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a b s t r a c t
Cellobiohydrolases are the dominant components of the commercially relevant Trichoderma reesei cellulase system. Although natural cellulases can totally hydrolyze crystalline cellulose to soluble sugars, the
current enzyme loadings and long digestion times required render these enzymes less than cost effective
for biomass conversion processes. It is clear that cellobiohydrolases must be improved via protein engineering to reduce processing costs. To better understand cellobiohydrolase function, new simulations
have been conducted using CHARMM of cellobiohydrolase I (CBH I) from T. reesei interacting with a model
segment (cellodextrin) of a cellulose microﬁbril in which one chain from the substrate has been placed
into the active site tunnel mimicking the hypothesized conﬁguration prior to ﬁnal substrate docking
(i.e., the +1 and +2 sites are unoccupied), which is also the structure following a catalytic bond scission.
No tendency was found for the protein to dissociate from or translate along the substrate surface during
this initial simulation, nor to align with the direction of the cellulose chains. However, a tendency for the
decrystallized cellodextrin to partially re-anneal into the cellulose surface hints that the arbitrary starting
conﬁguration selected was not ideal.
Ó 2009 Elsevier Ltd. All rights reserved.

1. Introduction
Recently we reported the results of molecular dynamics (MD)
simulations of cellobiohydrolase I (CBH I) from Trichoderma reesei
interacting with a model segment of a cellulose microﬁbril.1 CBH
I consists of three separate domains, a large globular catalytic domain (CD) containing the active site inside a tunnel formed by a
loop of the protein chain, a smaller globular carbohydrate binding
module (CBM) that docks the enzyme onto the surface of the substrate, and an unstructured linker segment binding the two globular domains together (see Fig. 1). This exocellulolytic enzyme is
thought to bind to the hydrophobic faces of crystalline cellulose,
and to processively hydrolyze cellulose chains from the reducing
end by removing successive cellobiose units. In the previous simulation, the complete enzyme complex was docked onto the center
of a model ﬁbril, with no interaction between the substrate chains
and the catalytic domain. Thus, the model was designed to examine the binding interaction of the complex with the substrate, but
* Corresponding author. Tel.: +1 (607) 255 2897.
E-mail address: jwb7@cornell.edu (J.W. Brady).
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not necessarily to directly mimic any possible mechanism of the
processivity of the enzyme.
We report here a new simulation of a similar system, almost
identical to the previous one, with the exception that the cellulose
chain directly under the complex in the ﬁbril was ‘broken’, in the
sense that it was shortened by 11 residues, to allow the chain to
be pulled up from the crystalline ﬁbril and to allow the terminal
residues of the chain to be fed into the active site tunnel. This system more closely models the initial stage of processive cellulase
activity. The cellulose chain does not span the catalytic site, but
is positioned as it may reside after a hydrolysis event allows a
product cellobiose to exit the catalytic tunnel. The simulation can
be used to determine whether such a positioning of the complex
is energetically favorable, or whether on a short timescale the system relaxes toward some alternate, more favored arrangement.
While the advance of the chain into the active site, with one cellobiose unit occupying the +1 and +2 sugar binding sites beyond the
scissile glycosidic bond, is likely to be an activated process requiring the surmounting of an energy barrier that would probably be
unlikely on the timescale of a simple simulation, it might nevertheless be instructive to examine whether or not there appears to be
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Figure 1. Side view of the complex of CBH I docked onto the (1 0 0) surface of the 108-chain model cellulose microﬁbril. For clarity, only the chains of the top layer of the
cellulose substrate are indicated in blue, but with the chain from this layer bound into the active site tunnel shown in orange. Secondary structural elements in the globular
domains are indicated using Richardson representations (purple: alpha helices; yellow: beta sheets).

