
Docking and Molecular Dynamics Study of the Carbohydrate Binding Module
from Trichoderma reesei Cel7A on the Surfaces of the Cellulose IIII Crystal

Toshifumi Yui1,* and Takuya Uto2

1Faculty of Engineering, University of Miyazaki, Miyazaki, 889-2192, Japan
2Organization for Promotion of Tenure Track, University of Miyazaki, Miyazaki, 889-2192, Japan

*Corresponding Author: Toshifumi Yui. Email: tyui@cc.miyazaki-u.ac.jp
Received: 30 March 2020; Accepted: 11 May 2020

Abstract:We report the systematic survey of the binding free energies at the inter-
face between a carbohydrate binding module (CBM) of Cel7A and the cellulose
IIII crystal model using grid docking searches and molecular dynamics simula-
tions. The two hydrophobic crystal surfaces were involved in the distinct energy
minima of the binding free energy. The complex models, each with the CBM at
the minimum energy position, stably formed in the solution state. The binding
free energies of the cellulose IIII complex models, based on both static and
dynamics states, were comparable to those of the native cellulose complex mod-
els. However, the cellulose IIII crystal had a larger binding surface, which is com-
patible with the observed high enzymatic activity of Cel7A for the cellulose IIII
substrate.
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1 Introduction

Cellulose forms various crystalline allomorphs originating from the two native crystalline phases
classified as either cellulose Iα or Iβ [1–3]. Among the cellulose allomorphs, cellulose IIII can be obtained
by treatment of the cellulose Iβ form with liquid ammonia or amines, and is readily converted back to the
latter form by hot-water treatment. Conventional uses of cellulosic material are based on its highly
crystalline nature, which makes it difficult to degrade into its component glucose residues. The most
effective method to degrade crystalline cellulose is probably enzymatic degradation using cellulases, a
generic term for enzymes hydrolyzing β-1,4-glucosidic linkages. Cellobiohydrolases (CBHs) can
hydrolyze crystalline cellulose [4] to produce mainly cellobioses. They consist of a catalytic domain (CD)
and a small carbohydrate binding module (CBM) connected by a highly glycosylated linker peptide
[5–8]. The enzymes are adsorbed on the surface of crystalline cellulose at the initial stage of the reaction
through a CBM, followed by hydrolysis by a CD at the substrate surface [9–11]. Trichoderma reesei, an
asexually reproducing filamentous fungus and a clonal line derived from the tropical ascomycetes
Hypocrea jecorina [12], secretes two CBHs (called Cel7A and Cel6A) along with several endoglucanases
[13]. Igarashi and co-workers proposed that cellulose IIII is more susceptible to degradation by cellulases
than native cellulose [14], and that Cel7A exhibits both higher affinity and specific activity for
cellulose IIII, although the negative cooperative effect of its adsorption is higher on cellulose IIII than on
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cellulose Iα [15]. The same group, using a high speed atomic force microscopy observation, revealed that
molecular congestion, or “traffic jams”, occur on the cellulose crystal surfaces [16]. More recently, it was
proposed that higher susceptibility of cellulose IIII to Cel7A than that of cellulose Iα can be caused by the
surface properties of the cellulose allomorphs at high enzymatic concentration of micromolar [17].
Ammonia treatment and the related procedures to increase the cellulose IIII phase are applicable to
effectively enhance the enzymatic hydrolyzability of cellulosic biomass for bioethanol production and
biorefining. Atomistic understanding of interfacial interactions between the CBM and the cellulose crystal
will promote further improvement of the pretreatment procedures for a cellulose crystalline substrate.

The two-fold helix symmetry of a cellulose molecular chain constitutes a flat ribbon shape, where the
two groups of the non-polar protons (H1, H3, and H5, and H2 and H4) alternatively appear on both faces
of the ribbon and the polar functional groups align on both edges. The cellulose chains join together at
the polar sides by intermolecular hydrogen bonds to form a cellulose chain sheet with hydrophobic faces.
Consequently, the crystal structures of the native cellulose crystal are characterized by layered cellulose
chain sheets joined by hydrophobic interactions (see Fig. 1b). We have reported systematic computational
docking studies of Cel7A and Cel6A CBMs with respect to the cellulose Iα crystal surface [18,19]. The
potential energy surfaces of the binding free energy between the CBM and the crystal surface exhibited
two distinct potential wells on the (110) hydrophobic crystal surface, reflecting the two-fold helix
symmetry of the cellulose chain. The complex models of the CBM bound at the minimum position of the
cellulose crystal retained their binding interface during subsequent molecular dynamics (MD) simulation
in the solution state. The present study reports similar docking searches and MD simulations of the
Cel7A CBM with the cellulose IIII crystal surfaces as a comparative study with our previous studies of
the cellulose Iα complex models [18].

