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Abstract We describe the construction of a model
complex of the cellobiohydrolase | (CBH 1) cellulase
from Trichoderma reesei bound to a cellulose
microfibril in an aqueous environment for use in
molecular dynamics (MD) simulations. Preliminary
characterization from the initial phases of an MD
simulation of this complex is also described. The
linker sequence between the two globular domains
was found to be quite flexible, and the oligosaccha-
rides bound to this linker were found to prefer to be
splayed like the spokes in a wheel due to their
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hydration requirements. The overall conformations of
the two globular domains remained stable in the
simulations, although both underwent changes in
their orientations.
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Introduction

Cellulose, the primary structural polysaccharide of
plant cell walls, is the most abundant biopolymer in
the biosphere (Ragauskas et al. 2006), and as such
represents a significant energy reserve in the form of
the chemical potential stored in its C-H and C-C
bonds. With the continued growth in fossil fuel
consumption, the need for practical renewable liquid
fuels is becoming ever more critical (Farrell et al.
2006). Cellulose could potentially serve as such a
renewable fuel source if it could be economically
broken down into its component glucose for sub-
sequent microbial fermentations. The principal
limitation on the use of cellulose in such fermenta-
tions is the difficulty in hydrolyzing the glycosidic
linkages between the monomers, a problem exacer-
bated by the insolubility of cellulose (Himmel et al.
2007) Unfortunately, the turnover rates for even the
most efficient cellulase enzymes remain inadequate
for commercial-scale bioethanol production (Sinnott
1990). Because of the high cost of producing and
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using cellulases in proposed biorefineries, consider-
able attention has centered on the improvement of
cellulase performance (Zhang et al. 2006) Although
directed evolution and protein engineering methods
have been applied to this problem, little improvement
in specific activity has emerged (Himmel et al. 1999)
Thus, a great need exists for acquiring a better
understanding of how these enzymes function and the
natural limitations of enzyme performance based on
first principles. Protein engineers could then use such
information to systematically enhance the perfor-
mance of cellulases, if such improvements were
possible.

Cellulases can be divided into two categories,
exocellulases that hydrolyze cellulose chains from
their termini and endocellulases that hydrolyze an
interior glycoside linkage anywhere in the polysac-
charide chain (Teeri 1997). The exocellulases can
further be of two types, those that remove a single
glucose or cellobiose unit from the chain terminus
before dissociating and attacking another chain, and
those that processively hydrolyze a single chain (Barr
et al. 1996). Processive enzymes are perhaps the most
interesting from a practical standpoint since they
would seem to offer the greatest potential for
efficiency. The fungal exocellulases, such as the
cellobiohydrolase | (CBH 1) from Trichoderma
reesei, are complex multi-domain “molecular
machines.” Many questions remain about the func-
tioning of these enzymes and a detailed
understanding of their activity is lacking. However,
the full picture of how these enzymes function will
require not only a detailed knowledge of the hydro-
lysis mechanism, but also knowledge of how the
enzymes interact with their cellulose substrate.

The collective structure of the natural cellulose
substrate is surprisingly complex for such a simple
homopolymer. Cellulose does not occur as a single
chain, but is synthesized as a bundle of a number of
parallel, oriented chains, organized into microfibrils
as the fundamental structural unit (Doblin et al.
2002). The chain length (degree of polymerization,
DP) for the individual cellulose chains ranges from
about 2000 to more than 15000 glucose residues
(Sjostrom 1993; Kuga and Brown 1991). Cellulose
can vary from the so-called elementary fibrils in
plants, which contain approximately 36 cellodextrin
chains (Doblin et al. 2002), to the large microfibrils
and macrofibrils of cellulosic algae, which contain