any tendency for the chain to move in that direction. Furthermore,
it has been suggested that the heavy glycosylation of the linker
chain between the two globular domains might bind so much
water, and thus inhibit and restrict their mobility, as to create a
gel-like zone between these modules, inhibiting their relative motions and tending to push the CBM forward along the chain, away
from the heavier CD, thus promoting processivity. This paper reports the results of the ﬁrst 4 ns of MD simulation of this system
in terms of the implications for these and other hypotheses about
how the enzyme functions.
2. Methods
The simulation reported here was performed in a manner very
similar to the previous simulation of this enzyme on a cellulose
microﬁbril.1 As before, the model cellulose Ib microﬁbril contained
108 individual cellulose chains, with all but one having 40 glucose
units. The principal difference in the present simulation was that
one of the central four chains of the hydrophobic 1 0 0 face was
shortened by 11 residues, and the reducing end of this dangling
chain was manually placed into the active site tunnel of the catalytic domain. As in the previous simulation, the coordinates for
the catalytic domain were taken from the reported crystal structure (7cel) with a cellohexose chain bound in the active site tunnel,
and the coordinates of the CBM were taken from the reported NMR
structure; for both of these globular modules, the actual coordinates were obtained from the Protein Data Bank.2–4 The approximate initial distance between the center of mass of the catalytic
and binding domains was 79 Å. In the crystallographic structure
for the CD of CBH I, there are six substrate glucose residues in
the 1 to 6 binding sites, and a cellobiose product molecule in
the +1 and +2 sites. The crystallographic coordinates for the cellohexose chain were used as the terminal six-residue portion of the
29-residue substrate chain pulled up from the ﬁber surface. Another eight sugar residues were used to bridge between the point
where these six residues emerge from the catalytic tunnel and
the point where the remaining 15 sugar residues began, which
were taken to remain ‘ﬂat’ in the surface of the reported crystal
structure of cellulose Ib. Figure 1 displays a view of the starting
conformation of the protein bound to the top layer of the substrate
ﬁbril.
As in the previous study, the glycosylating oligosaccharides of
the linker domain were taken to be unbranched b(1?4)-linked
5
D-mannose oligomers ranging from 1 to 3 monomers in length.
The CHARMM molecular mechanics program6 was used to model
the system using the CHARMM protein force ﬁeld parameters7 for

the CBH I and previously reported CHARMM parameters for the carbohydrates.8 The CHARMM program was required because other molecular mechanics programs are not currently able to handle the
CMAP components of the CHARMM force ﬁeld for the protein.9 The
enzyme–ﬁbril complex was placed in a box of TIP3P water molecules10 with dimensions 279.9 Å  202.2 Å  124.4 Å, and those
water molecules that overlapped with protein or carbohydrate
atoms were discarded. To produce a neutral system, 28 Na+ and
11 Cl ions were introduced by transforming the water molecules
closest to the charged amino acid residues into the appropriate
counterion. The equations of motion were integrated in the NVE
ensemble using a Verlet integrator scheme with a step size of
2 fs, and with long range electrostatic interactions treated using
the particle mesh Ewald method.11 Covalent bond lengths involving hydrogen atoms were kept ﬁxed using the SHAKE algorithm.12
The system was heated to 300 K over 30 ps and then further integrated for a total of 4 ns.
3. Results and discussion
The binding domain is presumably important in the mechanism
of processivity of the CBH I enzyme because experimental evidence
has shown that removal of this small domain abolishes activity on
crystalline cellulose.13–15 The exact function of binding domains in
cellulases is still the subject of considerable debate.16,17 It is possible that the only function is to prevent the catalytic domain from
diffusing away from the surface of the substrate, thus increasing
the local concentration. However, it has also been suggested that
the linker segment might store energy, in the manner of a compressed spring, perhaps forcing the chain further into the active
site after each bond scission and product escape, or driving the
CBM to advance along the substrate chain, pulling the CD along
after it.18 Such a mechanism would presumably require the afﬁnity
of the chain terminus for the unoccupied +1 and +2 binding sites to
be very strong, and that once bound, this binding would necessarily pull the two domains closer together. It might also be hypothesized that such a shortening of the inter-domain separation
might store energy in the linker like a compressed spring, which
could then drive the lighter CBM further down the substrate chain,
promoting processivity.
To test this hypothesis, it would be of interest to monitor both
the positioning of the substrate chain in the active site tunnel and
the separation distance between the two domains as a function of
time. Figure 2 displays the history of the component of the separation vector along the direction of the substrate chains. As can be
seen from this ﬁgure, the separation distance ﬂuctuates
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Figure 2. The x-axis component of the distance along the cellulose ﬁbril direction (deﬁned in (a)), between the centers of mass of the cellulose binding module and the
catalytic domain over the ﬁrst 4 ns of simulation time (b). Also shown in (b) is the same distance from the earlier (1.5 ns) simulation1 of this protein without a substrate chain
in the active site tunnel. The x-axis is chosen because it is aligned with the direction of the cellulose chains.

