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ABSTRACT: We examine how the catalytic domain of a
glycoside hydrolase family 7 endoglucanase catalytic domain
(Cel7B CD) facilitates complexation of cellulose chains from a
crystal surface. With direct relevance to the science of biofuel
production, this problem also represents a model system of
biopolymer processing by proteins in Nature. Interactions of
Cel7B CD with a cellulose microfibril along different paths of
complexation are characterized by mapping the atomistic
fluctuations recorded in free-energy simulations onto the parameters of a coarse-grain model. The resulting patterns of protein−
biopolymer couplings also uncover the sequence signatures of the enzyme in peeling off glucan chains from the microfibril
substrate. We show that the semiopen active site of Cel7B CD exhibits similar barriers and free energies of complexation over
two distinct routes; namely, scooping of a chain into the active-site cleft and threading from the chain end into the channel. On
the other hand, the complexation energetics strongly depends on the surface packing of the targeted chain and the resulting
interaction sites with the enzyme. A revealed principle is that Cel7B CD facilitates cellulose deconstruction via adaptive coupling
to the emergent substrate. The flexible, peripheral segments of the protein outside of the active-site cleft are able to accommodate
the varying features of cellulose along the simulated paths of complexation. The general strategy of linking physics-based
molecular interactions to protein sequence could also be helpful in elucidating how other protein machines process biopolymers.

■ INTRODUCTION

In biological systems, synthesis,1−3 repair,4−6 decomposi-
tion,7−9 and other intricate processing of biopolymers10 require
specialized proteins to accomplish. The structure−function
relationships in handling macromolecules, though, are much
less developed than those in active-site chemistry and small-
molecule binding. An essential cause to this imbalance in
knowledge is that the coupled conformational changes between
an enzyme and its biomolecule substrate are difficult to resolve.
In this regard, molecular simulation methods can potentially be
used to supply the missing details. Such capability is illustrated
here by applying a simulation framework we developed to an
important example of enzyme-facilitated biomaterial process-
ing: endoglucanase detaching cellodextrins at the solid−liquid
interface of a cellulose microfibril and directing the glucan
chains into the active-site cleft.11−15 The cellulase activities in
complexing and decomplexing glucan chains are also

determining factors of the rates of cellulose decomposition
into soluble sugars.11−15

As an aggregate of linear glucose polymers, cellulose appears
in plant cell walls mainly as microfibrils of 0.1−100 μm in
length and 2−20 nm in diameter.16 Within a flat sheet in the
microfibril (Figure 1C), each glucan chain is hydrogen bonded
to two neighbors via equatorial hydroxyl groups.17−19 All of the
axial CH moieties of glucose residues in the layer face out of the
plane for different sheets of cellodextrin chains to form CH−O
contacts and stack together. The crystalline network makes
cellulose recalcitrant against deconstruction.20 Detaching a
glucan chain from cellulose in water requires a free energy of 2
kcal/mol/glucose-residue at room temperature.21−23
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Despite the significant recalcitrance of cellulose, many
microorganisms secrete cellulase enzyme cocktails to decom-
pose cellulose into soluble sugars as a food source.11−15 In
particular, the ascomycete fungus Trichoderma reesei (Hypocrea
jecorina) has been well characterized in terms of its ability to
decompose plant cell walls.24 T. reesei secretes a mixture of
processive and nonprocessive cellulases, and the most abundant
cellobiohydrolase (Cel7A) and endoglucanase (Cel7B) in the
cocktail are both from glycoside hydrolase family 7 (GH7).25

The catalytic domain (CD) of Cel7B has peripheral loops
partially enclosing the active site to form a semiopen cleft for
endoglucanase activity.26 Characterizing how the cellulase
enzyme alleviates the aforementioned free-energy cost of
detaching glucan chains from cellulose is key to resolving the
overall energetics of enzymatic decomposition.21

To elucidate how Cel7B facilitates complexation, we jointly
applied all-atom molecular dynamics (MD), path optimization,
free-energy simulation, and coarse-grain (CG) analysis of the
atomistic MD data obtained in these calculations. In particular,
we examine whether the semiopen active-site cleft of Cel7B
allows complexing a glucan chain via a scooping path wherein
Cel7B begins binding from the middle of the chain, and a
threading path wherein the chain is fed into the active-site cleft
from the reducing end. Both routes can be resolved by altering
the initial position of Cel7B CD on a microfibril relative to the

reducing end of a targeted glucan chain in path optimization.
Common barriers and free-energy differences between end
states for the two paths were observed in complexing different
glucan chains on the cellulose surface. The potentials of mean
force (PMFs) of complexation, though, are sensitive to the
particular surface packing of the targeted chain. The calculated
strengths of enzyme−cellulose couplings during the simulated
paths elucidate how the sequence and structure of Cel7B CD
modulate the free-energy landscape of complexation.