@ Springer

more than 1200 chains (Sugiyama et al. 1985;
Newman 1999; Koyama et al. 1997). The shape of
a cellulose microfibril is determined by the geometry
of the cellulose synthase complex and by the local
environment (Doblin et al. 2002). A significant
proportion of the cellulose in these various fibers is
highly regular to the point of being locally crystalline,
although it is not possible to produce single crystals
of pure cellulose from fibers of any significant DP.
Several possible crystalline forms for cellulose have
been proposed and characterized by fiber diffraction
(Langan et al. 1999; Nishiyama et al. 2002, 2003;
Wada et al. 2004). Native cellulose fibers and fibrils
are thought to consist primarily of two crystal forms,
labeled 1 and la;, which differ in the relative packing
of their hydrogen bonding sheets. In both, the
equatorial-equatorial f-(1—4)-linkage of cellulose
produces a relatively flat, ribbon-like conformation
for the individual chains (Sjostrom 1993). A typical
fibril might have both of these crystal forms alter-
nating along the same fibril, along with extensive
regions of non-crystalline, amorphous packing, and
can even have both crystalline packings coexisting in
the same portion of the fibril. This complex structure
is probably necessary for the primary structural
function of cellulose fibrils and fibers, which must
simultaneously exhibit both the great strength of the
crystalline packing along with the flexibility presum-
ably imparted by the amorphous regions. However,
the low solubility and resistance to disentanglement
is probably the single most important rate-limiting
feature of this substrate making it difficult to
depolymerize industrially. This resistance is further
complicated by the fact that cellulose from plant
sources is often intimately associated with significant
amounts of hemicellulose and lignin (Coughlan and
Hazlewood 1993; Tarchevsky and Marchenko 1991).

Given these difficulties, understanding how pro-
cessive cellulase enzymes bind to and interact with
microcrystalline cellulose could be of great practical
utility and help elucidate the mechanism of their
processivity. Unfortunately, conventional experimen-
tal methods are not able to probe this level of
complexity on the molecular scale. We have under-
taken molecular dynamics computer simulations of
such a system as an alternate approach to under-
standing processivity. Here we report the construc-
tion of the first computer model of the processive
exocellulase 7. reesei CBH | interacting with a
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microcrystalline fibril in an aqueous environment.
We also describe some preliminary observations
concerning the evolution of this model in molecular
dynamics (MD) simulations. Because of its immense
size and the many uncertainties about the structure of
the individual parts, constructing the starting model
for such a system and optimizing a molecular
mechanics program to handle it on a massively
parallel processor supercomputer are major under-
takings. Portions of this system have been previously
studied using molecular modeling (Kuutti et al.
1991), but no previous attempt has been made to
model the entire enzyme-substrate complex due to
the sheer size of the system. Because this simulation
is so massive, it requires enormous amounts of
computer time and resources. The present paper
describes the nontrivial task of constructing the initial
model for such a system and presents the preliminary
observations from the first 1.5 ns of equilibration/
simulation time for this system.

Methods

The large size of the cellulase/fibril complex and the
long timescale for significant events along the
pathway for the overall deconstruction process mean
that useful information from MD simulations of this
system will ultimately require the largest supercom-
puter facilities available. However, in order to begin
such a simulation it is necessary to construct a
plausible model for the starting structure for the
enzyme/substrate complex. This task is made more
difficult by the fact that, while the structures of parts
of the system have been individually studied, the
structure of the overall complex is unknown. In
addition, significant uncertainties remain even for
those parts of the system that have been studied. For
example, diffraction studies of cellulose have been
reported (Nishiyama et al. 2002, 2003), but the fine
details of these structures remain somewhat contro-
versial (Matthews et al. 2006; Yui et al. 2006).
Several crystal structures for the catalytic domain are

£
=X
—2EE

M
M

=—
=—

|
Gly-Asn-Pro-Pro-Gly-Gly-Asn-Pro-Pro-Gly-Thr-Thr-T

available (Divne et al. 1994, 1998; Stahlberg et al.
1996), but they do not contain all of the coordinates
for the glycosylating oligosaccharides or the confor-
mation of the transition to the linker domain. The
structure of the binding domain has been studied in
solution by NMR (Kraulis et al. 1989), which
produces a closely related family of conformations,
from among which a single structure must be
selected. The linker domain is flexible, and the
presence of glycosylation may promote an extended
structure, although there is some uncertainty about
the most populated end-to-end distance in this type of
cellulase (Receveur et al. 2002; von Ossowski et al.
2005). Finally, any changes that might result from
linking all of these elements together and docking
the protein onto a cellulose surface are also
uncharacterized.

