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Background: Family 1 carbohydrate-binding modules (CBMs) bind selectively to the hydrophobic surfaces of cellulose.
Results: Simulations have shown that the planar face of the CBM binds preferentially to the hydrophobic face.
Conclusion: Thermodynamic driving forces enable transfer of the CBM from the hydrophilic to hydrophobic surfaces.
Significance: Selectivity of CBM provides access of cellulases to active surfaces of cellulose.

Cellulase enzymes often contain carbohydrate-binding mod-
ules (CBMs) for binding to cellulose. Themechanisms by which
CBMs recognize specific surfaces of cellulose and aid in decon-
struction are essential to understand cellulase action. The Fam-
ily 1 CBM from the Trichoderma reesei Family 7 cellobiohydro-
lase, Cel7A, is known to selectively bind tohydrophobic surfaces
of native cellulose. It is most commonly suggested that three
aromatic residues identify the planar binding face of this CBM,
but several recent studies have challenged this hypothesis. Here,
we usemolecular simulation to study the CBMbinding orienta-
tion and affinity on hydrophilic and hydrophobic cellulose sur-
faces. Roughly 43 �s of molecular dynamics simulations were
conducted, which enables statistically significant observations.
We quantify the fractions of the CBMs that detach from crystal
surfaces or diffuse to other surfaces, the diffusivity along the
hydrophobic surface, and the overall orientation of the CBM on
both hydrophobic and hydrophilic faces. The simulations dem-
onstrate that there is a thermodynamic driving force for the
Cel7ACBM to bind preferentially to the hydrophobic surface of
cellulose relative to hydrophilic surfaces. In addition, the simu-
lations demonstrate that the CBM can diffuse from hydrophilic
surfaces to the hydrophobic surface, whereas the reverse transi-
tion is not observed. Lastly, our simulations suggest that the flat
faces of Family 1 CBMs are the preferred binding surfaces.
These results enhanceourunderstandingof howFamily 1CBMs
interact with and recognize specific cellulose surfaces and pro-
vide insights into the initial events of cellulase adsorption and
diffusion on cellulose.

Cellulase enzymes are responsible for much of the cellulose
(and hence carbon) turnover in the biosphere. Fungal cellulases

are key starting points for enzyme engineering efforts in biofu-
els development (1–3), especially following the decades of work
conducted on characterization of the Trichoderma reesei
(Hypocrea jecorina) cellulase mixture (4–21) and related fila-
mentous fungi (22–24).Many fungal cellulases aremultimodu-
lar proteinswith catalytic domains (CDs)2 that are connected to
carbohydrate-binding modules (CBMs) by flexible, glycosy-
lated linkers (7, 25, 26). In most fungal cellulases, the CBMs are
from the CBM Family 1 (CBM1). These are roughly 36-residue
proteins usually containing two or three disulfide bonds and a
planar face containing three aligned aromatic residues and sev-
eral polar residues (5). This planar face of CBM1 has long been
hypothesized to be the cellulose-binding face (5, 9, 27, 28). It has
been proposed that the wedge face opposite the planar face can
also bind to cellulose (29, 30). Atminimum,CBMs are responsible
for increasing the local concentration of the enzyme near the sub-
strate. Additional roles for CBMs that have been proposed in the
literature include targeting a specific feature of the substrate (31)
and disruption of cellulose crystalline packing (32, 33), although
evidence for the latter is not yet definitive (33, 34).
In the process of cellulose hydrolysis by multimodular cellu-