Figure 1: ab projections of (a) the two types of cellulose IIII and (b) the cellulose Iα crystal models. The
Miller indexes of the constituent lattice planes are given
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2 Computational Methods

2.1 Crystal Model Building
Fig. 1a shows the ab base planes of the cellulose IIII crystal models used in the present study, each of

which (labeled as either the A or B model) comprises 32 cellulose chains with 20 repeating units (DP = 20).
The cellulose chains were arranged to construct the crystal model based on a set of atomic coordinates and
the crystal symmetry reported for the cellulose IIII crystal structure [20]. The cellulose Iα crystal model
(Fig. 1b) was constructed in a similar fashion based on the crystallographic data [21]. The crystal model
comprised six layers of (110) chain sheets containing five cellulose chains with DP = 20.

2.2 Program and Parameters for Energy Minimization and Molecular Dynamics
The minimizations and MD simulations were performed using the PMEMD module of the AMBER 11

package [22] combined with the ff99SB force field for a protein system [23,24] and the GLYCAM06
parameter set for the cellulose crystal system [25]. In the MD simulations, the 1–4 electrostatic (SCEE)
and non-bonded (SCNB) scaling factors were set to unity for the cellulose crystal and the default values
(SCEE = 1.2 and SCNB = 2.0) were used for the protein.

2.3 Grid Docking Search
A similar procedure to that of our previous study [18] was used for the present docking searches of

Cel7A CBM to the cellulose IIII crystal surfaces. In brief, the three-dimensional (3D) data of Cel7A
CBM, characterized by a wedge-like shape with three tyrosine residues (Tyr5, Tyr31, and Tyr32) at the
substrate binding face, was obtained from the Protein Data Bank (1CBH) [26]. The CBM was docked to
either the (100) or (010) surface of the A model, and to the (1–10) surface of the B model. The CBM
was translated along both the fiber axis direction (x) and its vertical direction (y) in 0.5 Å steps over the
ranges of 12 Å × 6 Å for the (010) surface and 12 Å × 9 Å for the (100) and (1–10) surfaces. At each
grid point, the entire structure of the CBM–cellulose crystal complex was optimized with the implicit
solvent of the generalized Born (GB) system [27,28] to evaluate the binding free energy between the
CBM and the crystal surface. When a tip of the CBM is oriented towards the reducing terminal of a
cellulose chain, the orientation is referred to as parallel (P), and when the CBM is oriented towards the
non-reducing terminal it is referred to as antiparallel (AP).

2.4 Molecular Dynamics Simulations
The minimized complex models obtained from the grid docking search were placed in a rectangular

periodic box filled with about 700–2,000 TIP3P water models [29] depending on the complex model. For
the A crystal complex models, constant volume NVT dynamic simulations were carried out for 300 ps
accompanied with a gradual increase of the temperature up to 300 K at a constant heating rate of 1 K/ps.
The production NPT runs were performed for 50 ns at 1 bar and 300 K. The same heating and production
MD procedures resulted in crystal deformation involving the chain sliding along the fiber axis [30,31] in
some of the B crystal complex models. During the heating run from 200 to 300 K, a weak positional
constraint with a constant force of 1 kcal/(mol Å2) was imposed on all of the eight terminal residues of
the four chains, each consisting of the crystal edge. The constraint force was then reduced to 0.1 kcal/
(mol Å2) during the following production run. The CBM–cellulose Iα complex models were constructed
by placing the CBM at the minimum position of the (110) surface determined from the previous grid
docking search [18]. The MD simulations of the complex models were carried out with a positional
constraint of 50 kcal/(mol Å2) imposed on the two inner chain layers to inhibit significant twisting of the
crystal surfaces, which is an intrinsic feature of the native cellulose crystal models [32,33]. In the
complex models, the NVT heating runs were carried out with a constant heating rate of 0.5 K/ps,
followed by NPT production runs at 300 K and 1 bar for 50 ns.
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Newton’s equations of atomic motion were integrated by the Verlet algorithm [34] with a 2 fs time step
combined with the SHAKE algorithm [35] to fix the bond stretching of the valence bonds involving
hydrogen atoms. Non-bonding interactions were cut off at 10 Å, and the particle mesh Ewald method
[36] was used to determine the long-range electrostatic interactions.