■ SIMULATION MODELS AND ANALYSIS

All-Atom Models of Cel7B CD Complexation on a
Cellulose Microfibril. An X-ray structure of Cel7B CD (PDB
ID 1EG1)26 was employed for model construction of the
adsorbed and complexed states of Cel7B CD as reported
previously.27 The simulation model of the microfibril19 shown
in Figure 1 contains 36 glucan chains in the Iα form.18 This
model was employed previously in studying the solvation
structures of cellulose19 and calculating the free-energy profile
of deconstructing the surface glucan chains off the microfibril.23

A snapshot of the microfibril structure in the production MD
run after equilibration in the previous study was randomly
picked for model construction of the Cel7B−microfibril
complex. In the adsorbed state, the enzyme sits on an edge
of the model microfibril initially with 100 ns MD simulation in

Figure 1. Simulation model of Cel7B CD complexation. (A) X-ray structure with indications of structure segments. The residues that have strongly
coupled to the targeted glucan chain (TGC), the nearest-neighbor chains of the TGC (NNC), and the rest of the nearby chains on the microfibril
(RNC) during the complexation pathways are listed in black, blue, and orange, respectively, in the right table. Deconstruction residues that exhibit
strong couplings to both TGC and NNC are colored red. (B) Initial and final states of the two pathways resolved in this work: scooping and
threading complexation. (C) Front view of the Cel7B CD and microfibril complex with the TGC partially in the active-site cleft for the edge, stage,
and solitary configurations of the TGC considered in this work. Positions of the TGC (red), NNC (blue), and RNC (orange) chains are also
illustrated.
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explicit water for equilibrating the protein orientation with
respect to the microfibril, and their contact structures19,27 were
selected for model construction of the Cel7B−microfibril
complex. The targeted glucan chain has the reducing end free
of glycosidic bonding for detachment by the enzyme. In the
complexed state, Cel7B CD has 11 residues of the targeted
glucan chain from the reduced end in the active-site cleft on the
microfibril according to the X-ray structure of Cel7A CD bound
with an oligosaccharide.27,28 An all-atom MD simulation of
∼100 ns was performed to equilibrate the Cel7B CD−
microfibril orientation and the contact structures of the
cellulase and the microfibril in the complexed state. At the
end of the simulations of the adsorbed and complexation states,
a snapshot is taken to build the initial and final replicas for the
reaction path optimization of Cel7B CD complexation. For
studying the complexation of different glucan chains on the
cellulose surface, the same protocol of using ∼100 ns MD
simulations to equilibrate the adsorbed and complexed states
was employed for the model construction of reaction path
optimization and free-energy simulations.
The entire microfibril was included in the previous

simulations of the adsorbed and the complexed states,27 but
only the glucan chains within two layers of the protein are
included in the complex model for the reaction path
optimization and free-energy calculations of Cel7B CD
complexation performed in this work, as shown in Figure 1.
To retain the crystalline structures in the reduced model of the
microfibril, heavy atoms of the glucan chains in the bottom
layer and at the two ends of each glucan chain were restrained
to their positions via harmonic potentials with a force constant
of 100 kcal/mol/Å2 in the restrained MD simulations for
calculating the free-energy profile of complexation. Compared
to the earlier model, the microfibril was also expanded
longitudinally to 20 glucose residues to enable the simulation
of the threading pathway conducted in this work.
In computing the free-energy profiles of complexation, the

Cel7B CD−microfibril complex is solvated in explicit solvent of
∼28 000 water molecules with 72 Na+ and 70 Cl− ions to
mimick the ionic strength of the physiological condition and
charge neutralization of the system. The entire system contains
∼95 000 atoms. The CHARMM22 all-atom force field29 with
the CMAP correction and the TIP3P water model30,31 were
used in all of the MD simulations performed in this work. The
particle mesh Ewald method32 was employed for calculating
long-range electrostatics. The short-range nonbonded inter-
actions are calculated with a cutoff of 12 Å with a switch
function turned on at 10 Å. Langevin dynamics with a damping
coefficient of 0.5 ps−1 was used to maintain the system at the
optimal temperature of Cel7B at 313 K, and the Langevin
piston method was used to maintain pressure at 1 atm with the
same damping coefficient. All-atom MD simulations were
performed using the NAMD software33 with a time step of 2 fs
and all covalent bonds associated hydrogen atoms constrained
at their equilibrium values.29 System setup and other analyses
were performed using the CHARMM software29 and in-house
codes.
Reaction Path and Free-Energy Simulations. Following