lases, the initial binding event is likely mediated by the CBM
(35). For CBM1 from the T. reesei Family 7 cellobiohydrolase
(Cel7A), it has been shown experimentally that the CBM binds
to the hydrophobic surface of cellulose I� (28). With simula-
tion, we later suggested that this CBM displays energy wells
every 1 nm on the hydrophobic surface (100 surface) of cellu-
lose I�, which is structurally nearly identical to the hydrophobic
surface (110 surface) of cellulose I� (35, 36). However, cellulose
microfibrils also contain hydrophilic surfaces. Depending on
the relative areas of the exposedmicrofibril surfaces, an enzyme
in solution will likely first encounter a hydrophilic surface of
the substrate. From there, the CBM can either detach from the
cellulose microfibril or diffuse to another surface (e.g., the
hydrophobic surface). For example, in the 36-chain cellulose
microfibril shown in Fig. 1A that was constructed to approxi-
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mate a cylindrical cross-section as perhaps found in plants, the
hydrophobic surfaces (three chains at top and bottom) account
for only 38% of the total surface area. In the 16-chain cellulose
microfibril shown in Fig. 1B, only 15% of the surface is hydro-
phobic (single chains at top and bottom). Microfibrils from
algae and tunicates also contain mostly hydrophilic surfaces
(37–42). Thus, it is more likely that the initial CBM binding
events from solution will be to hydrophilic surfaces on micro-
fibrils with cross-sections such as these.
To our knowledge, the thermodynamic driving forces rele-

vant to the CBM binding to different surfaces of cellulose or
detachment from the surfaces have not been studied, nor has
the preferred orientation of the CBM on each of the different
crystal surfaces been elucidated.Moreover, it has yet to be con-
firmed that the planar face in the Cel7ACBM interacts with the
hydrophobic surface of cellulose directly, and the unbiased,
one-dimensional diffusion coefficients of the CBM have not
beenmeasured. All of these problems represent quite challeng-
ing experiments, because these are transient, molecular level
steps of a small protein domain on a heterogeneous substrate.
Computer simulation, however, can probe these types of phys-
ical steps directly (3, 34, 43–47).
Here, we apply molecular dynamics (MD) and free energy

simulations to investigate questions related to CBM-cellulose
interactions. These questions are concerned with the behavior
of the CBM on the different crystal surfaces after binding and
the preferred orientations of the CBM on different surfaces.
Specific questions addressed in this study include: (a) Does the
CBM1diffuse to the hydrophobic facewhen it binds to a hydro-
philic face, or does it unbind and detach from the cellulose
crystal surface rather than diffuse along the surface? (b) What
are the relative binding free energies to different cellulose crys-
tal surfaces? (c)Howdoes the shape and size of the hydrophobic
surface impact the CBM binding behavior? (d) Does the planar
face of the CBM1 selectively adsorb to the hydrophobic face of
cellulose I or is the CBM in a different orientation than previ-
ously hypothesized from the NMR structure (5)? If the CBM1
binds in a nonfavorable orientation, can the CBM realign itself
without detaching? (e) Howdoes theCBM1behave once bound
to the hydrophobic surface of cellulose I? What are the one-
dimensional diffusion coefficients parallel and perpendicular to
the cellulose chains?
The MD and free energy simulations presented here repre-

sent a significantly larger data set than all previous simulation
studies of the same or similar systems. We confirm that the
CBM1 prefers the hydrophobic surface of cellulose I and dem-
onstrate that the CBM can diffuse from hydrophilic faces to the
hydrophobic faces on a time scale of tens to hundreds of nano-
seconds. The thermodynamic driving force for this surface to
surface transition is quantified and is shown to be predomi-
nantly enthalpic in nature. We find that the orientation of the
CBM with the flat face of the CBM bound to the cellulose sur-
face, as previously hypothesized from the NMR structure (5), is
likely to be correct. Lastly, we show that the CBM readily dif-
fuses along themicrofibril axis on a single chain of cellulose but
does not move from one chain to another as readily. These
results provide insights into the binding events related toCBM-
cellulose association and suggest a means for the CBM to drive

the CD close to the hydrophobic face such that the CD can bind
to a free end of a cellulose chain.

