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Most bacteria use free enzymes to degrade plant cell walls in
nature. However, some bacteria have adopted a different strat-
egy wherein enzymes can either be free or tethered on a pro-
tein scaffold forming a complex called a cellulosome. The
study of the structure and mechanism of these large macromo-
lecular complexes is an active and ongoing research topic, with
the goal of finding ways to improve biomass conversion using
cellulosomes. Several mechanisms involved in cellulosome for-
mation remain unknown, including how cellulosomal enzymes
assemble on the scaffoldin and what governs the population of
cellulosomes created during self-assembly. Here, we present a
coarse-grained model to study the self-assembly of cellulo-
somes. The model captures most of the physical characteristics
of three cellulosomal enzymes (Cel5B, CelS, and CbhA) and
the scaffoldin (CipA) from Clostridium thermocellum. The
protein structures are represented by beads connected by re-
straints to mimic the flexibility and shapes of these proteins.
From a large simulation set, the assembly of cellulosomal en-
zyme complexes is shown to be dominated by their shape and
modularity. The multimodular enzyme, CbhA, binds statisti-
cally more frequently to the scaffoldin than CelS or Cel5B. The
enhanced binding is attributed to the flexible nature and mul-
timodularity of this enzyme, providing a longer residence time
around the scaffoldin. The characterization of the factors in-
fluencing the cellulosome assembly process may enable new
strategies to create designers cellulosomes.

Many bacteria degrade cellulose in the biosphere via en-
zyme complexes called cellulosomes, a concept originally pro-
posed by Bayer and Lamed from studies on the thermophilic
cellulolytic anaerobe, Clostridium thermocellum (1-3). Cellu-
losomes are composed of two major units: long, putatively
flexible scaffoldin proteins that contain specific binding sites,
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called cohesins, and enzymes that contain dockerin modules,
which bind to the cohesins (Fig. 1).

The self-assembly of the cellulosome complex is facilitated
by the high-affinity recognition between cohesins and the
enzyme-borne dockerin modules. The scaffoldin usually con-
tains multiple cohesins, thereby enabling multiple enzymes
containing glycosyl hydrolases (GH)? to assemble into the
cellulosome complex. In C. thermocellum, the cellulosome is
composed of a primary scaffoldin subunit that can integrate
up to nine enzymes. The cellulosome-integrating protein
(CipA) of this cellulosome contains a single cellulose-specific
family 3 carbohydrate binding module (CBM) that binds to
the cellulose component of plant cell wall polysaccharides. In
general, however, CBMs often reside in both the scaffoldin
and enzymes for binding for selective binding to the variety of
polysaccharide components of the plant. The cellulosome is a
complex macromolecular system whose components are hy-
pothesized to work synergistically to degrade plant cell walls
efficiently.

The “plasticity theory” of the quaternary structure of the
cellulosome is the main rationale for synergism (4-7). The
plasticity theory is the hypothesized ability of the cellulosome
to adjust to the substrate due to linker flexibility and to pro-
vide a more refined tuning to the substrate using the enzy-
matic linkers. However, the exact mechanism of attack of the
cellulosome for plant cell wall is not well characterized. An-
other feature of cellulosomes is that different types of co-
hesins and dockerins exist in different microbial species and
that recognition between cohesin and dockerin is type- and
species-specific (8). This discovery permitted the develop-
ment of “designer cellulosomes” for which controlled inclu-
sion of selected enzymes into desired positions of artificial
complexes is possible.

With the ability to make designer cellulosomes, Bayer
et al. (9-11) were able to probe the following hypotheses;
1) the proximity of different enzymes may provide synergistic
action on the crystalline substrate, which would perform better
than their free forms when positioned in a designed pattern, and
2) enzymes from different species that have superior activities on
given substrates can be assembled into one complex successfully
and synergistically enhance conversion rates.

3 The abbreviations used are: GH, glycosyl hydrolase; CBM, carbohydrate
binding module.
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FIGURE 1. Concept of a cellulosome from C. thermocellum. The scaffoldin subunit (dark blue) contains nine cohesins and a carbohydrate binding module.
The cellulolytic enzymes (gray) bind to cohesin partners with their dockerins. Another set of dockerin/cohesin interaction connects the scaffoldin to cell wall

via a S-layer homologous (SLH) protein.