a study reported previously,23 minimum-energy path optimiza-
tion using a chain-of-replicas method34,35 with the “Fast
Analytical Continuum Treatment of Solvation” implicit solvent
model36 was conducted first to obtain the pathways of
complexation. All of the reaction path optimization calculations
were performed with the CHARMM software.29 Solvent and

ion atoms were not included in the calculations of path
optimization. The energy-minimized structures of the adsorbed
and complexed states are the initial and final replica,
respectively. On the basis of the analysis of coupling strengths
in the MD simulations of the Cel7B CD−microfibril complex,27
the Cartesian coordinates of the three sets of atoms listed in
Table 1 were employed to calculate the distances between

replicas via the root-mean-square fit distance (rms)35,36 in
minimum-energy path optimization. Except enforcing equal
distances between replicas, all other degrees of freedom are
relaxed to minimize the sum of potential energies of all replicas.
With the adsorbed and complexed states of Cel7B CD on the

microfibril as the end replicas, we used the approach of
increasing the resolution of the path stagewise35,36 for resolving
the pathways of complexation. Starting from a linear
interpolation between the initial and final replicas, stage-1
used a three-replica path with a single intermediate. The stage-1
path optimization is thus finding a minimum-energy structure
of the enzyme−microfibril complex on the equal-rms distance
hyperplane in between the adsorbed and the complexed state.
Without the couplings to other higher-energy intermediates
through the equal-rms distance constraints as in the cases when
using many replicas right to start with, molecular structures can
readily relax on the sole hyperplane in the three-replica path
optimization. In stage-2 path optimization, we doubled the path
resolution by inserting a new replica in between two
neighboring replicas in the optimized result of stage-1.35,36

The rounds of resolution doubling and path optimization
stopped when doubling the resolution results in insignificant
changes (±1 kcal/mol) in the profile of the accumulated work
along the optimized path.35,36 We found that the smooth,
energy-minimized 33-replica paths in stage-5 with the rms
distance between neighboring replicas being ∼0.70 Å were
sufficient. This result is also consistent with the case of
resolving the pathways of detaching an 11-residue glucan chain
from cellulose without an enzyme.23 The molecular structures
along the optimized paths of 33 replicas were then used as the
starting configurations for free-energy simulations. During the
path optimization at different stages, we also added kinetic
energy potentials35,36 with the strength ranging from 0.001 to
0.01 kcal/mol/Å2 to ensure stable optimization without
forming a zigzag path.35,36 For each path of complexation
resolved in this work, we performed several rounds of
minimum-energy path optimization and consistently observed
the same patterns and structures of protein−substrate
couplings.
Although the stagewise generation of reaction path was

employed to avoid bias on the resulting mechanism that would
be induced by assuming an arbitrary initial pathway, each path
optimization only gives a single curve in the high-dimension-
ality energy landscape of the Cel7B CD−microfibril complex.
To examine the reproducibility of the observed mechanism of

Table 1. Sets of Atoms Used To Define Rms Distances
between Replicas in Path Optimization

A1 heavy atoms of the targeted glucan chain.
A2 heavy atoms of the glucan chains that make intersheet nearest-neighbor

contacts with the targeted chain.
A3 heavy atoms of the residues of Cel7B CD with significant coupling

strengths to the complexed glucan chain in an MD simulation.27 For
each glucose residue, the amino acid with the highest coupling
strength was selected (Tyr38, Arg39, Trp40, Ser48, Val51, Val105,
Ser144, Thr210, Ser221, Trp320).
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how the enzyme stabilizes cellulose deconstruction, we also
resolve different complexation pathways by altering the
adsorbed state while keeping the complexed state unchanged.
In particular, by shifting the position of Cel7B CD with respect
to the reducing end of the targeted glucan chain, we obtained
the scooping and threading paths of complexation as shown in
Figure 1B. Furthermore, we also analyzed how the two routes
process different surface chains on the microfibril substrate.
The results illustrate that the same mechanism was observed in
this class of complexation pathway.
On the basis of the results of minimum-energy path

optimization, we defined a general order parameter to calculate
the free-energy profile of complexation. Since each optimized
path represents a distinct way of breaking the contacts between
A1−A2 and forming those of A1−A3 atoms in Table 1, the
collective variable for computing the complexation PMF at 313
K and 1.0 atm in explicit water is defined as the difference in
the contact number37 between A1 and A3 and that between A1
and A2 normalized to vary from 0 to 1:

ξ = −

− −

C1(A1 A3contact number)

C2(A1 A2contact number)

The correspondence between ξ and the optimized path was
also verified by the nearly linear growing value of ξ with the
index of replica along the paths. Therefore, each replica is
assigned to a value of the order parameter, and the path is
parametrized by 33 equally spaced ξ values. Furthermore, this
order parameter can be applied to both the scooping and
threading routes of complexation for their PMFs to be
compared directly under the same footing.
The PMF along ξ for each path resolved in this work was

calculated by integrating the mean forces calculated at 33
equally spaced values with 10 ns of production-stage MD data
at each hyperplane. Before the production-stage MD, the
molecular structure of each replica along the reaction path was
solvated, minimized, heated, and equilibrated with a force
constant of 100 kcal/mol/Å2 restraining ξ to the targeted value.
This strength of restraint potential is sufficient to retain ξ very
close to the target value and gives consistent mean force values
via −k(⟨ξ⟩i − ξi0) with local perturbations of the force constant.
For the simulation on the ith hyperplane of ξ, ⟨ξ⟩i is the
averaged value and ξi0 is the targeted value. The error bars of
mean forces were calculated via block averages of the 10 ns
production-state MD data. Furthermore, systematic off-path
drifting was not observed in the MD simulations restrained on
both scooping and threading routes, indicating that the
sampling was around local minima in the path space that
have high probabilities to be visited in dynamic trajectories.
Analysis of Enzyme−Cellulose Couplings along

Complexation Paths. The molecular complex of Cel7B CD
and the microfibril is modeled as an elastic network model with
the force constants and bond lengths computed from an all-
atom MD trajectory via fluctuation matching.38 Each protein
residue has a CG site at the Cα position and a site at the center
of mass of side chain atoms. Each glucose residue has four CG
sites to represent the interaction network in cellulose. The
coupling strength between a protein residue and a cellulose
segment is the sum of the force constants of their connecting
bonds. Coupling strengths were calculated for every MD
segment of 4 ns following the protocol developed in a previous
work.27 The average and standard deviation of coupling
strength in a given trajectory were calculated by block averages.

The calculated force constants are the effective mechanical
couplings that best reproduce the correlated structure
fluctuations observed in the MD data. The coupling strengths
between protein residues have been shown to capture the
highly conserved and coevolved residues of several protein
systems38 including Cel7B CD.27 With the aforementioned
protocol, a coupling strength between a protein residue and a
glucan chain exceeding 2.5 kcal/mol/Å2 usually signals
molecular contacts such as ring−ring stacking and hydrogen
bonding. In such cases, the protein residue is considered to
have a strong coupling strength to the glucan chain. Such
specific molecular interactions observed in the optimized
reaction paths mostly result in strong couplings in the
restrained MD simulation, indicating that local minima in the
path space were indeed identified. In addition to the targeted
glucan chain (TGC), Cel7B CD also interacts with the nearest-
neighbor chains (NNC) next to the TGC and the remaining
nearby chains on the microfibril (RNC). Glucan chains in the
TGC, NNC, and RNC parts of cellulose are defined in Figure
1C. The Cel7B CD residues that have strongly coupled to the
TGC (black), NNC (blue), or RNC (orange) during
complexation pathways are colored in Figure 1A. Residues
that exhibit strong couplings to both the TGC and NNC
during complexation are defined as deconstruction residues,
which are listed in red in Figure 1A.

■ RESULTS AND DISCUSSION
The Paths and PMF Profiles of Complexation.

Definitions of Cel7B CD segments are shown in Figure 1A.
In adsorbing at the edge chain, Cel7B CD contacts the
microfibril surface with HP1 and L7.27 The two enzyme
segments are separated by four glucose residues along the TGC
and located at the opposite sides of the active-site cleft. Glucose
residues in the TGC are numbered from −7 to +4 as indicated
in Figure 1B, with +4 being the reducing end. The active site of
Cel7B CD targets the glycosidic bond between the −1 and +1
units.
Along both the scooping and threading routes at different

minima in the path space as discussed in the methods section, a
conformational change occurs in the Asn52 and Ser324 regions
of HP1 and L7, respectively, in which these deconstruction
residues shift from the top of the cellulose surface to the next
sheet to separate the TGC from NNC, Figure 2. According to
the relative positions of Asn52 and Ser324 to the TGC, the
complexation process can thus be divided into three stages: L7-
wedging, HP1-wedging, and progression. The movies of both
minimum-energy paths viewed from two orthogonal angles are
recorded in Movies S1−S4 in the Supporting Information. The
calculated PMF profiles of Cel7B CD complexing the edge
chain are shown in Figure 2 with representative snapshots to
exemplify the three stages.
Along the scooping route, complexation starts from HP1 and