The initial structural model for this system was
generated using several sources of information. The
conformation of the enzyme’s catalytic domain was
taken from the crystal structure deposited with the
Protein Data Bank (PDB), 2CEL (Divne et al. 1994).
Since the crystal structure is for a double mutant, it
was necessary to convert the residues Asp94 and
GIn212 back to the wild-type residues Gly94 and
Glu212. The calcium ion present in the active site of
this crystal structure was changed to a water mole-
cule. The conformation of the binding domain is
known from NMR and was also obtained from the
Protein Data Bank (Kraulis et al. 1989). Although the
conformation of the 27 residue linker peptide is
unknown, its sequence has been determined and is
known to be heavily O-glycosylated with mannose
residues at the serines and threonines (Harrison et al.
1998; Hui et al. 2001). Since crystallographic data is
not available to determine the extent of glycosylation
at each site, the suggestions of Nevalainen et al.
(1997) were followed and are given in Fig. 1. For the
C-terminus of this segment, the two proline residues
were placed in the polyproline conformation. The
other residues were initially given arbitrary confor-
mations and the linker segment was separately
relaxed using constrained MD simulations. These

M
M M M

—XER
—2ER

|
r-Thr- Arg-Arg-Pro-Ala-Thr-Thr-Thr-Gly-Ser-Ser-Pro-Gly-Pro-Pro

Fig. 1 The CBH I linker peptide sequence showing the extent of glycosylation at each site used in the current work
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relaxed coordinates were then “patched” to the
terminal sequences for the two globular domains.
The five terminal residues of this sequence at each
end were manually adjusted to provide an unstressed
transition between the linker segment and the glob-
ular domain. The glycine residues were arranged so
as to make the binding domain approximately in the
same plane as the entrance tunnel of the catalytic
domain. Less manual adjustment was necessary at the
N-terminal domain where this linker sequence joins
with the catalytic domain because the terminal
residue is a glycine. All atoms were present in the
simulation and the coordinates for the hydrogen
atoms not included in the PDB data set were
constructed using the standard CHARMM algorithm
(Brooks et al. 1983). The charges of the protein atoms
were taken from the standard CHARMM set appro-
priate for a pH of 7 and resulted in a net charge on the
protein of —17.

This enzyme complex was then manually docked
onto the surface of a model microcrystalline cellulose
fibril constructed from the proposed cellulose 1
crystalline structure Nishiyama et al. (2002). Smaller
crystals of this proposed structure have been previ-
ously modeled with two different force fields
(Matthews et al. 2006; Yui et al. 2006). The (1,0,0)
crystal face has been studied previously and was
chosen for docking in this work since this is believed
to be the target of the cellulose binding domain of
CBH | (Lehtio et al. 2003). The microfibril model
that was constructed contained 108 individual cellu-
lose chains each containir!g 40 glucose units,
producing a microfibr!)l 206 A long with a diameter
of approximately 60 A. There are 91,044 atoms in
these cellulose chains. This microfibril was 16 layers
deep counting from the (1,0,0) face and 11 layers
deep counting from the (1,1,0) face. In this model
microfibril the (1,0,0) face is four chains wide and the
(1,1,0) face is six chains wide. Although this model
microfibril was larger than an actual plant microfibril,
it was chosen to represent a partially hydrolyzed
microfibril from Halocynthia papillosa, and con-
tained extended faces of all of the most important
crystal surfaces (Helbert et al. 1998). The arbitrary
starting structure of this microfibril was then partially
relaxed using 100 ps of unconstrained MD simulation
in aqueous (TIP3P: Jorgensen et al. 1983; Durell
et al. 1994, see below) solution in a periodic
orthorhombic box similar to that used for the entire
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protein-substrate complex (see below). During this
simulation a pronounced right-handed twist devel-
oped in the crystalline fibril (see Fig. 2), as was seen
in the smaller crystals of cellulose 1§ studied earlier
(Matthews et al. 2006), consistent with experimental
observations (Hanley et al. 1997).