considerably on the timescale of the simulation, but gradually increases by about 2–4 Å over 4 ns. This would indeed suggest that
there is a tendency for the globular domains to remain apart that
would favor proccessivity. This observation is supported by comparing to the same distance as calculated from the previous simulation, with no substrate chain in the active site tunnel, which is
also shown in Figure 2. Unfortunately, it is difﬁcult to know
whether this difference in trends is signiﬁcant, however, as both
simulations are too short to be adequately converged.
Also we observed two associated changes in the substrate chain
as well. The ﬁrst of these was a partial annealing of a portion of the
chain back into the groove in the surface formerly occupied by this
chain before it was pulled up and placed into the active site tunnel.
Figure 3 illustrates this process. In the initial geometry, constructed manually, the approach of the chain to the surface was
made very gradual, in the belief that such smaller perturbations
would be more favorable energetically. This gradual approach
can be seen both in Figure 1 and in the upper panel of Figure 3.
During the course of the ﬁrst 3 ns of the simulation, four residues
of the chain annealed back into their original positions. All four
of these residues reformed their original crystal structure hydrogen
bonds upon settling back into their places in the groove in the surface of the crystal. Two more residues remained essentially parallel
to the ﬂat orientations of the other sugar rings of the surface, but
remained slightly above their sites in the crystal. This more conventional conformation for all of these residues resulted in a much
larger conformational shift in the ﬁrst residue that pulled away
from the surface, as can be seen in the lower panel of Figure 3.
These next two residues rotated with respect to the orientations
of the other glucose rings in the chain. The ﬁrst residue to rotate
signiﬁcantly away from the orientations of the other residues, assumed (u,w) values of approximately (+20, 40) and the next,

one sugar closer to the CD, adopted the approximate conformation
(+20, 40). Closer to the CD, however, the rings once again have
approximately the same (u,w) orientations as those in the surface.
The other important change in the substrate chain that occurred
in this simulation was that it was partially pulled out of the active
site tunnel as these monomer units in the chain annealed back into
their crystal sites. Figure 4 illustrates this binding shift and partial
substrate escape. Thus, during the course of this simulation, there
was no tendency observed for the substrate chain to be spontaneously drawn back into the active site until the point that the +1 and
+2 sites were occupied; in fact, they did not even remain in their
initial positions.
As the substrate annealed back into the groove left when it was
pulled up, it was found to displace the water molecules that had
ﬁlled the positions previously occupied by these four glucose residues, which can be seen in Figure 5. These water molecules did not
prevent the annealing process, apart from slowing the kinetics,
presumably because they have a less favorable interaction free energy in the vacant groove than does the polysaccharide.
During the course of the simulation, the CBM showed no tendency to dissociate from the cellulose surface, but did move about
slightly on the surface. This diffusion took place as a series of ‘sitehops’ between relatively stable positions on the substrate, relative
to the cellulose chains. Figure 6 illustrates the motions of the CBM
during the course of the simulation. The ﬁrst four nanoseconds of
this trajectory can be divided into three nearly equal segments corresponding to the residence of the CBM in three such successive
stable positions. Whereas the simulation was initiated with the
CBM set at an angle with respect to the direction of the chains,
there was no tendency observed here for the CBM to align its three
contact-surface tyrosine residues along this parallel direction. In
fact, as the simulation proceeded, the CBM actually rotated on
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Figure 3. Top: left, the initial conformation of the substrate chain (shown in red); right, the ﬁnal conformation (shown in black). Bottom: A closeup of the initial chain
conformation, in red, overlain with the ﬁnal conformation, in black.

Figure 4. The initial (red) and ﬁnal (black) positions of the reducing end of the
substrate in the active site tunnel, with the catalytic residues 212 and 217 at the
scission point indicated.

the surface such that the approximate line of these residues was almost perpendicular to the cellulose chain alignment. This change
in orientation can be seen in Figure 6 in the panel on the upper
right. Also, as the CBM moved about on the surface, the center of
mass of the domain, indicated by small colored spheres in the
upper right panel of Figure 6, was forced to move away from the
surface of the crystal (trajectory segment shown in green) as the
complex moved up over the C3 hydroxyl group of the lower chain
shown in the upper left panel of Figure 6. When the CBM subsequently ‘hopped back’ to another stable position, shown in blue,
the distance decreased again. The difference in the separation dis-