MATERIALS AND METHODS

All of the MD simulations were conducted using the
CHARMM27 force field with the CMAP correction (52, 53) for
the CBM, the TIP3P water model (54, 55), and the C35 force
field for the carbohydrates (56, 57). For theMDsimulations, the
CHAMBER program (58) was used to convert the CHARMM
input files to an Amber-readable format, and the Amber
PMEMD module was used to run the MD simulations (59).
SHAKE was used to fix the distance of hydrogen atoms cova-
lently linked to heavy atoms (60) and a 2-fs time step was used
for all MD simulations. Particle Mesh Ewald was applied for
long range electrostatics with a grid size of (78, 62, 78) for
36-chain microfibril simulations and (64, 48, 80) for 16-chain
simulations (61).
The box size for the simulations with 36-chain microfibrils

and the CBM is 78 Å � 62 Å � 78 Å with �38,000 atoms,
whereas for the 16-chain microfibrils, the dimensions are 62 Å
� 47 Å� 78 Åwith 23,000 atoms. The nonbonded cutoff was 8
Å, and the Ewald coefficient was 0.35. During the MD simula-
tions, the end carbon atoms of each chain were harmonically
restrained with a force constant of 100 kcal mol�1 Å�2 to pre-
vent delamination and any additional structural changes. The
CBM was placed on the cellulose, and the system was mini-
mized. The protein and substrate were then resolvated and
equilibrated with the Nosé-Hoover thermostat and barostat at
1 atm and 300 K (62–64).
MD umbrella sampling was used to examine the surface-to-

surface transitions (65, 66). A reaction coordinate was defined
in which the CBM transferred from position B on the (110)
surface to the center of the (100) surface of the 36-chainmicro-
fibril, similar to a configuration shown on the (100) surface in
Fig. 1A. The reaction coordinate was the distance from the cen-
ter-of-mass of the three tyrosine residues on the planar face
(Tyr-5, Tyr-31, and Tyr-32) to a plane perpendicular to the
(110) surface. The planewas located on andparallel to a chain of
the (110) surface four chains removed from the (100) surface.
Fifty-eight umbrella windows were sampled between these end
points. The window centers were spaced 0.5 Å apart, and the
system was restrained with a harmonic force constant of 2.5
kcal mol�1 Å�2. Because of the greater mobility on the (110)
surface, five independent simulations were conducted in each
window on this surface, whereas only one simulation was con-
ducted at the umbrella sampling windows on the (100) surface.
A harmonic restraining force constant of 0.1 kcalmol�1 Å�2 on
the center of mass of the CBM was used to prevent it from
moving parallel to the cellulose microfibril axis. Simulations in
each window were conducted for 10 ns. The results were ana-
lyzed using WHAM (67).

RESULTS AND DISCUSSION

Model Construction and Simulation Approach—The nong-
lycosylated CBM1 structure was taken from an NMR study (5).
The cellulose microfibrils were built from the crystal structure
of cellulose I� (48).

Computational Modeling of Carbohydrate-binding Module

20604 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 24 • JUNE 8, 2012



Cellulose microfibrils were constructed with 36 and 16 cel-
lulose chains, as shown in Fig. 1. In both cases, the microfibrils
were equilibrated for 10 ns in water without a CBM present.
During equilibration, the microfibrils contained chains of cel-
lulose that were 40 glucose residues long. No restraints were
placed on the cellulose during equilibration, which allows the
microfibrils to twist as is consistent with earlier studies (43, 49).
After equilibration, the microfibril ends were trimmed such
that only the central 12 residues of each chain were retained.
These truncated microfibrils were harmonically restrained at
the ends and used for the simulations with the CBM, thus
reducing edge effects and computational cost. We note that a
recent study from our group indicated for the C35 force field in
similar conditions, 10 ns is sufficient for the cellulose surface to
equilibrate (49). Because we are studying interactions of a pro-
tein on the cellulose surface, this was deemed an adequate
equilibration time.
Two types of simulations were run: (a) unrestricted simula-

tions were conductedwith the CBMon different surfaces of the
cellulosemicrofibrils shown in Fig. 1; sufficientMDsimulations
were conducted from each starting point such that that the
transfer rates could be estimatedwith adequate statistics from a
given surface to another or to solution; and (b) umbrella sam-
pling simulations were conducted along a path where the CBM
translated from the hydrophilic (110) surface to the hydropho-
bic (100) surface of the 36-chain microfibril. These restrained
simulations were used to estimate the relative free energy dif-
ference between CBM adsorption on the hydrophobic (100)
surface and the hydrophilic (110) surface.
For the unrestricted simulations, theCBMwas placed in con-