The entire cellulase protein complex was docked
onto the (1,0,0) surface of this cellulose microfibril.
Docking was accomplished by placing the binding
domain over the central two chains of the (1,0,0)
surface on the fibril (of the four such chains in our
microfibril). The binding domain was oriented such
that the three Tyr residues on the binding surface
were positioned parallel to the direction of the chains
but placed betV\oleen these two middle chains, at a
distance of 3.5 A above the cellulose crystal surface.
Figure 2 shows two views of this enzyme-substrate
complex. The resulting docked complex was sur-
rounded with water at a density of 1 gm/cm® under
orthorhombic periodic boundary conditions, thermal-
ized and equilibrated (Leach 1996).

All of the calculations reported here used the
CHARMM molecular mechanics program (Brooks

Fig. 2 Side and end-on views of the complex of CBH I
docked onto the (1,0,0) surface of the 108-chain model
cellulose microfibril. The twist that developed in the microfibril
during its separate equilibration dynamics sequence is apparent
in these views
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et al. 1983). The CHARMM27 force field was used to
describe the amino acid residues of the linker
polypeptide as well as the sugars (MacKerell et al.
1998). The sugar atoms were modeled using param-
eters specifically developed for carbohydrates (Palma
et al. 2000; Kuttel et al. 2002). Water molecules were
represented using the CHARMM implementation of
the TIP3P force field (Jorgensen et al. 1983; Durell
et al. 1994). The microfibril-cellulase complex was
placed in an equilibrated rectangular box of water
molecules with dimensions 280.0 A by 202.0 A by
124.0 A. All those water molecules that overlapped
with the carbohydrate or protein heavy atoms were
deleted. Since the protein carries a net charge, a total
of 28 sodium and 11 chloride counter ions were
added to the system. Each counter ion was individ-
ually placed near each charged group to locally
neutralize the charge. This was accomplished by
taking the water molecule closest to each charged
group and replacing it with a sodium cation in the
case of negatively charged groups or a chloride anion
in the case of positively charged groups. The
resulting simulation contained 204,399 water mole-
cules and 711,788 atoms in total.

Two hundred steps of steepest descent minimiza-
tion, followed by 100 steps of conjugate gradient
minimization were first applied to the system to
relieve any serious strains resulting from the set-up
procedure. MD simulations were then used to heat the
system from 50 to 300 K in 50 K increments over a
period of 10 ps, followed by an additional 190 ps of
equilibration at 300 K. After this heating and equil-
ibration stage the system velocities were not again
adjusted, and the system was simulated in the NVE
ensemble using a Verlet integrator with a step size of
2 fs. Long range electrostatic interactions were
determined using the particle-mesh Ewald (PME)
method (Darden et al. 1993) with a PME charge grid
spacing of approximately 1.0 A A real-space Gauss-
ian width (kappa) of 0.32 (l/A) and fifth degree of
B-spline interpolation were used. van der Waals
interaoctions including image atoms were truncated at
10.0 A using switching functions. In all calculations,
a dielectric constant of 1 was used. Covalent bond
lengths involving hydrogen atoms were kept fixed
at their equilibrium lengths using the constraint
algorithm SHAKE (van Gunsteren and Berendsen
1977). The MD simulations were run for a period of
1.5ns.

A system of this size, with over 700,000 atoms,
presents special computational challenges not gener-
ally encountered in smaller protein simulations. Only
tightly integrated supercomputers can deal with
calculations of this size and complexity, which
necessarily implies the need for efficient paralleliza-
tion to accelerate the integration rate in the time
domain. Classical molecular mechanics codes are
particularly difficult to parallelize and inherently fall
short of the efficiencies achieved for other types of
calculations. Nonetheless, in order for a calculation
of the type attempted here to be practical it is
necessary to adapt the MD code to be used such that
it makes optimal use of the multiple processors
available. After the performance of the system was
benchmarked, we chose to use two IBM P690
compute nodes, provided by the San Diego Super-
computer Center, with 32 processors per node
throughout our simulation. Work is currently under
way to improve the parallel efficiency of the
CHARMM software, without making any additional
approximations, to enable scaling of MD simulations
for this and comparable systems to hundreds and
potentially thousands of processors.