tances involved in these motions is small, changing by only a little
more than 1 Å.
The degree of rotation of the CBM on the surface can be approximately quantiﬁed by deﬁning a vector in the protein framework
and calculating the angle that it makes with the direction of the
chains in the crystalline substrate. Because of the approximate
alignment of tyrosine residues along the binding surface of the
CBM, these residues make a reasonable choice to deﬁne the internal vector, using the Ca positions of the Tyr 466 and Tyr 492 as
shown in Figure 7. The approximate alignment of the substrate
chains can be deﬁned using the glycosidic linkage oxygen atoms
of the chain. As shown in Figure 7, the choice used here was the
O1 atoms of two cellobiose units separated by an intervening cellobiose. The projection of this angle onto the substrate surface
plane was then used to follow the rotation of the CBM on the surface. The evolution of the orientation of the CBM deﬁned using this
angle is shown in Figure 8.
Although this deﬁnition of the orientation angle is somewhat
arbitrary, it captures the qualitative description of the orientational
angle. As can be seen from Figure 8, the CBM did not rotate significantly during the ﬁrst three nanoseconds of the simulation, and
then began to rotate fairly rapidly during the period from three
nanoseconds to four nanoseconds into the simulation. It is not
clear if there is any signiﬁcance to this rotation, but it should be
noted that it roughly corresponded to the period during which
the two globular domains moved apart (Fig. 2b).
A previous study of the CBM alone bound to a ﬂat 1 0 0 cellulose
Ib surface found that the loop containing the fourth tyrosine

Figure 5. Blue spheres represent water molecules in the groove from which the cellodextrin chain was pulled up. The large blue spheres represent the water molecules which
are displaced when four glucose monomers reanneal.
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Figure 6. The diffusive motions of the binding domain over the (1 0 0) surface of crystalline Ib cellulose. In the upper right panel, the three contact-surface tyrosine residues
are shown at three different times during the simulation, along with the center of mass of the CBM, indicated by a small sphere. The positions of each of these residues are
indicated at 0.4, 2.1, and 3.8 ns, using red, green, and blue, respectively. The CBM was initially oriented at an angle with respect to the direction of the chains to avoid arbitrary
bias. During the simulation, this angle actually increased, until it was nearly perpendicular to the direction of the chains. The diffusive motion on the surface occurred as hops
between three distinct positions, indicated by the same color scheme, as seen in the upper left. In the intermediate position, the central tyrosine residue was directly over one
of the glucose residues, which forced the CBM to move further away from the surface, as can be seen in the lower left panel, which shows the distance of the center of mass of
the CBM from the surface.

Figure 7. The deﬁnition of the vectors in the CBM and the crystalline substrate used
to deﬁne the rotation angle of the CBM on the surface (see text).

residue, Tyr 474, underwent a signiﬁcant conformational change
that brought that residue down into contact with the cellulose surface, where it could establish a hydrophobic interaction with the
cellulose surface.19 No such transition took place in the present
simulation. Figure 9 shows the superposition of the backbone of

the CBM at 4 ns with the initial structure of this domain. Apart
from minor side chain rotations, there were no signiﬁcant conformational changes, and the backbone traces in particular are quite
similar. The reason for this difference in behavior is possibly due
to the briefness of the present simulation. The reported conformational change apparently requires the surmounting of a signiﬁcant
barrier and occurred in approximately 20% of the observed simulations on the timescale of this simulation (tens of nanoseconds; M.
Nimlos, unpublished results).
As might be expected from the fact that the cellulose substrate
chain partially pulls out of the active site tunnel, the linker segment showed no indication of being under signiﬁcant tension or
to be loaded with conformational free energy. Its conformation
ﬂuctuated signiﬁcantly and apparently freely, as in the previous
simulation.1 It did end up in a somewhat ‘more elevated’ overall
position at the end of the simulation (Fig. 10), without however
bringing the globular domains closer together; in fact, they are
slightly farther apart at the end of the simulation (see Fig. 2).
Previous studies have found that amino acids and sugars are
able to impose considerable local structuring on the water molecules in their ﬁrst hydration shells,20,21 and that this structuring
extends to a lesser extent to at least second solvation shells as
well.21 This structuring reduces both the translational and rotational freedom of the water molecules involved relative to the
mobility experienced by pure bulk water. As can be appreciated
from Figure 1, a signiﬁcant portion of the water between the two
globular domains is in the ﬁrst or second hydration shell of either
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Figure 8. The evolution during the simulation of the vector deﬁned in Figure 7 deﬁning the orientation of the CBM on the substrate surface.