L7 flanking the TGC from above the −5 and −1 glucose,
respectively, Figure 1B. In the first stage of L7-wedging, the
reducing-end segment (+1 to +4) of the TGC shifts away from
its crystalline packing for Ser324 in L7 to insert in between the
TGC and NNC at the −1 site. In the next HP1-wedging stage,
the structure change of the TGC is coupled with that of Cel7B
CD until Asn52 in HP1 wedges in the microfibril at the −5 site
of the TGC.
In the adsorbed state of the threading route, Asn52 contacts

the +3 unit of the TGC and Ser324 is 2 glucose units away
from the reducing end, Figure 1B, to model an exoinitiation
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process. As the Cel7B CD threads toward the nonreducing end
in the L7-wedging stage, Ser324 wedges in the microfibril at
replica 4 with its side chain hydrogen bonding to the +4 glucose
of the TGC. The next HP1-wedging stage spans from replica 5
to 11 and finishes at Ser324 reaching the +3 and Asn52
wedging in at the −1 site, Figure 2. After the wedging stages, L7
and HP1 move closer to each other to continue to lift the TGC
up in the progression stage, in which both paths have a mostly
flat PMF as shown in Figure 2.
Along both paths, most of the free-energy increase occurred

in the HP1-wedging stage, and the highest PMF (∼7.7 kcal/
mol) and the free energy of complexation (∼5.7 kcal/mol) are
similar. The agreement in PMF barrier illustrates that both
routes can rely on biologically relevant energetics to accomplish
and the two minima in the path space likely have similar
probabilities. Agreement in the free energy of complexation, or
the PMF difference between end states, indicates that
thermodynamic consistency was achieved in our path and
free-energy simulations.
The PMF of detaching a glucan chain of the same length

from cellulose in water without an enzyme is also shown in
Figure 2 for comparison. It is clear that Cel7B CD reduces the
free energy of the detached state by ∼13.6 kcal/mol compared
to the enzyme-free case. The enzyme-modulated PMF becomes
significantly different in the progression stage as the disrupted
interactions of the TGC with NNC start to be compensated by
the couplings with Cel7B CD. Next, the enzyme−cellulose
couplings along the paths are analyzed to elucidate the how the
Cel7B CD facilitates complexation.
Evolution of Enzyme−Cellulose Couplings during

Complexation Paths. The coupling of an enzyme residue
to cellulose is decomposed into the TGC, NNC, and RNC
parts defined in Figure 1C. Although Figure 2 provides a
pictorial view of the molecular interactions occurring during the

scooping and threading routes of complexation, based the
quantitative analysis of coupling strengths, Figure S1 of the
Supporting Information records the strongly coupled Cel7B
CD segments to the 11 glucose residues of the TGC as a
function of ξ. For the glucose sites of NNC and RNC in
parallel, the strongly coupled enzyme segments are shown in
Figure S2 and Figure S3 of the Supporting Information. The
patterns of the scooping and threading processes clearly reflect
different sequences of coupling to the glucose residues of the
TGC that give rise to similar complexation barriers and free
energies. It is also apparent that HP1 and L7 play important
roles in coupling to cellulose along both paths.
The two β strands of hairpin HP1 form a three-face, twisted

β sheet with the L1 strand defined as Asn37-Trp40.26 This β
sheet constitutes the part of the active-site cleft that binds the
−7 to −4 portion of the TGC. The N-terminal strand of HP1
(Tyr46-Thr50) is next to L1 and forms one of the faces in the
twisted β sheet. Along the scooping path, the coupling strength
of a N-terminal residue, Ser48, to the TGC is shown in Figure 3
to illustrate the typical trend of a gradual increase after the
wedging stages.

The hairpin turn of HP1 at Val51 and Asn52 extends toward
the active-site cleft for wedging in the microfibril as discussed
earlier. The coupling strengths of Val51 and Asn52 to TGC
along the scooping path are presented in Figure 3. The
enhanced strengths around ξ = 0.42 after HP1-wedging indicate
that these residues block the TGC from back contacting with
the NNC on the surface. Peaks in Figure 3 for the coupling
strengths of Val51 and Asn52 to NNC after HP1-wedging are
also clear. The C-terminal strand (Gly53-Tyr58) of HP1 forms
the third face of the twisted β sheet. The residues there cannot
reach the TGC but have strong couplings to the NNC chains
after HP1-wedging. The profile of the Asn56−NNC coupling
strength shown in Figure 3 is an evident example.