tact with the surface of interest, as shown in Fig. 1. MD simu-
lations were conducted for at least 100 ns each. Equivalent sur-
faces are located on the opposite sides of the microfibrils so
there are only two unique hydrophilic surfaces and one hydro-
phobic surface on each microfibril. Note that the hydrophobic
surface on the 36-chain microfibril has three chains, whereas
the 16-chainmicrofibril has only one chain.We conducted sim-
ulations with the planar face of the CBM containing three tyro-
sine residues (Tyr-5, Tyr-31, and Tyr-32) in contact with the
cellulose microfibril, as shown in Fig. 1. Note that two starting
positions were used on hydrophilic surfaces in the 36-chain

microfibril. One starting position had the CBM located two
chains away from the hydrophobic surface, and the second
position was located four chains away from the hydrophobic
surface. Forty simulations were started at each of these posi-
tions with randomly seeded velocities drawn from the Boltz-
mann distribution.
It has been proposed that the “top” of the CBM1 (opposite

the planar face) has a binding site that can bind to carbohy-
drates (29, 30). We also investigated the binding of this wedge
face to the 36-chain microfibril. We conducted a potential
energy scan on the (100) surface as a function of the rotation of
the CBM about an axis roughly coinciding with the three tyro-
sine residues. Twominima were identified: one with the planar
face of the CBM on the (100) surface and the other with the
wedge face of theCBMfacing the (100) surface.Adescription of
these calculations and a plot of the potential energy surface are
provided in supplemental Fig. S1. To investigate relative bind-
ing free energies, MD simulations were also conducted with
this top face of the CBM on the hydrophobic and hydrophilic
surfaces of the 36-chain cellulose microfibril, as detailed in
Table 1.
Kinetic Measurements—This section describes the unre-

stricted simulations listed inTable 1. These simulations suggest
that the CBMprefers binding with its planar face on the hydro-
phobic (100) surface. During simulations started on the (100)
surface, theCBMremains on this surface during all forty 100-ns
simulations on the 36-chain microfibril. In contrast, during
simulations started with the CBM on the hydrophilic surfaces,
the CBM often either leaves the microfibril or migrates to the
(100) surface, as shown below.
Fig. 2 shows the time evolution of simulations started with

the CBM on the hydrophilic surfaces of the 36-chain microfi-
bril. At 10-ns intervals, the CBM location was classified as
either remaining on the initial cellulose surface, desorbed from
themicrofibril, or transferred to the hydrophobic (100) surface.
The data in Fig. 2 are averages of the occurrences of these states
over the 40 simulations in a given set. The end points of simu-
lations for each simulation set are shown in Table 2. As shown
in Table 2, the observation that the CBM has a much higher
probability of remaining on the (100) surface compared with

FIGURE 1. Starting points for MD simulations of the Cel7A CBM1 on the surfaces of cellulose microfibrils. The CBMs are shown in green or orange, whereas
the tyrosine residues on the planar face of the CBM are shown in purple. A, the 36-chain microfibril simulations were started with the CBM in the center of the
hydrophobic (100) surface or one of two positions on (110) or (010) hydrophilic surfaces. B, for the 16-chain microfibril, simulations were started with the CBM
in the center of the (110) and (010) hydrophilic surfaces and on the hydrophobic (100) surface containing a single chain. In all simulations, the microfibril was
reoriented such that the z direction is normal to the starting surface, the x direction is along the cellulose fiber axis, and the y direction is perpendicular to the
chains in the plane of the starting surface.
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the hydrophilic surfaces suggests that it has a thermodynamic
preference for binding to the hydrophobic surface.
Simulations with the CBM on the 16-chain microfibril pro-

duced results similar to those for the 36-chain microfibril. As
shown in Table 2, the CBM binds stably on the one-chain (100)
surface, although not as stably as to the three-chain (100) sur-
face of the 36-chain microfibril. In 10% of the simulations, the
CBM rotated so that the planar face of the CBMwas in contact
with both a hydrophilic surface and the chain in the (100) sur-
face. In contrast, the CBM had a high probability of either leav-
ing the microfibril or transferring to the (100) surface when
started on the hydrophilic surfaces of this 16-chain microfibril.
Fig. 3 shows the kinetic data from 40 unrestrained simulations
conducted for 80 ns on the (110) and the (01̄0) surfaces, and
Table 2 compares the results at the end of the simulations. As
with the 36-chain microfibril, these data suggest that the CBM
has a preference for the (100) surface.
Dynamics of Transfer to (100) Surface—Analysis of the sim-