Figure 9. An overlay of the initial backbone trace for the CBM, shown in cyan, with
that of the backbone trace at 4 ns into the simulation. The positions of the four
tyrosine side chains at these two times are also displayed. As can be seen, virtually
no changes occurred in the backbone conformation of the CBM over this period, and
while the tyrosine side chains underwent small local rotations, there was no major
conformational change involving the fourth residue as has been observed in
previous simulations.

the globular domain surfaces themselves, the linker segment and
its side chains, the glycosylated oligosaccharides, the cellulose surface, or the substrate chain being hydrolyzed. For this reason, it
was hypothesized that the lessened mobility of these water molecules created a buffer region between the two globular domains
with a gel-like character that would serve to keep these two domains apart.
In order to test for this possibility, the dynamics of these water
molecules was examined in detail. Figure 11 displays the rotational
correlation functions for water molecules in this buffer region between the two globular domains, compared to that for bulk water
far from any other part of the system. For the bulk water molecules, as can be seen from the log plot in Figure 11b, the relaxation
can be described as a single exponential decay with a relaxation
correlation time of 1.75 ps. The region between the two domains
was arbitrarily described as a box with walls tangent to the contact
surfaces of the two globular domains in one direction, and with
two other walls deﬁned as parallel to the direction of the substrate
chains and tangent to the excursions of the linker domain. The cellulose surface of course provided the ﬂoor of this region, and the
upper bound was deﬁned by the presence of the linker chain. A

small spherical volume taken in the center of this region, shown
in green in Figure 11 had relaxation behavior very similar to the
bulk water, with a correlation time s only slightly different from
that of the bulk water (1.92 ps). For those water molecules adjacent to the linker chain and its attached sugars, the relaxation is
more complicated, and cannot be described by a single exponential
decay, as their motions are necessarily strongly coupled to those of
the glycopeptide, and their correlation times are correspondingly
longer. For the ﬁrst shell water molecules (i.e., those in monolayer
contact with the atoms of the linker or its sugars), the relaxation
time was 3.55 ps. As can be seen from Figure 11, even those in
the second solvation layer are substantially restricted in their rotational motions, with a correlation time of 2.36 ps.
This dynamical restriction does not seem to affect the relative
motions of the two domains, however, as can be seen from Figure
12, which displays the distribution of displacement step sizes in
each direction for both domains. In this ﬁgure, the x-axis steps
are aligned along the substrate chain directions, and correspond
to displacements that would bring the two globular domains closer
together or carry them further apart. As can be seen, the distribution of these steps is essentially normal within the statistics of the
simulation, while a sponge-like or gel-like layer intervening between the two globular domains would presumably favor steps
that carried them further apart. Thus, there is little indication in
these limited data to suggest that the heavy glycosylation of the
linker results in sufﬁcient differences in the ﬂuidity of the region
between the two globular domains to play a large role in the processivity of the enzyme by directing diffusion or pushing the binding domain further along the direction of the chain.
4. Conclusions
The exact role of the substrate binding module of cellulases has
been much discussed but still remains incompletely understood. It
has been argued that one possible role of the CBM is either to disrupt the crystalline structure of the cellulose or to facilitate the removal of the chain being hydrolyzed from the cellulose surface.
During the course of this short simulation, no indications of these
functions were observed, which does not necessarily indicate that
no such functions would be found on longer simulations. In addition, as can be seen in Figure 3, the portions of the chain close to
the catalytic domain actually became more regular and annealed
back into the empty groove of the substrate surface, showing little
if any inﬂuence from the CBM.
The simulation is far too short to make deﬁnitive statements
about the alignment of the CBM on the cellulose surface, but during this and previous simulations of the CBM of this protein the
motions of the CBM appear to be relatively undirected random diffusion. It is interesting, however, that neither the present simula-
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Figure 10. An overlay of the initial (red) and ﬁnal (grey/black) backbone trace diagrams, showing how the linker domain ﬂuctuates upward, away from the substrate surface.