Figure 2. PMF profiles of complexing the edge chain in Figure 1C
along scooping and threading paths with representative snapshots to
exemplify the three stages of complexation.

Figure 3. Coupling strengths of the HP1 and L7 segments of Cel7B
CD to the TGC and NNC parts of cellulose during the scooping
pathway of complexation. The profiles of individual protein residues
with strong coupling strengths are also shown to illustrate the
underlying details.
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The sequence and structure of HP1 thus contribute three
roles to facilitate complexation. First, the N-terminal strand
forms part of the active-site cleft to bind the TGC. Second, the
hairpin turn contains deconstruction residues to wedge in the
microfibril. Third, the C-terminal strand couples to NNC to
block the detached TGC from adhering back to cellulose.
These behaviors can also be observed in the threading path for
which the profiles of HP1−cellulose couplings are shown in
Figure S4 of the Supporting Information.
L7 locates at the opposite side of the active-site cleft to HP1

with the N-terminal (Trp320-Glu322) and C-terminal
(Trp329-Gly333) forming parts of the active-site cleft to
cover the −2 to +2 portion in binding the TGC. The C-
terminal of L7 attaches to L8 and is more flexible than the N-
terminal region. The strengths of Trp320-TGC and Trp329-
TGC couplings along the scooping pathway are shown in
Figure 3 to illustrate the distinct profiles of the two terminals.
The centerpiece of L7 (Asn323-Gln325) extends out of the

active-site cleft to wedge in the microfibril as discussed earlier.
The profile of Ser324−TGC coupling along the scooping path
shown in Figure 3 has high strengths in the L7-wedging stage
followed by an overall trend of gradual decrease. The profile of
Ser324−NNC coupling has higher strengths at intermediate ξ
values with the maximum occurring at ξ = ∼0.6 that is also the
instance at which the reducing end of the TGC back contacted
the cellulose surface as mentioned earlier. The Ser324−NNC
coupling thus prevents the TGC from adhering back further.
The Gln325−NNC coupling also has higher strengths during
the pathways than those in the end states.
Another special pattern of coupling to cellulose is for Tyr326

of L7 that is too far from the active-site cleft to reach the TGC
during complexation. In the adsorbed state, the hydroxyl group
of Tyr326 interacts with the equatorial moieties of the chain
next to TGC in the same sheet as a result of the specific local
conformation. Path and PMF simulations indicate that after L7-
wedging, Tyr326 is brought to the NNC chains in the next
sheet with direct ring−ring contacts. The strength of Tyr326−
NNC coupling in Figure 3 thus becomes stronger toward the
end of complexation. Asn334 and Ser340 in L8 are also brought
to the defected site to strongly couple to NNC after L7-
wedging and are listed in blue as Tyr326 in Figure 1A.
It is clear that L7 facilitates complexation also via the three

roles stated earlier for HP1-forming part of the active-site cleft,
wedging in the microfibril, and coupling to NNC to block TGC
from adhering back to cellulose surface. The more extended
structure of L7 than that of HP1 and L7 being closer to the β
sandwich core than HP1 does reflect in the strengths of many
L7−TGC and L7−NNC couplings to have higher values in the
intermediate states than those in the end states (see Figure 3).
The functional roles of such residues would thus be difficult to
rationalize without resolving the pathways and PMF profiles.
The threading path demonstrates similar behaviors in L7−
cellulose couplings, Figure S4 of the Supporting Information.
Dependence of Complexation PMF on the Surface

Configurations of Glucan Chains. The results presented
thus far establish that Cel7B CD adapts to the exposed
structural features on cellulose for modulating the complexation
PMF. It is thus expected that the free-energy landscape of
complexation would be sensitive to the surface packing of
glucan chains. Figure 4 plots the PMF of Cel7B CD complexing
the TGC of the edge, stage, or solitary scenario shown in Figure
1C and illustrates the strong dependence of PMF on the
surface arrangement of TGC. For all three cases, the total

strength of Cel7B CD coupling to TGC plus that to NNC has
almost identical curves with ξ as Supporting Information Figure
S5 shows. The distinct PMF profiles observed in Figure 4 are
thus not due to drastically different interaction strengths of
Cel7B CD with the cellulose parts that are directly involved in
deconstruction but as a result of the specific patterns of
enzyme−substrate couplings. Furthermore, the aforementioned
patterns of enzyme−substrate coupling along both routes also
persist in the complexation of different surface chains,
indicating reproducibility of the reported mechanistic details.
As discussed earlier, in Cel7B CD adsorbing around the edge