ulations where a transition from a hydrophilic surface to the
hydrophobic surface indicates that rotation (rather than just
translation) of the CBM is often an antecedent to the transition.
During the simulationswhere theCBMtransfers from the (110)
to (100) surface, 92% of the simulations starting from point A
and 100% from point B rotated about the axis normal to the
cellulose surface as illustrated in Fig. 4, which shows snapshots
from a simulation in which the CBM transferred from the (110)
surface to the (100) surface. From point A on the (010) surface,
83% of the simulations rotated before transferring to (100). By
rotating, the planar surface of the CBM is exposed to a broader
range of the cellulose surface than by translation. It is observed
that the CBMcan rotate so that its planar face is in contact with
the (100) surface, which is often followed by transfer. Supple-
mental Movies S1 and S2 show this transition.
Proximity of the CBM to the (100) surface also affects its

ability to transfer from the hydrophilic surfaces. Because the
CBM in position A is closer than in position B to the (100)
surface, simulations starting at position A are more likely to
result in transfer to (100) at the time scales examined here.

FIGURE 2. Time evolution of the simulations with the CBM started on the
hydrophilic surfaces of the 36-chain microfibril. The plots are the fractions
of the 40 simulations in which the CBM remained on the initial hydrophilic
surface, transferred to the (100) surface, or desorbed from the microfibril.
A, simulations in which the CBM was initially placed on the (010) surface at
position A (solid lines) or position B (dotted lines). B, simulations were started
on the (110) surface at position A (solid lines) or position B (dotted lines). Fig. 1
shows the initial CBM positions on the microfibril.

TABLE 1
MD simulations
Unrestricted simulations
36-Chain fibril, 40 simulations, 100 ns each
(100)
(110) position A
(110) position B
(010) position A
(010) position B
(100) CBM wedge face bindinga
(110) position A, CBM wedge face bindinga
(010) position B, CBM wedge face bindinga

16-Chain fibril, 40 simulations, 80 ns each
(100)b
(110)
(01̄0)

Umbrella sampling
154 simulations, 10 ns each

a In this configuration the planar face of the CBM was facing away from the sur-
face of the cellulose microfibril.

b Several simulations started on the (100) surface of the 16-chain microfibril were
run for approximately 140 ns.

TABLE 2
Results of kinetic simulations

Starting surface Remaineda Desorbed
Transferred
to (100)

36-Chain microfibril
(100) 1.0 0.00
(110) A 0.45 0.22 0.33
(110) B 0.40 0.42 0.18
(010) A 0.14 0.53 0.33
(010) Bb 0.22 0.72 0.00

16-Chain microfibril
(100) 0.90 0.00 0.10 (to 110)
(010) 0.26 0.51 0.17
(01̄0) 0.41 0.44 0.15

36-Chain microfibril: CBM inverted
(100)c 0.70 0.20
(110) A 0.37 0.35 0.28
(010) B 0.90 0.10 0.00

a Average occurrence after 100-ns simulations.
b Some of the simulations started with the CBM on the (010) surface at position B
resulted in the CBM transferring to the (110) surface.

c10% of the simulations started in the inverted position (with the wedge face on
the (100) surface) flipped so that the planar face of the CBM faced the cellulose
surface.
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Free Energy Calculations for Surface to Surface Transitions—
To quantify the free energy difference for CBM binding to the
hydrophobic and hydrophilic surfaces of the 36-chain microfi-
bril, MD umbrella sampling was conducted. The potential of
mean force, or free energy, from (110) to (100) is shown in Fig.
5. The potential of mean force does not provide an accurate
estimate of the barriers for the transition from the (110) surface
to the (100) surface because the reaction coordinate may not
be correct for the actual transition. However, a comparison of
the minima is reliable given convergence along the reaction
coordinate. The potential of mean force shows that the differ-
ence in free energy between binding of the CBM to the (110)
surface and the (100) surface is �2.5 kcal mol�1. This differ-
ence in free energy is consistent with the observations from the
unrestrained simulations, which show a nonreversible transfer
to the (100) surface on the time scale of these calculations. The
2.5 kcal mol�1 difference is between binding to the third cellu-
lose chain of the (110) surface and themost favorable binding to
the middle chain of the (100) surface. Binding to the second
chain of the (110) surface is �1 kcal mol�1 less stable than the
third chain, and binding to the corner chain of the (100) surface
is 1 kcalmol�1 less stable than binding to the center chain. This
is consistent with the unrestricted simulations on the (100) sur-