2.5 Thermodynamics Calculations
Variation of the binding free energy (ΔGbind) between the CBM and the cellulose crystal surface was

calculated based on the complex structures obtained from either the grid docking search or the MD
trajectories by evaluating the non-covalent interaction terms of the AMBER potential energy [37] and the
solvation free energy as follows:

DGbind ¼ DEnc;bind þ DGsolv;bind; (1)

where ΔEnc,bind and ΔGsolv,bind represent the differences in non-covalent interactions and the solvation free
energy on binding, respectively. The former term is also expressed in the difference in the gas phase energy,
(ΔGgas,bind) so that

DGbind ¼ DGgas;bind þ DGsolv;bind: (2)

In the above expressions, the entropy contributions to the binding energy are ignored. For the change in
the conformational entropy on binding, the side-chain orientations of Tyr31 and Tyr32 of the isolated CBM
essentially exhibited a single conformation and that of Tyr5 only diverged. However, in our previous MD
study of the Cel7A CBM and cellulose Iα complex models, we observed that the side chains of the three
tyrosine residues were restricted to a single conformation in the complex structures and that the surface
hydroxymethyl groups of the cellulose crystal models were allowed to rotate to the three representative
conformations at the interfaces with the CBM [18]. Therefore, we assumed that the difference in the
conformational entropy on binding may be insignificant. Changes in other entropic terms, such as
translation, rotation, and vibration, were also assumed to be similar among the present complex models.
The solvation free energy, which includes an entropic contribution related to water structuring, was
approximated using implicit solvent models. Each of the ΔGsolv values was estimated throughout the MD
trajectories using a combination of either the GB [27,28] or Poisson–Boltzmann (PB) [38] method with
the surface area (SA) [39] option, and is subsequently referred to as either the GBSA or PBSA solvation
free energy, respectively.

The ΔGbind values were then decomposed into the contributions per side chain of each amino acid
residue of the CBM. The 1–4 electrostatic and non-bonded interactions were included in the internal
potential energy as calculating energy components.

These ΔGbind calculations together with both the GBSA and PBSA methods and their decompositions
were performed using the MM-PBSA.py module [40]. The default values of the option variables were used
unless otherwise noted.

2.6 Programs for Visualization of Molecules
VMD 1.8 software was used for molecular visualization and animation of the trajectory data [41].

Molecular graphics were produced using PyMOL 1.5 software (Schödinger, LLC, Portland, OR, USA) .

3 Results and Discussion

3.1 Binding Free Energy Maps
Unlike the flat (110) chain sheets of the native cellulose crystal structures, the (100) and (1–10) lattice

planes of the cellulose IIII models, each consisting of arrays of pyranose rings diagonally arranged with
respect to the lattice plane, partly expose the polar functional groups (see Fig. 1), introducing a
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hydrophilic nature to the corresponding crystal surfaces. The (1–10) surface appears to be more hydrophobic
than the (100) surface because the non-polar pyranose faces of the former are slightly more exposed. Therefore,
both the (100) and (1–10) surfaces can be characterized as “semi-hydrophobic” compared with the hydrophobic
(110) surface of cellulose Iα. The (010) crystal surface is the most hydrophilic. Fig. 2 shows the GBSA binding
free energy (ΔGGBSA

bind) maps of both the P and AP orientations of the CBM derived from the grid docking
search. The (010) crystal surface generated relatively shallow potential wells comprising multiple local minima.
The ΔGGBSA

bind maps of the (100) and (1–10) surfaces suggest higher affinity of CBM for these surfaces than
the (010) surface, as indicated by the two distinct minima on the surfaces that are related to the two-fold helix
symmetry of a cellulose chain along the fiber axis. The two minima are not strictly equivalent, reflecting an
alternative arrangement of the two types of non-polar faces. Similar features were also observed for the
hydrophobic (110) maps of the cellulose Iα crystal complex models [18,19].

Tab. 1 compares the binding free energies (ΔGGBSA
bind) at the minima and their canonical ensemble

average values (<ΔGGBSA
bind>). The average values of the CBM–cellulose Iα complex models were

calculated from the energy maps reported in our previous study [18]. From the <ΔGGBSA
bind> values,

among the cellulose IIII complex models, the CBM should most stably bind to the (1–10) surface
followed by the (100) surface. Most importantly, the <ΔGGBSA

bind> values of the former surface are
comparable with those of the (110) surface of the cellulose Iα complex model. The results also indicate
that the CBM prefers an AP direction of the cellulose IIII (1–10) and cellulose Iα (110) surfaces, which is
consistent with the proposed processing direction of Cel7A [42].