Figure 11. Left, the rotational correlation functions for water molecules in the region between the two globular domains; right, the log of the correlation functions. Color
scheme: blue; bulk water molecules outside of this region; green, inside a 10 Å sphere in the middle of the box region; red, water molecules in the ﬁrst hydration shell of the
linker or the attached oligosaccharides; black, water molecules in the second hydration shells.

tion nor the previous simulation of this protein found any tendency
for the CBM to dissociate from the cellulose surface. Throughout
both simulations, the complex remained tightly bound to the substrate. The role of any possible conformational change in the CBM
remains unclear. In a number of repeats of the previous simulation
of just the CBM docked onto a regular surface, the conformational
transition that brought the loop containing Tyr 474 into contact
with the surface occurred in about 20% of the simulations of this
length, suggesting a signiﬁcant barrier to the transition that would
require long simulation times to overcome.
The present simulation was not designed to directly test the
hypothesis that energy is stored in the linker domain by stresses
that arise from the binding of the substrate into the +1 and +2
binding sites prior to bond scission, because the system modeled
represents the complex following the catalytic event and product
escape. As such, it will serve as a baseline for comparison for the
next stage of the simulation of this process, in which the substrate
is fully placed into the active site, prior to bond scission. It has been
suggested that such binding induces stress in the bound chain,
inevitably raising the energy of the complex, which might well
be absorbed by the linker domain, driving it further along the substrate, with any residual stress released upon bond scission. Even
in the present simulation, the distance between the globular domains shortened slightly as the linker ﬂuctuated upward before
generally increasing by about 5–6 Å, or roughly the length of one
glucose unit. While it is intriguing that the inter-domain distance
increased in the present simulation with a substrate chain in the

active site tunnel, while in the previous simulation with no substrate, the domains move closer together, caution is warranted in
interpreting these results given the short duration of the simulations (and particularly the earlier calculation). It is entirely possible
that this difference is simply the result of statistical accident in a
short random walk. In particular, the data in Figure 12 indicate that
the motions of the CBM approximate a random walk.
There is also little evidence from the analysis of the relaxational
behavior of the water molecules localized between the two globular domains that this region has any pronounced gel-like behavior
that might couple to the motions of the domains and keep them
apart. Because there is some localization of these water molecules,
and some measurable restriction on their dynamics, as seen in Figure 11, it is possible that this contributes to the tendency for the
domains to stay apart, as seen in Figure 2b. If further trajectory
averaging as these simulations are extended fails to ﬁnd a signiﬁcant effect of this sort, it should be possible to greatly simplify future simulations by eliminating the majority of the explicit water
molecules, beyond a monolayer coverage, and replacing their effects with a continuum solvation model.22–24
The present simulation obviously contained many limitations
and arbitrary approximations beyond its unfortunately brief duration. As was seen, the initial arbitrary placement of the substrate
chain apparently was sub-optimal, and the same may be true for
other parts of the complex. For example, the orientation of the catalytic domain relative to the substrate surface was also an arbitrary
choice, and it is quite possible that the real system has another
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Figure 12. The distribution of steps of different sizes in both directions for x (top, the direction of the chain alignment in the substrate), y (middle), and z (bottom) for a short
0.5-ns interval of the simulation at the end of the trajectory (note different scales and bin sizes).

orientation, perhaps with the entrance of the catalytic tunnel more
perpendicular to the surface. Further, while evidence indicates that
binding takes place on the hydrophobic surfaces of ﬁbrils,25 a chain
from the middle of such a surface may be an unlikely target for attack. Given the curvature of the microﬁbrils and the radius accessible to the CD with the long and ﬂoppy linker domain, it is entirely
possible that a chain from another nearby crystal face is actually
attacked. For small microﬁbrils, chains on the many exposed corners where faces terminate would seem like more favorable targets, with their greater exposure to solvent and fewer contacts
with other crystal ﬁbers.
Another important set of assumptions in these simulations was
of course the choice of force ﬁelds used to model the various components of the complex. In general, the results of molecular mechanics
simulations of proteins have been found not to be extremely sensitive to many of the details of the force ﬁelds used. However, the
same is not necessarily true of cellulose, where the various available
carbohydrate force ﬁelds produce different cellulose crystal structures.26,27 This is particularly true with respect to the twist of the
cellulose microﬁbrils, which has been observed experimentally,28,29
but which is not reported in the crystal structure.30 Unfortunately, it
is not clear to what extent any artifacts arising from the choice of
carbohydrate force ﬁeld might affect the observed motions of the
protein domains, or indeed even which force ﬁeld might give the
most realistic representation of actual cellulose.
It may well be the case that simulations of CBH I acting on cellulose must be conducted over much longer sampling times to
demonstrate biologically relevant function. The primary impediment to this objective is the development of MD codes that scale
well beyond the current limitations of CHARMM and AMBER, but
which will still offer the unique carbohydrate and protein modeling capabilities available using these programs. It is likely, however, that the enzyme and substrate model presented in this
study, although perhaps not a precise mimic of the actual biological complex, can serve as an ideal starting point for such future,
long duration simulations.
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