Results and discussion

The protein-substrate complex constructed here was
stable under the CHARMM-TIP3P force fields during
energy minimization and MD simulations. During
this relatively short initial MD simulation period, no
major changes in the complex occurred. Thus, while
the collective protein conformation and its position-
ing on the microfibril were obviously arbitrary, the
construct was not unreasonable and did not lead to
significant artifactual changes due to poor, high-
energy placements of any portions of the system.
Figure 3 presents two views looking “down” on the
enzyme bound to the cellulose fibril surface, the top
showing the starting configuration and the bottom
showing the configuration after 1.10 ns. In the
starting structure, counter-ions were place in posi-
tions adjacent to the charged groups they were
intended to neutralize. As can be seen, as the
simulation proceeds, these counter-ions solvate and
diffuse away, with little tendency to remain bound to
the protein. This result is reasonable and consistent
with expectations, but demonstrates that ion—ion and
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Fig. 3 Two views of the CBH | cellulase complex with its
neutralizing counterions as seen from “above”. Chloride ions
are shown as grey spheres and sodium ions as red spheres. The
upper view is of the initial structure, and the lower view is of
the last configuration of the simulation

ion—water interactions are appropriately balanced and
produce a plausible ionic distribution. While the
overall conformation of the protein remained stable, a
number of moderate changes in the positions of the
globular domains and in the conformation of the
linker sequence developed during the simulation, as
can be seen by comparing the two panels of Fig. 3.
These conformational changes will be individually
discussed in the following sections.

Linker flexibility

From the figures it is apparent that the CBH |
complex undergoes conformational changes during
the course of this short simulation. Figure 4 compares
the protein conformation as a backbone trace at the
beginning and end of the 1.5 ns simulation. All three
domains of the protein underwent changes, but as can
be seen from this figure, the greatest changes
occurred in the linker domain. The overall

@ Springer

Fig. 4 The initial and final configurations of the protein,
shown as alpha carbon traces, relative to the top layer of the
(200) surface of the crystalline microfibril (only the first layer
of cellulose is shown in grey; blue: initial structure, red: final
conformation

conformations of the two globular domains did not
change significantly from the reported experimental
conformations (rms change of 2.41 A for the catalytic
domain and 4.81 A for the binding domain). All of
the secondary structural elements of these two
globular domains remained intact throughout the
simulation, as did all of the significant features of the
tertiary structure. These domains primarily fluctuated
about their original conformations, but did change
their orientations relative to one another and to the
cellulose surface (discussed below). It can be seen
from the simulation (see movie in Supporting Infor-
mation) that the linker domain displays considerable
flexibility. During the simulation the linker segment
whips about between the two heavier domains. Given
the apparent flexibility of this chain, it is not clear
that it has the capacity to store energy in a manner
similar to a compressed or stretched spring, as has
been previously postulated in theories of processivity.
In the course of these fluctuations the linker bowed
up away from the substrate surface as the two
globular domains drew more than 4 A closer to one
another. It is unclear whether they were drawn
together by the change in the linker conformation
or whether they simply diffused closer and the linker
adopted the bowed conformation in response, but the
latter possibility seems more probable. Further work
is planned to more fully investigate this question.
The sequence of this linker domain (see Fig. 1) is
fairly unusual, with a high proportion of threonine,
proline and glycine residues and two repeating
reverse collagen-like sequences of Pro-Pro-Gly,
along with one collagen-like Gly-Pro-Pro sequence.
In the middle of this linker chain are two adjacent
Arg residues at R449 and R450 (residues 15 and 16 in
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the linker alone). As a result of its collagen-like
character, portions of the linker frequently adopted
pseudo-helical conformations. Toward the end of the
simulation, the linker developed a pronounced bend
near to (but two residues away from) the two Arg
residues (see Figs. 3, 4), with the sequences on either
side having an overall linear conformation. In the
final configuration seen in Fig. 4, the C-terminal
portion of this chain (near the binding domain)
exhibits one half turn of the pseudo-collagen-like
helix. It remains to be seen in future simulations how
persistent and rigid these extended regions are.