3.2 Binding Free Energies of the MD Simulations
The cellulose IIII complex models with the CBM bound at the minimum energy position were then

subjected to solvated MD simulations for 50 ns. The change of the binding free energies of the cellulose

Figure 2: GBSA binding free energy maps with respect to the translational positions of the CBM in Å over the
three crystal surfaces of (010), (100), and (1–10). The CBM is oriented in either a parallel (P) or antiparallel (AP)
orientation with respect to the fiber axis of the cellulose chain. The potential energy surfaces are indicated by
contour lines with an interval of 5 kcal/mol. The potential minima are denoted by either A or B
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IIII and Iα complex models with simulation time evaluated using the PBSAmethod (ΔGPBSA
bind) are compared

in Figs. 3 and 4, respectively. The changes of the two partitioned binding energies (ΔGgas,bind and ΔG
PBSA

bind)
along with ΔGPBSA

bind are given in Appendix A1. The binding energies varied throughout the MD simulations
as a result of structural changes caused by dynamic motion at the docking interfaces. The cellulose IIII (010)
complex models exhibited positive values of ΔGPBSA

bind throughout the MD simulations, as shown in
Appendix A1, whereas the ΔGgas,bind values remained negative. The CBMs were stably bound to all of the
crystal surfaces, including the cellulose IIII (010) surface. The two AP-A complex models were more
preferred not only because they corresponded to the global minimum models predicted by the binding free
energy maps, but also because the directions of the CBM were consistent with the proposed processing
direction of Cel7A. The ΔGPBSA

bind energies fluctuated less within the values ranging from about −35 to
−45 kcal/mol, and are comparable to those of the cellulose Iα AP-A complex models. In our previous study
of the cellulose Iα complex models, we proposed the distinctive stability of the AP-A complex model in the
5 ns MD simulations. The extended MD simulations shown in Fig. 4 revealed crossing of the ΔGPBSA

bind

energies during about 20–35 ns. It should be noted that the ΔGgas,bind value of the AP-A complex model
shown in Appendix A1 was lower than that of the P-A complex model during most of the MD simulation.

From the energies in Appendix A1, exothermic ΔGgas,bind and endothermic ΔGsolv,bind contribute to
ΔGbind. The |ΔGgas,bind| and |ΔGsolv,bind| values ranged from about 50 to 100 kcal/mol and from 100 to
150 kcal/mol, respectively, which resulted in a typical exothermic ΔGbind value of about −50 kcal/mol. In
contrast to ΔGgas,bind where ΔEnc,bind is derived from the well-established force field functions and
parameters, estimation of ΔGsolv,bind requires a certain approximation. The GB and PB solvents used in
the present study are implicit solvent models to estimate the solvent-mediated electrostatic and the non-
electrostatic interactions, consisting of energetically favorable van der Waals interactions and the

Table 1: GBSA binding free energies of the minimum energy complex models and the ensemble average
energies over the GBSA potential energy surfaces (kcal/mol)

Docking crystal surface Orientation of CBMa ΔGGBSA
bind at the minimum energy

positionb
<ΔGGBSA

bind>
c

A B

Cellulose IIII surfaces

(010) P −29 ― −29

AP −32 ― −31

(100) P −50 −49 −49

AP −48 −45 −46

(1–10) P −59 −55 −58

AP −60 −57 −59

Cellulose Iα surface

(110) P −56 −56 −55

AP −61 −57 −59
Notes: aP, parallel; AP, antiparallel.
bA, the lowest energy minimum; B, the second lowest energy minimum.
cCanonical ensemble average of GBSA binding free energies over all of the grid docking points calculated by

DGGBSA
bind

� �¼
P

i DG
GBSA
bind;i e

DGGBSA
bind;i =RT

P
i e

DGGBSA
bind;i =RT

;

where R is the gas constant and T is the temperature (300 K).
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Figure 3: Trajectories of the PBSA binding free energy (ΔGbind) calculated for the complex models with the
CBM at the minimum position on the (010), (100), and (1–10) surfaces of the cellulose IIII crystal models