In support of the first hypothesis mentioned above are a
series of studies aimed at building and testing engineered cel-
lulosomes (1, 9-11). The first engineered cellulosome con-
structed by Fierobe et al. (12, 13) was composed of two co-
hesins and was, thus, “bi-functional” due to two cellulases
being incorporated into the same cellulosome. Compared
with the mixture of free cellulases, the resultant cellulosome
chimeras exhibited enhanced synergistic action on crystalline
cellulose. However, making comparisons to free cellulases,
several of which lack CBMs, is difficult because the catalyst
concentration at the biomass surface may be significantly dif-
ferent in the cellulosomes and the free cellulases. In 2005, Fi-
erobe and coworkers created a new trifunctional engineered
cellulosome by developing a third divergent cohesin-dockerin
pair (4). The tri-functional engineered cellulosome was found
to be superior in function compared with the bi-functional
one. When the tri-functional engineered cellulosome was
decorated with one hemicellulase (GH10) and two cellulases,
it performed with superior activity on hatched straw. Cha et
al. (15) also studied the effect of cohesin number (scaffold
size) on synergistic performance of Clostridium cellulovorans
minicellulosomes acting on cellulosic and hemicellulosic sub-
strates. The results showed that as the number of cohesins
engineered increased (up to four cohesins), a greater syner-
gism was observed. However, the concentration of enzymes
on the substrate surface, which is typically mediated by the
CBM, is a key quantity for making direct comparisons of in-
trinsic conversion rates. Hence, comparing the activities of
two enzymes where only one enzyme possesses a CBM and
the other does not is not an equivalent comparison for intrin-
sic conversion rate. Mingardon et al. (16) later studied the
effect of the symmetry of the minicellulosome using designer
cellulosomes with various geometries for examining the tar-
geting, proximity, and flexibility effects. This work suggested
that increasing restriction of the relative mobility of the en-
zymes on the scaffold within the complexes negatively affects
the cellulase activity; therefore, enzyme mobility is likely a
critical parameter for cellulosome efficiency in degrading cel-
lulose. Other studies have shown that recombining a single
cellulosomal enzyme with a full-length scaffoldin was enough
to increase hydrolytic activity over their free forms. This ef-
fect was partly attributed to enzyme proximity and better tar-
geting of the substrate (17-19). Additionally, Bhat et al. (20)
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created a simplified cellulosome out of selected enzymes and
a full-length scaffoldin and observed better synergy than in
the free enzyme mixture. Unfortunately, a feature these stud-
ies have in common is the use of protein loadings too low to
hydrolyze the crystalline content in the substrates chosen.

In support of the second hypothesis wherein enzymes from
different species can be assembled in a complex enhancing
activity, Caspi et al. (21) reported that the CBM modules of
two free Thermobifida fusca family-6 cellulases, an endoglu-
canase Cel6A and an exoglucanase Cel6B, could be replaced
by divergent dockerin modules. These modules could then be
used to assemble engineered cellulosomes. The resultant chi-
meric proteins appeared to retain cellulase activity on cellu-
lose. This result suggests that a free bacterial cellulase enzyme
system could be transferred to a cellulosome-type scaffold,
thus, providing more opportunities for engineered cellulo-
somes to use a diversity of free enzymes for assembly.

In addition, Raman et al. (22) observed that the contents of
cellulosomes are adjustable, depending on the substrate.
However, the feedback mechanisms used by the bacterium or
the way the bacterium controls the population of enzymes on
cellulosomes is not clear currently. The study of cellulosome
assembly and enzyme binding competition are essential to
understand how the bacterium adjusts its digestion
mechanism.

Despite this considerable body of experimental work, a
mechanistic understanding of cellulosome assembly and ac-
tion remains elusive. Many questions remain including the
following: 1) Do bacteria control the stoichiometry and rela-
tive positioning of the enzymes populating the scaffoldin? 2)
Is such control useful for optimal conversion of plant cell wall
polymers? 3) Does the microbial cell react to biomass chemis-
try and structure by optimizing the specificity of dockerin
borne enzymes? 4) Can conversion rates be increased relative
to the native configuration by engineering the enzymatic dec-
oration of bacterial cellulosomes?

Here we use simulation to address the first question above
regarding the self-assembly of the enzyme-scaffoldin com-
plex. We examine the relative population of enzymes on the
scaffoldin as a function of relative enzyme concentration in
solution and the physical characteristics of the enzymes. Un-
derstanding the self-assembly process is important for behav-
ior of natural cellulosomes because the cohesins on natural
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scaffolds can bind any dockerin within the same species.
Thus, unlike designer cellulosomes that have specific, engi-
neered binding sites, the location and proximity of different
enzymes from natural (or unmodified) cellulosomes is un-
known a priori.