Oligosaccharide conformation

One of the more interesting effects of solvation of
this complex was in the conformations of the
oligosaccharide chains glycosylated to the linker
domain of the cellulase complex. A significant
change was observed in the conformations of these
oligosaccharides as the simulation proceeded. In
the starting structure, these sugar chains were arbi-
trarily placed in completely extended conformations
pointing in directions determined by the local con-
formation of the polypeptide backbone. In practice
this placement resulted in several of these chains
being adjacent and almost parallel in the starting
structure, as can be seen in Fig. 5, which focuses on
just these residues and the linker backbone.
Interestingly, both sets of adjacent oligosaccha-
rides remained quite extended as the simulation in
solution proceeded, but the overall complex adjusted
such that they pointed in different directions, radially
extended like spokes on an axle. This conformational
change has the effect of placing the chains essentially
as far apart as they can be. This mutual avoidance
apparently results from the hydration of these chains,
because their hydration shells would otherwise inter-
fere with one another. As shown below, in the
splayed conformation, each oligosaccharide chain is
independently solvated. Water molecules that directly
bridge oligosaccharide chains by hydrogen bonds are
rarely found. Only three such cases are observed at
the end of simulation (Fig. 6). This separation did not
occur in a parallel vacuum simulation. As the
simulation progressed and the chains moved apart,
the number of hydrogen bonds that each oligosac-
charide made to water increased, leading to a large

Catalytic Domain

Fig. 5 Top: Left: The arbitrary parallel starting conformations
for the oligosaccharide chains of the linker region (blue). Two
stretches of the linker peptide backbone are shown for
convenience, as alpha carbon traces. The nine oligosaccharide
chains occur as two nearby groups, top and bottom. Right: The
conformations of these chains at the end of the simulation.
These chains have splayed out like the arms of a windmill or
spokes in a wheel

Fig. 6 Three water molecules that form H-bond bridges
between oligosaccharide chains. Blue: backbone trace of linker
domain; green: oligosaccharides

increase in the total number of oligosaccharide—water

hydrogen bonds, from only 78 in the starting structure
to approximately 160 in the solvated structure, with
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fluctuations of approximately +/—5 hydrogen bonds
on average. This change occurred very quickly, being
essentially complete after only 100 ps of simulation
time.

The internal conformations of these oligosaccha-
ride chains were surprisingly rigid, remaining quite
extended, as shown in the lower panel in Fig. 5. As a
result, once these conformational shifts were com-
pleted, the local structure became stable enough to
allow the solvent density relative to the oligosaccha-
rides and polypeptide backbone to be contoured in
the same fashions as has been done for the substrate
surface and for individual monosaccharide rings
(Matthews et al. 2006; Liu and Brady 1996; Brady
1993; Schmidt et al. 1996; Liu et al. 1997). The local
solvent density at each point relative to the protein
functional groups was calculated by dividing the
region around the protein into small cubes and
averaging how often water molecules occupied each
cube relative to the occupancy expected in bulk liquid
water. Contour maps were then prepared showing
those regions with high and low water densities. Such
solvent density mapping was applied to the present
simulations using procedures developed in previous
studies (Liu and Brady 1996; Brady 1993; Schmidt
et al. 1996; Liu et al. 1997). For the purpose of

Fig. 7 Contour map of the
average solvent density
around the glycosylating
oligosaccharides of the
linker domain. The densities
were computed separately
for the two oligosaccharide
groups relative to the alpha
carbons of the short peptide
to which the
oligosaccharide groups are
attached. The contour level
shown corresponds to a
density 2.0 times the bulk
water density
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calculating solvent density distributions, the volume
of the primary system was divided into small cubes
0.30 A in length. Complete coordinate sets were
saved every 10 fs during the simulation, and these
coordinates were subsequently used to calculate the
average density of water molecules in each indexed
cubic box using programs developed “in house”. The
calculated densities were normalized relative to a
uniform distribution in the same volume and were
displayed graphically using VMD (Humphrey et al.
1996).

The calculated water density contours are shown
in Fig. 7. As can be seen, there are well-defined
bands of water density corresponding to water
molecules hydrogen bonding to the chains, and in
rare cases bridging between adjacent chains, or
between one carbohydrate chain and the protein
backbone. It is not yet known what the effects of
these regions of sugar, protein, and water between the
two globular domains are on the domain motions, and
to what extent the fairly extensive conformational
fluctuations of the linker domain itself are affected by
the water structuring. It is possible that these regions
of localized water structuring could define a gel-like
zone “cushioning” the interactions of the globular
domains.
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Cellulose binding domain