face, in which less than 3% of the simulations starting on the
center chain transferred to the corner chain (see below).
Enthalpic Driving Forces for CBM Selectivity—Fig. 6 shows

the interaction energy between the CBM and cellulose, which
exhibits differences in binding to the hydrophobic and hydro-
philic surfaces of cellulose. Here we consider the interaction
energies for the simulations inwhich theCBMtransferred from
the hydrophilic faces to the (100) face. Eight simulations are
used for this analysis where the CBM started on the (110) sur-
face and transferred the (100) surface of the 36-chain cellulose
microfibril. The interaction energy between the CBM and cel-
lulose for these simulations shows a clear trend to lower energy
as the CBM moves from the (110) to the (100) surface. Fig. 6
shows histograms of the average interaction energy during the
first 20 ns of the simulations, on the (110) surface, and during
the last 20 ns of the simulations, on the (100) surface. The elec-
trostatic energy does not change significantly between the (110)
surface and the (100) surface, whereas the van derWaals energy
decreases significantly (15 to 20 kcal mol�1). This is likely due
to a higher number of contacts between the CBM and the cel-
lulose microfibril on the (100) surface because of a closer prox-
imity between theCBMand cellulose as shown in supplemental
Fig. S2. Similar results for simulations started on the (010) sur-
face are presented in supplemental Fig. S3. We also considered
the total energy of the system, which is shown in supplemental
Fig. S4. This analysis includes protein-cellulose, cellulose-wa-
ter, protein-water, and all self-interactions.Overall, for the sim-
ulations that exhibit a transfer of theCBM from the hydrophilic
face to the hydrophobic face, we observed a decrease in the total
energy of the system. These results taken together suggest that
the CBM selectivity for and desolvation of the hydrophobic
surface combined with solvation of the hydrophilic surface is
primarily caused by a favorable enthalpic driving force.
CBM Binding Orientation on (100) Surface—To more fully

explore the selectivity of the CBM toward the surfaces of cellu-
lose, simulationswere conducted inwhich the planar face of the
CBMwas directed toward the solvent and away from the cellu-
lose. The potential energy for this orientation is shown in sup-
plemental Fig. S1. Unrestrained MD simulations suggest that
this orientation on all cellulose surfaces is thermodynamically
less preferred thanwith the planar face of the CBMon the (100)
surface. Fig. 7 shows a kinetic plot obtained from simulations in
which theCBMwas started in the inverted position on the (100)
surface. Table 2 contains a comparison of the fractions for the
final states for these simulations and simulations started on the
(110) and (010) surfaces. The results show that in the inverted
orientation on all of these surfaces, a significant fraction of the

FIGURE 3. Time evolution of the simulations with the CBM started on the
hydrophilic surfaces of the 16-chain microfibril. The plots are the fractions
of the 40 simulations in which the CBM remained on the same surface, trans-
ferred to the (100) surface, or desorbed from the microfibril. The solid lines are
for the simulations started on the (110) surface, whereas the dotted lines were
started on the (11̄0) surface. Fig. 1 shows the starting configurations and the
initial CBM positions on the microfibril.