chain, L7 can only contact the sheet above that of the NNC.
These preorganized enzyme−cellulose interactions have to be
disrupted for L7 to shift from the upper layer to the next to
wedge in (Figure 2). For the stage TGC resulting from
removing the edge chain in Figure 1C, the originally covered
glucan chains in the next sheet become accessible on one side.
Therefore, in complexing the stage chain, the deconstruction
residues of L7 can latch on at the sheet of NNC to begin the
process. The calculated PMF profiles in Figure 4 indeed show
that complexing the stage TGC has a barrier of ∼3.0 kcal/mol
and free energy of complexation of about 0.5 kcal/mol; both
are lower than those of targeting the edge chain. The solitary
TGC in Figure 1C has no equatorial neighbors, and both HP1
and L7 can flank the TGC at the layer of the NNC. Detaching
the solitary TGC along the two paths has a negative free energy
of complexation of −2.2 kcal/mol. These results indicate that
the apparent free energy of enzymatic cellulose decomposi-
tion21 would depend on the spatial profile of the local
conformation of individual glucan chains.
Although the solitary TGC has a favorable free energy of

complexation, lower than that of targeting the stage chain, the
barrier is slightly higher by ∼1.1 kcal/mol. Along the scooping
path, the split between the stage and solitary PMFs shown in
Figure 4 starts at the onset of the HP1-wedging stage where ξ =
∼0.3. The drop in PMF when complexing the stage chain at
this position corresponds to the drastic increase in the strength

Figure 4. PMF profiles of Cel7B CD complexing the edge, stage, and
solitary chains shown in Figure 1C along the scooping and threading
pathways.
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of enzyme−RNC coupling shown in Supporting Information
Figure S5. Along the complexation paths of the other two TGC
configurations, edge and solitary, however, the Cel7B CD does
not exhibit strong couplings to RNC. This result indicates that
even though the net strength of enzyme coupling to TGC and
NNC is more or less insensitive to chain configurations
(Supporting Information Figure S5), specific interactions with
RNC can play a role in modulating the PMF. Dissecting the
details indicates that the main contributor to the additional
coupling to RNC in complexing the stage chain is L2 on the
same side of L7. The strengths of L2−RNC couplings along the
scooping path are shown in Figure 5. The complexation of

stage and solitary chains along the threading path also exhibits
clear correspondences between the PMF profiles (Figure 4)
and the strengths of enzyme−RNC couplings (Supporting
Information Figure S5).
Sequence Signatures of Cel7B CD for Complexation.

In binding glucan chains, amino acids with a planar side chain
can exhibit shape-complemented hydrophobic interactions with
glucose rings.39,40 Nonplanar, nonpolar side chains can couple
to glucose but tend to have weaker strengths. Polar atoms in
peptide bonds and side chains also contribute to binding
cellulose by hydrogen bonding to the OH groups. The ∼50 Å
long active-site cleft of the concave β-sandwich fold of Cel7B
CD contains highly conserved Tyr38, Trp40, Trp329, and
Trp320 with the other types of amino acids mentioned above
filled in between to hold a cellodextrin chain with 11 residues.26

Regarding other protein functionalities facilitating complex-
ation, likely candidates include amino acids that can specifically
couple to the hydroxyl groups, aliphatic sugar rings, and/or
ether linkages in glucan chains because they may “wedge in” the
microfibril and also block the TGC from adhering back to
NNC or RNC. The key deconstruction residues of Cel7B CD
have small, amphiphilic (Ser324 in L7) and polar-planar
(Asn52 in HP1) side chains. An advantage of the small size of
Ser and Asn lies in minimizing perturbation in the packing of
glucan chains on the cellulose surface for the protein residues to
wedge in. These properties (small, amphiphilic, polar-planar)
also appear to be favored in the sequences of the peripheral
segments of Cel7B CD for coupling to TGC, NNC, and RNC
outside of the active-site cleft. Ser/Thr and Asn/Gln appear
frequently as the red (to both TGC and NNC), blue (to
NNC), and orange (to RNC) residues listed in Figure 1A. Gly,
Met, and Pro can also be found occasionally in these positions.
In the peripheral loops of Cel7B CD that fulfill the

aforementioned roles, Trp and Tyr that have shape
complementarity to the hydrophobic surfaces of cellulose are
relatively infrequent.
Although the alignment of 340 nonredundant, globally