Figure 8 shows the changes in the position of the
binding domain during the course of the simulation.
The overall conformation of this globular domain
does not change significantly, but it does re-orient
somewhat on the cellulose surface. Three Tyr resi-
dues (Y466, Y492 and Y493) are suggested to play
important roles in the docking of this domain to the
microfribil by aligning their rings relative to the sugar
monomers (Hoffrén et al. 1995). In the initial
conformation, this domain was positioned by aligning
these three rings across two sugar chains in order to
avoid building in this assumed alignment. In this
arbitrary starting structure, the Y492 ring stacked
perfectly with one sugar ring, while the Y493 ring sat
atop the groove between two sugar chains. Although
the Y466 ring was located above another sugar chain,
it did not stack with any sugar ring (Fig. 8a). Unlike
previous simulations of this binding domain (Nimlos
et al. 2007), at least during this initial simulation
period, the orientation of this domain changed such
that the three Tyr residues on its binding surface
become less aligned with the cellulose surface chains.
It is not yet clear to what extent the orientation of this
domain is being perturbed by being tethered to the
catalytic domain via the linker domain. By the end of
the simulation, the binding domain reoriented itself to
a conformation in which the rings of residues Y466
and Y492 were positioned above grooves between
sugar chains, and the Y493 ring was located above
the chain but did not stack with any sugar ring.
However, it was observed that the plane of the Y466
ring aligned better with the microfibril surface at the
end of simulation, whereas it was tilted in the initial
conformation (Fig. 8b).

Fig. 8 (a) “Top” (left) and (a)
(b) “side” (right) views of
the initial (blue) and final
(red) positions of the
binding domain (ribbon)
relative to the top layer of
the (1,0,0) surface of the
microfibril. Three Tyr
residues (from left to right
Y492, Y493, and Y466) are
indicated in a “licorice”
representation

The translational motion of the binding domain is
apparent from Fig. 4. As discussed above, the two
globular domains approached one another about 4 A
closer than in their initial conformation during the
1.5 ns simulation. This result was mainly due to the
translational motion of this smaller globular binding
domain along the direction of the sugar chains.
Translational movement across the cellulose surface
perpendicular to the sugar chains was also observed
in the simulation. However, this domain maintained
its distance from the microfibril during the simula-
tion, moving neither closer to nor farther away from
the sugar surface. This result is consistent with recent
studies that have investigated the interactions
between the binding domain and the cellulose
substrate (Nimlos et al. 2007).

Catalytic domain

During the simulation the catalytic domain did not
exhibit any large conformational changes, and the
active site tunnel did not collapse, instead remaining
filled with water molecules. The catalytic domain did
not touch the cellulose microfibril surface in the
starting structure, but was separated from it by a layer
of water molecules, as can be seen from Fig. 9. While
this large globular domain randomly diffused about
on its tether during the simulation, the layer of water
between it and the surface remained approximately
the same after 1.5 ns of dynamics. For a protein unit
of this size, the motions exhibited in Fig. 9 are
essentially what should be expected from undirected
diffusion.

Protein motions in the catalytic domain were not
uniform, as some portions of this domain exhibited
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Fig. 9 The position of the catalytic domain relative to the
surface of the microfibril. The initial structure is shown in blue
and the final structure in red, with the layer of water separating
the catalytic domain from the surface shown in green

greater deviations from the starting conformation
than did others. The greatest conformational changes
were found for residues adjacent to the linker peptide.
However, these were not the only residues that
underwent large changes. As shown in Fig. 10, all
residues in the catalytic domain that face the binding
domain show significant motions during the simula-
tion (shown in green in Fig. 10). Many of these
residues exhibited flexibility comparable to the
residues in the linker chain. Motions within ordered
secondary structures (o-helices and pf-sheets) of a
protein are generally limited, due to the constraints
imposed by their hydrogen bonds. However, several
of the o-helices and f-sheets in the region of the
catalytic domain near the linker peptide and facing
the binding domain also exhibited large motions

20
%16
12

|

8
6
0

Fig. 10 The final conformation of the protein-substrate
complex, seen from the “side”, showing the flexibility of the
linker sequence and its change in conformation during the
simulation. The protein is illustrated as a Ca trace ribbon
diagram showing secondary structure elements in the globular
domains. Motions of the CBH | are mapped onto the final
conformation (prepared with VMD: (Humphrey et al. 1996)),
color coded by the backbone RMSD of each residue. The color
scale is indicated on the left in A