FIGURE 4. Snapshots of the CBM during a typical simulation in which the CBM transfers from the (110) surface to the (100) surface of the 36-chain
microfibril.
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simulations resulted in the CBM leaving the surface. Further-
more, 10% of the simulations started with the CBM in the
inverted orientation on the (100) surface resulted in the CBM
reorienting so that the planar face was in contact with the cel-
lulose. Although these results show the preference of the flat
face of theCBMfor cellulose, they donot disprove the proposed
mechanism (29) where the CBM acts like a wedge and a dislo-
cated cellulose chain binds to the top.
CBM Translation—Analysis of the CBM movement on the

cellulose surfaces provides additional information about its
function and its selectivity for the hydrophobic surface. The
unrestrained simulations demonstrate that the CBM can read-
ily move perpendicular to the cellulose chains on the hydro-
philic surfaces, but it does not move readily between chains on
the (100) surface. Once the CBM has moved from the hydro-
philic surfaces to the (100) surface (perpendicular to the cellu-
lose chains), it does not return on the time scales sampled here.
Fig. 8 shows histograms of the CBMmotion perpendicular to

and along the cellulose chain axis on the (100) surface. The
location of the CBM for the histograms was calculated as the
center of mass of the three tyrosine residues on the planar
face of theCBM(Tyr-5, Tyr-31, andTyr-32). The three tyrosine
residues remained roughly aligned with the middle cellulose
chain as shown in Fig. 8A. Only one of the 40 simulations on this
surface resulted in the CBM moving in the y direction to an
adjacent chain. The distribution has a peak maximum at 1.6 Å
and a width of �3 Å. Because the distance between adjacent
chains is�8Å, this distribution suggests that theCBMdoes not
readily translate to other cellulose chains on the hydrophobic
face of cellulose on time scales sampled in this study.
However, the CBM can readily move along the cellulose

chains as shown in a histogram of the positions of the CBM
parallel to the cellulose chains, in Fig. 8B. The maxima in this
distribution correspond to free energy basins for the CBM
along the cellulose chain. To determine the alignment of the
CBMwith the cellulose chains in these basins, a clustering anal-
ysis was performed using the Means (50) method. Fifteen clus-

ters were chosen, and the locations of the representative struc-
tures for these clusters and the populations of the clusters are
represented by the red lines in Fig. 8B. From a visual inspection
of the representative configurations for each cluster, it was
determined that there were two types of alignments: one in
which the centers of the tyrosine rings were over the C1 carbon
of the cellulose (labeled A) and one in which the tyrosine rings
were over the C4 carbon (labeled B). The populations indicate
that the A type structures were preferred. The simulations
showed that the CBM moved in jumps between the stable
basins along a cellulose chain of the hydrophobic face. This
motion is consistent with earlier MD simulations of this CBM
on cellulose (35, 36).
Contrary to the behavior on the (100) surface, the CBM can

move readily both parallel and perpendicular to the cellulose
chain axis on the hydrophilic surfaces of cellulose. Fig. 9 shows
histograms for simulations inwhich theCBMwas started in the
B position on the (110) surface. These histograms were calcu-
lated using only simulations inwhich theCBMdid not leave the
microfibril. The distributions in the perpendicular and parallel

FIGURE 5. The free energy for the transfer of the CBM from the (110) sur-
face to the (100) surface. Snapshots from each basin are shown.

FIGURE 6. Averaged distribution of interaction energies at the beginning
and end of simulations on the 36-chain microfibril in which the CBM
transferred from the (110) surface to the (100) surface. A, electrostatic
energy. B, Van der Waals energy.
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directions have roughly the same widths, suggesting that the
CBM can readily move in either direction. Interestingly, the
peaks in the distribution along the perpendicular direction (Fig.
9A), correspond to orientations in which the tyrosine residues
on the planar face roughly align with the cellulose chains on the
(110) surface and the edge chain on the (100) surface. The peaks
in the parallel direction (Fig. 9B) are spaced by roughly 5 Å, the
distance between glycan residues in a cellulose chain. Similar
histograms were obtained for the simulations started at the
other positions on the hydrophilic surfaces, and the results are
shown in supplemental Figs. S5–S7.
Diffusivity—Analysis of the CBM displacement during the