Figure 4: PBSA binding free energy calculated for the complex models with the CBM at the minimum
energy position on the (110) surface of the cellulose Iα crystal model plotted against simulation time
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energetically unfavorable cost of deforming the water structuring, and are modeled with a term proportional
to the solvent accessible area. From the results of MD simulations, Brady and co-workers suggested that
hydrophobic hydration of such extended non-polar surfaces significantly contributes to the binding
between the non-polar faces of a D-glucose residue and the planer aromatic groups [43–45]. This may
limit the validity and accuracy of the solvation free energy predicted by the implicit solvent model
methods, and the methods tended to underestimate the endothermic solvation effect, resulting in a large
exothermic value of ΔGbind. In fact, the ΔGbind values predicted for the interactions between D-glucose
and the planer aromatic groups were about −2.5 to −10 kcal/mol and −0.5 kcal/mol from MD simulations
with an umbrella sampling [43] and estimation of the equilibrium constant of binding [44], respectively.
Our previous MD simulations of the Cel7A CBM–cellulose Iα complex models predicted much smaller
ΔGbind values of about −20 kcal/mol using a 3D reference interaction site model theory [46–48] to
estimate the solvation free energy than those predicted using the GBSA method [18].

Appendix A2 shows the CBM structures obtained at either the initial (0 ns) or final (50 ns) frame of the
MD simulations of the cellulose IIII complex models superimposed on the cellulose surfaces. Despite the
large amount of variations in the ΔGPBSA

bind energies in Fig. 3, movement of the CBM appears to be
slight on each of the crystal surfaces. Most of the CBMs rotated with respect to the normal axis to the
crystal surface with a negligible amount of translation, except for the (1−10) AP-B complex model that
moved towards the top right in Appendix A2. Tab. 2 lists the root-mean square deviation (RMSD) values
of the CBM backbone atoms between the initial and final MD structures. Fitting and non-fitting values of
the RMSD indicate some backbone deformation and that combined with relative movement of the CBM,
respectively. Larger fitting values were observed for the P and AP CBMs at the B minima on the
cellulose IIII (100) surface than at the A minima. The CBM of the cellulose Iα AP-A complex model
deformed the least in terms of both the fitting and non-fitting RMSD values. The fitting value of the
cellulose Iα P-A complex model was even smaller than those of most of the cellulose IIII complex

Table 2: RMSD values of the CBM backbone structures between the initial (0 ns) and final (50 ns) frames of
the MD simulations (Å)

Docking crystal surface Orientation of CBMa Minimum energy positionb RMSD (Å)

Fittingc Non-fittingd

Cellulose IIII complex models

(100) P A 0.9 2.8

B 1.9 2.7

AP A 0.7 2.9

B 1.5 4.6

(1–10) P A 1.0 2.6

B 1.1 2.7

AP A 1.0 2.0

B 0.7 4.1

Cellulose Iα complex models

(110) P A 0.8 3.8

AP A 0.7 1.4
Notes: aSee the footnote a of Tab. 1 for the definition of orientation of CBM.
bSee the footnote b of Tab. 1 for the minimum position.
cAmount of deformation of the CBM backbone structure.
dAmount of the backbone deformation, rotation, and translation of the CBM from the initial position.
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models. Compared with the hydrophobic flat surfaces of the native cellulose crystal, the cellulose IIII crystal
has corrugated surface topologies consisting of arrays of polar functional groups and hydrophobic pyranose
rings of the CBM. Such backbone deformation and positional deviation of the CBM can also be interpreted
as a sort of induced fit of a non-inherent substrate of Cel7A to the cellulose IIII crystal surface.

3.3 Decomposition of the Binding Free Energies on a Per Side Chain Basis
Decomposing ΔGPBSA

bind in terms of the contributions from structural subunits provides the source of
the binding interactions on a residue basis [49]. Fig. 5 shows the decomposition of the ΔGPBSA

bind values on
a per side chain basis for the amino acid residues with |ΔGPBSA

bind | ≥ 1 kcal/mol for all of the cellulose IIII

Figure 5: Decomposition of the PBSA binding free energy on a per residue basis for residues with |ΔGbind
PBSA|