@ Springer

(Fig. 10). No collapse of the empty (but solvated)
active site tunnel occurred during the simulation, and
the residues composing the tunnel walls experienced
only limited motions (blue in Fig. 10). Importantly,
this result suggests that the catalytic tunnel is always
“open”, even in the absence of a cellulose strand.
This has implications for the mechanism by which a
cellulose chain initially enters the catalytic tunnel and
is the subject of ongoing investigations.

Overall dynamics

As already noted, in general the overall structure and
conformation constructed for this enzyme-substrate
complex was stable during the initial equilibration
stages of the MD simulation, but nevertheless under-
went some conformational changes even on this short
time scale. These changes can perhaps be best seen in
Fig. 10, which displays the final frame of the MD
simulation. The most significant change that can be
seen in this figure is in the linker segment which as
already noted has developed a significant bend near
to the binding domain in the midst of the most
heavily glycosylated region of the sequence. As this
simulation proceeds it will be interesting to determine
whether this change in the conformation of the linker
domain affects the relative dynamics of the two
globular domains.

Conclusions

A plausible model for the interaction of the CBH |
cellulase protein with a cellulose microfibril has been
constructed and has been shown to be stable under
physiological simulation conditions. In the prelimin-
ary MD simulations used to “temper” this model of
the complex, the linker domain between the two
globular domains was found to be much more flexible
than the globular domains and underwent the greatest
conformational changes from its initial placement in
the model. The final model from these simulations is
currently being used to continue the study to much
longer times to determine how slower relaxation
process may alter the structure of the complex and to
see whether these changes lead to insights into how
the system functions. Among the most significant of
the observations which can be made from our
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preliminary MD study is that it does not appear that
the very flexible linker domain chain can store energy
in the manner of a spring so as to draw the CD closer
to the CBD. However, the significant bend that
developed in this region of the polypeptide by the end
of the trajectory may signal a change to a different
dynamical behavior, and the continuation of the
simulations should indicate whether this change is a
short-time fluctuation or a significant transition in
behavior with mechanistic implications. The position
of the bend in the linker sequence was in the highly
glycosylated region of the chain, and the oligo-
saccharides themselves underwent significant
conformational changes away from the arbitrary
starting structure, which could have important con-
sequences. It should be noted that this change was
largely due to specific interactions with water mol-
ecules, which demonstrates the importance of having
explicit solvent molecules included in the simulation
rather than using a continuum solvation model.

An enzyme evolved to processively hydrolyze a
single cellulose chain in a microfibril might be
presumed to interact with the crystalline substrate in
such a way as to promote the removal of that chain
from the surface as well as to possess some feature
that makes successive hydrolysis more favorable than
dissociation. Since conventional molecular mechan-
ics simulations such as those reported here do not
allow bond scission, many of the essential features of
processivity presumably cannot be captured in such
simulations, but the interactions of the full complex
with the substrate could be revealing concerning how
a single chain is disentangled from its fibril matrix.
Unfortunately, such interactions are presumably slow
on the molecular timescale, which is a severe
problem in straightforward simulations of the type
reported here, and more sophisticated methods will
be needed to probe these interactions more deeply.
Clearly, a system with a broken chain will be needed
to examine how a chain is pulled up from the surface.
Such a system has been prepared and will be
described in a future report.

The stage is now set for application of longer MD
simulation times on enhanced computational plat-
forms to this and improved variants of this important
functional cellulase model. The microfibril con-
structed for this simulation is actually larger in
diameter than most natural cellulose microfibrils, and
this size was selected in part to provide an extended

(1,0,0) planar surface on which to dock the enzyme
that would be larger than the width of the protein (see
Fig. 2). However, a smaller substrate (the actual
diameter of experimental microfibrils) would not only
be a more realistic model, but would also be less
computationally “expensive,” allowing the extension
of simulations to much longer times. For this reason,
a new enzyme-substrate complex using a more
realistic 36-cellulose chain microfibril is currently
being constructed and will also be reported in a future
communication.
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