alignable sequences with high similarity to that of Cel7B CD27

generally shows low conservation at the level of matching the
specific amino acid type in the residue positions of wedging and
blocking functionalities, it reveals the emergent behavior
described above. Supporting Information Figure S6 records
the occurrence frequencies of different amino acids at these
positions and indicates that Tyr and the other smaller-sized
amino acids mentioned earlier that are capable of interacting
with glucan chains have high probabilities to take over the
sequence of Cel7B CD. For example, Ser mostly likely replaces
Asn52 in HP1. Ser324 in L7 has a high chance to be switched
to Tyr, Ala, or Thr. His and Tyr mostly substitute for Asn323.
Tyr326 that binds NNC has the highest chance to be replaced
by Asn. The complexation-facilitating positions of Cel7B CD
thus appear to afford alternative solutions in sequence to
accommodate the diverse functional groups exposed by glucan
chains. The observed pattern is that amino acids capable of
coupling to glucose residues are generally observed in these
positions and those of smaller sizes are preferred. Even in the
class of shape-complemented surface binders, the smaller Tyr
has much higher probabilities than those of Trp, Supporting
Information Figure S6.
A potential reason for Ser/Thr, Asp/Gln, and the other

amino acids mentioned above to be opted over Trp and Tyr to
facilitate complexation is that throughout the paths, the enzyme
has to adapt to the evolving biopolymer substrate at a solid−
liquid interface to modulate the PMF profile. Complementing
the structure set encountered in multiple paths likely requires a
smoother free-energy landscape via Cel7B CD not having
overly specific couplings to cellulose surfaces. Another potential
reason is ensuring adequate rates of decomplexation for the
endoglucanase to reset after each turnover. Aligning the
sequence of Cel7A CD of T. reesei, the processive
cellobiohydrolase analogue,28 with that of Cel7B CD in
Supporting Information Figure S7 shows that for the segments
corresponding to the HP1 and L7 in Cel7B, Cel7A has more
occurrences of Tyr and Trp, likely due to the higher surface
specificity necessary to achieve processivity.

■ CONCLUSION
Processing biopolymers is an essential functionality of enzymes
in Nature, for which cellulases must employ specific structure−
property relationships to handle the mechanical rigidity of
cellulose. This work identified complexation of the most
abundant T. reesei endoglucanase on cellulose as a model
system in this class of problems. The computational framework
adopted here involves all-atom path optimization and free-
energy simulations coupled with a trans-scale mapping scheme
to convert the results of atomistic simulations into the
parameters of a coarse-grain model. The objective was to
capture the emergent properties of enzyme−biopolymer
couplings along the processing paths.
A key principle established by the molecular simulations is

that Cel7B CD adapts to couple to the evolving surface
structures of cellulose during complexation. The PMF profiles
calculated in separate simulations are thus a strong function of
the local arrangements of glucan chains on the cellulose surface.
The peripheral segments HP1 and L7 of Cel7B CD are shown
to play key roles in complementing the diverse set of

Figure 5. Coupling strength of L2 segment of Cel7B CD to the RNC
part of cellulose during the scooping pathway of complexation. The
profiles of individual protein residues with strong coupling strengths
are also shown to illustrate the underlying details.
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biopolymer structures emergent during complexation. These
peptide segments are composed of ∼10 amino acid residues to
accomplish three consecutive tasks: wedging in the microfibril,
binding the TGC via the forming part of the active-site cleft,
and affixing to NNC to block the TGC from adhering back to
cellulose. Coordination of these functionalities significantly
reduces the PMF profiles of perturbing the surface packing of
glucan chains compared to the enzyme-free case. The versatility
of the peripheral segments of Cel7B was also shown to allow
the flexibility for adapting multiple paths (the scooping and
threading routes) with similar free-energy costs to accomplish
complexation.
The presented studies of Cel7B complexation show that the

enzyme facilitates the cellulose processing via adaptive
couplings to the emergent substrate structures. The principles
deduced from molecular simulations also establish a guideline
for dissecting the functional signature of complexing glucan
chains in a multiple-sequence alignment. To accommodate the
tight packing and recalcitrance of the macromolecular substrate,
Cel7B exhibits peripheral segments with extended lengths to
fulfill distinct roles in different stages of complexation. An
important implication for the engineering of improved
cellulases, based on the mechanism of complexation resolved
in this work, is that the optimal protein sequence depends on
the structural features of the substrate. Therefore, an integrated
strategy is needed to jointly consider the impact of pretreat-
ment on cellulose structure and the resulting kinetics of
cellulase action. The approach of linking physics-based
molecular properties to bioinformatics is also expected to be
useful in studying other biopolymer-processing proteins.
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