unrestrained simulations enables calculation of the CBMdiffu-
sivity. Fig. 10 shows the square of the average displacement on
the (100) surface in the x and y directions over time in the 40
simulations started on this surface. From Fick’s second law, the
slopes of these lines are proportional to the one-dimensional
diffusivities, D�� or D�. The diffusivity parallel to the cellulose
chains on this surface is 2 Å2 ns�1, which is nearly four times
higher than the diffusivity perpendicular to the chains. This is
consistent with the distribution histograms in Fig. 8, which
show that the CBM can readily translate along the cellulose
microfibril axis but is restricted frommoving across the micro-
fibril (100) surface. Similar measurements on the hydrophilic
surfaces of the 36-chainmicrofibril were foundwhich indicates
that the diffusivity is similar on all surfaces parallel to the cel-
lulose chains, but across chains diffusivity is larger on hydro-
philic surfaces compared with the (100) surface. The calculated
diffusivities are 103 Å2 s�1 larger than those measured for the
Family 2 CBMs from Cex and CenA from Cellulomonas fimi,
which are larger and contain 99 and 96 amino acids, respec-
tively (51).
These diffusivity calculations, taken with the MD simula-

tions described above, suggest that the CBM can move more
freely on hydrophilic surfaces without directional preference.
However, on the hydrophobic face, the CBM one-dimensional

diffusivity parallel to the cellulose chain axis is four times larger
than across the chains. This is likely important both when for
CD complexation with a free chain end as well as during pro-
cessive hydrolysis.
Implications for Cellulase Action—The results of these sim-

ulations suggestmechanisms for the formation of a catalytically
active complex between a cellulase CD with cellulose: (a) the
CBM can migrate from hydrophilic surfaces to the (100) sur-
face, which is better suited for cellulase action, and the CBM
can also move to the (100) surface through desorption and
readsorption; (b) desorption and migration from the hydro-
philic surfaces play an important role in the selectivity for the
(100) surface; (c) enthalpic driving forces play a role in transfer
of the CD to its appropriate substrate via the CBM; and (d) the
observations in this study are likely to be constant across all
Family 1 CBMs, because there is a high homology in this family
(36).

FIGURE 7. Time evolution of simulations in which the wedge face of CBM
was placed on the (100) surface of the 36-chain microfibril. The red trace is
the fraction of simulations in which the CBM reoriented so that the planar face
was bound to the cellulose surface, whereas the green trace is the fraction that
desorbed from the microfibril.

FIGURE 8. Histograms of the distribution of the center-of-mass of the
three tyrosine residues on the planar CBM face during simulations on the
(100) surface of the 36-chain cellulose microfibril. A, distribution in the y
direction perpendicular to chain direction. Zero is the center of the middle
chain. B, distribution in x direction parallel to chain axis (blue line), and cluster
analysis locations and populations (red lines). Cluster analysis of the popula-
tions produced two classes of structures: one with the tyrosine rings centered
over the C1 carbon of the cellulose chain (class A) and one with the tyrosine
rings centered over the C4 carbon of the cellulose chain (class B). The inset
shows the alignment of the tyrosine rings (shown schematically with the
ocher and green circles) on the cellulose chain for the two clusters, A and B.
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Conclusions—TheMDsimulations in this study demonstrate
that the Family 1 CBMs exhibit high selectivity for adsorption
of its planar face onto the hydrophobic surface of cellulose.
That the CBM would have a preference for the hydrophobic
surface is reasonable because Cel7A likely extracts a chain from
this surface. The MD simulations also suggest mechanisms for
transfer from the hydrophilic surfaces to the hydrophobic sur-
face. Because there is a high probability that the CBM will ini-
tially adsorb to a hydrophilic surface, the mechanism that
allows it to find the correct surfacewill be important for the rate
of the whole enzyme to become catalytically active. The results
of the simulations show that the Family 1 CBM can transfer to
the desired surface by lateral diffusion on the hydrophilic sur-
faces to the hydrophobic surface. Our simulations show that
this process is probable during the relatively short (100 ns) sim-
ulations. Likewise if the wrong face of the CBM is adsorbed
onto the surfaces of the cellulose, an expedient way toward the
correct configuration is for theCBMto rotate. The high homol-
ogy of the CBMs in this family with regards to the planar face
suggests that all of members of the family will display similar
behavior on cellulose.
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