interaction between sug-
ars of the linker and the cellulose crystal has been proposed by molecular dynamics 
simulations (Payne et al. 2013). The results of the kon analysis by single-molecule 
fluorescence microscopy are highly consistent with this hypothesis.

Distributions of the binding time for TrCel7A and TrCel6A on cellulose Iα were 
fitted with a double exponential decay (Fig. 10.6). The values of koff and their ratios 
of TrCel7A are 0.12 ± 0.01/s (48%) and 0.86 ± 0.03 /s (58%). Those of TrCel6A are 
0.10 ± 0.02/s (30%) and 1.1 ± 0.03/s (70%). These results mean that they have at 
least two binding modes, with different binding energies for the cellulose surface. 
There are many possibilities for multiple binding modes. Expected reasons are, for 
example, binding with the CBD and the CD (nonproductive and productive), bind-
ing to the crystal region or amorphous region, and differences in the binding sur-
faces (hydrophobic and hydrophilic). The most probable one is differences at the 
binding surface. For observation, highly crystalline cellulose, purified from green 
algae, was used. The crystallinity of cellulose was more than 99%, indicating that 
binding to the amorphous region is rare. Additionally, only the CBD showed two 
binding modes with similar koff values and ratios to the whole protein, meaning the 
double domain structure is not the main reason.

10.4.2  �Analysis of Velocity and Processivity of Cellulase 
by Single-Molecule Fluorescence Microscopy

TrCel6A had been thought of as a processive cellulase from biochemical assays and 
electron microscopy observation, but processive movement was not found in 
HS-AFM observation. Therefore, the processive movement of TrCel6A was moni-
tored with improved position precision. As a result, molecules moving along with 
cellulose fibrils were found, and the distribution of velocities was fitted by two 
Gaussian functions (peaks at 8.8 ± 5.5 nm/s and 34.9 ± 16.3 nm/s), as shown in 
Fig. 10.7. To determine the velocity of processive movement, an inactive mutant of 
TrCel6A (D221A) was also observed in the same way. The distribution of velocities 
of the inactive mutant showed a single peak at 35.5 ± 17.4 nm/s. Moving times of 
fast-moving TrCel6A and inactive mutant are almost less than 10 s, but that of 
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slowly-moving TrCel6A was longer than 10 s. Distributions of moving times of 
long movement were fitted with a single exponential decay with a time constant of 
7.7 s. When the step size was estimated as 1 nm, the processivity was calculated as 
68  ±  42. Furthermore, the distribution of velocity of the CD was fitted with a 
Gaussian distribution with peak at 39.2 ± 28.3 nm/s and moving times lower than 10 
s, even though it was still active. From these results, it was shown that TrCel6A 
moves processively at 8.8 nm/s for 68 times, and the CBD-linker increases the pro-
cessivity in the interaction with cellulose.

10.5  �Conclusions and Future Directions

In this chapter, visualization of protonation states and the proton pathway of cellu-
lase by neutron crystallography and visualization of kinetic elementary steps of 
processive cellulases by HS-AFM and single-molecule fluorescence microscopy 
were introduced. These methods are very useful to directly analyze the functional 
structure and dynamic motion of a cellulase on the surface of cellulose.

One of the good targets for the future study of structural analysis of cellulases is 
the catalytic mechanism of GH6 enzymes. TrCel6A is the most historical cellulase, 
but its catalytic mechanism is still under discussion, because the possible catalytic 
base is far from the putative catalytic acid residue. To determine the catalytic base, 
protonation state analysis by neutron crystallography is helpful. Another useful 
method is the characterization of processive cellobiohydrolases, as linear molecular 
motors. In the case of other linear motors, like kinesin-1 and myosin, distribution of 
step sizes and dwell times during pauses have been reported (Svoboda et al. 1993; 

Fig. 10.7  Trajectory and velocity of TrCel6A measured by single-molecule fluorescence 
microscopy
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Kitamura et al. 1999), and their moving mechanisms have been discussed. HS-AFM 
could not resolve the single steps of TrCel7A, because the frame rate is still not fast 
enough. The expected step size of cellobiohydrolases is 1 nm, and the step size of 
TrCel7A was reported as 1.3 ± 0.7 nm, using optical tweezers with 1.25 μm poly-
styrene beads (Brady et al. 2015). The moving power of TrCel7A was shown as 
more than 20 pN, but the observed velocities of TrCel7A were less than one tenth of 
that in HS-AFM observation. Thus, it is difficult to discuss kinetics and moving 
mechanisms. For further analysis of the moving mechanism of cellulases, single-
molecule observation with higher precision and time resolution and lower inhibition 
to movement, e.g., using a gold nanoparticle as a probe (Isojima et  al. 2016), is 
needed. Furthermore, the difference between cellulase and chitinase is interesting. 
Chitinase A from a bacteria Serratia marcescens (SmChiA) hydrolyzes and moves 
on chitin crystals that have a similar structure to cellulose. The kon and koff of SmChiA 
were both about 3 times larger than those of TrCel7A, indicating a similar (Kd) 
(Nakamura et al. 2018). However, a moving velocity of 70.5 nm/s was observed in 
SmChiA using HS-AFM that was approximately ten times faster than that of 
TrCel7A (Igarashi et al. 2014). When the moving mechanism of cellulase is revealed, 
the big difference in moving velocities will be explained. At last, the synergistic 
effect between GH7 and GH6 cellobiohydrolases that move in opposite directions 
of each other is the most mysterious topic. Localization and movement of each 
enzyme should be analyzed at the same time using multicolor imaging techniques.
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