≥ 3 kcal/mol for the complex models with the CBM at the minimum energy position on the (100) and (1–10)
surfaces of the cellulose IIII crystal models, and the (110) surface of the cellulose Iα crystal model
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(100) and (1–10), and cellulose Iα complex models. The side chains of the three linearly aligned tyrosine
residues on the docking face (Tyr5, Tyr31, and Tyr32) were the three largest exothermic contributions to
the total ΔGPBSA

bind in all of the complex models. The additional exothermic contributions with
|ΔGPBSA

bind | > 1 kcal/mol were found at the side chains of Leu28 for the CBMs of all of the cellulose Iα
and cellulose IIII (1−10) complex models and the cellulose IIII (100) AP-B complex model. Similarly, the
side chains of Asn29 contributed significant exothermic interactions to the CBMs of the cellulose Iα and
some of the cellulose IIII complex models. The side chains of Ile11 did not significantly interact with the
cellulose Iα crystal surface, but the binding energies of Ile11 were similar to those of the three tyrosine
side chains for most of the cellulose IIII (100) and (1–10) complex models. Although more diverse
binding was found in the cellulose IIII complex models, the three tyrosine side chains contributed the
most to ΔGPBSA

bind through hydrophobic stacking between the aromatic side chains and pyranose rings
irrespective of the cellulose crystal surface.

4 Conclusions

The main objective of the present study was to compare the substrate binding specificities of the CBM of
Cel7A to cellulose IIII with that to the native cellulose crystal. The docking search and MD simulation results
suggested that the (100) and (1–10) crystal surfaces of the cellulose IIII crystal contained distinct binding free
energy minima as well as affinities comparable to the hydrophobic surface of native cellulose. This enables
the CBM to effectively bind to the crystal substrate upon enzymatic degradation [14]. The cellulose IIII
crystal, which has two binding surfaces for the CBM, can more effectively form a complex with the CBM
than the native cellulose crystal, which has only one binding surface. Igarashi et al. [16] suggested that the
cellulose IIII fibril is involved in a larger number of processive lanes than cellulose Iα based on high-speed
atomic force microscopy observations of the enzymatic degradation of cellulose Iα and IIII samples by
Cel7A. The additional feature suggested by the docking search was a slight preference for the AP direction
of the CBMs on the cellulose IIII (1–10) surfaces, as was observed in our docking study of the cellulose Iα
complex models [18]. However, in the following MD simulations, dynamic motion and solvation by explicit
water molecules caused significant variation in the ΔGbind energies, making the directional preference of the
CBM less distinct. Some of the cellulose IIII complex models showed slight but significant movement of the
CBM accompanied with its backbone deformation, probably as a result of induced fit. Decomposition
analyses of ΔGPBSA

bind suggested that the three linearly aligned tyrosine side chains play a significant role in
the binding of the CBM to the cellulose IIII (100) and (1–10) crystal surfaces, as well as the cellulose Iα
crystal surface. The results are consistent with an adsorption study of the fusion protein of Cel7A CBM with
a red-fluorescent protein [15]. The present decomposition analysis also showed more diverse interactions
involving additional amino acid residues at the binding interfaces of cellulose IIII.

Chen et al. [50] reported a systematic study of the effects of Ο-mannosylation on Cel7A CBM function.
The 20 CBMs synthesized with mono-, di-, or trisaccharide at each of the three glycosylation sites (Thr1,
Ser3, and Ser14) and their binding affinity, proteolytic stability, and thermostability were compared. It
was suggested that O-linked mannoses at the three sites synergistically enhanced the binding affinity of
the CBM to crystalline cellulose substrate. A theoretical study reported by the same group proposed the
mannosylation effect to the CBM by systematic thermodynamic integration combined with long MD
simulations of the various CBMs [51]. It is likely that a mannosylation also affects the binding affinity of
the CBM to the cellulose IIII crystal surfaces.
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Appendix A.

Appendix A1: (Continued)
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Appendix A1: Change of the PBSA binding free energy (ΔGbind) and its solvation (ΔGsolv,bind) and gas
phase (ΔGgas,bind) components with simulation time for the complex models with the CBM at the
minimum position on the (100) and (1–10) surfaces of the cellulose IIII crystal models
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Appendix A2: CBM structures at 0 (light green) and 40 ns (cyan) superimposed on the surface layer of
cellulose chains. P: parallel and AP: antiparallel orientations.

878 JRM, 2020, vol.8, no.8


	Docking and Molecular Dynamics Study of the Carbohydrate Binding Module from Trichoderma reesei Cel7A on the Surfaces of the Cellulose IIII Crystal ...
	Introduction
	Computational Methods
	Results and Discussion
	Conclusions
	flink5
	References
	flink7
	Appendix A.