Computer simulation has long been used to gain direct in-
sight into biological self-assembly processes across multiple
length and time scales. The model resolution is typically
tuned to the length and time scale of interest. Models over a
huge range of resolutions have been constructed to describe
self-assembly of protein complexes. Atomistic protein models
treat each atom in the system explicitly and have been typi-
cally limited to the aggregation of small peptides (23-26).
Many groups have applied this approach to examine the ag-
gregation of amyloid fibrils. Coarse-grained models of pro-
teins start from these atomistic representations and include a
huge body of literature too large to cover here. Several reviews
(27-33) include discussions of such models, such as united
atom models, implicit solvent representations, lattice and off-
lattice descriptions where residues are modeled as beads, and
native topology-based (e.g. Go) models up to nearest neigh-
bor-type models where nodes represent one or more proteins.
The lattermost types of models are often used to describe vi-
rus capsid assembly (34 —38) for which the full complex
consists of hundreds to thousands of individual protein mole-
cules. Clearly, the level of coarse-graining for protein self-
assembly will depend strongly on the system and hypothesis
to address.

In this study we aim to understand the assembly of a system
of cellulosomal enzymes on a protein scaffold with simula-
tion. We describe an approach combining elements of the
native-based topology methods with off-lattice protein simu-
lations. Because cellulosomal proteins are known experimen-
tally to populate the scaffold via the cohesin-dockerin interac-
tion (39, 40) and these interactions have been quantified with
simulation (41), we tune the cohesin-dockerin interactions to
known values. All other interactions between the proteins and
the scaffold are approximated as weak Lennard-Jones interac-
tions (i.e. nearly hard sphere interactions). To our knowledge
this is the first description of cellulosomal self-assembly and is
a general means to model self-assembly in protein complexes
up to hundreds or thousands of protein molecules with
known specific interactions.

Our model is comprised of the C. thermocellum scaffoldin
and three enzymes known to associate with this cellulosome.
Below we list the names of the enzymes as referred to on the
CAZy database (42), which in these cases are different from
the names used in the original publications describing the
enzymes. Here, we refer to the enzymes as listed in parenthe-
ses: exocellulase Cel48A (CelS) (43), endoglucanase Cel5A
(Cel5B) (44), and endoglucanase Cbh9A (CbhA) (45, 46). The
relative abundance of these enzymes in cellulosomes on dif-
ferent substrates can be found in Raman et al. (22).

The main questions addressed in this study are the follow-
ing. 1) Is shape, mass, and architecture of the enzymes and the
scaffold relevant in the self-assembly process? 2) Can we pre-
dict cellulosome composition from known, initial enzyme
concentrations? Based on the results of this study, the shape
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FIGURE 2. Sequence-based PONDR screen for protein disorder applied
to CipA. g, the VL3 algorithm (58) predicts the CipA linkers to be disordered
regions; these are the regions with scores greater than 0.5. b, the CipA scaf-
foldin colored by VL3 scores where the minimum score is 0 (blue) and the
maximum VL3 score is 1.0 (red) show the predicted ordered and disordered
regions of the scaffoldin. The X domain and dockerin module at the C termi-
nus of the scaffoldin were omitted.

and modularity of the enzymes are the most important factors
in the their ability to bind to the scaffoldin. Volume, mass,
and enzyme concentration are irrelevant, within the ranges
and the simulation box size that was selected in this study as a
compromise between a realistic volume surrounding the scaf-
foldin and a volume in which the binding events would occur
in a tractable simulation timescale.

MATERIALS AND METHODS
Architecture

Cellulosomes from C. thermocellum can adopt different
structures from the simplest nine-cohesin scaffoldin protein
to more complex assemblies of seven scaffoldin proteins orga-
nized on an additional scaffold. Our discussion will be solely
based on the simpler nine-cohesin structure of CipA (Fig. 2).
A list of the components of CipA and the cellulosomal en-
zymes considered in this study can be found in Table 1.

The linkers between CipA modules vary in length and may
be important contributors to the cellulosome plasticity. The
linker glycosylation is not explicitly considered in our model
but could be added by varying force-constant parameters and
adding extra beads on the linker. Cellulosomal enzymes can
have general structures of two modules, a dockerin and a cat-
alytic module connected by a linker, or the enzymes may con-
tain several modules. The cellulosome binds to cellulose with
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TABLE 1
Architecture of the cellulosome protein complex

The following modules are included in the model: CBM, cohesin (COH), dockerin
(DOC), X1 module (X1), and glycosyl hydrolase (GH). The signal peptide was not
included in the calculation of the mass that was based on amino acid content.

Protein Modules Molecular mass
kDa

CipA 2COH-CBM3-7COH 197

Cel5B GH5-DOC 34

CelS GH48-DOC 83

CbhA CBM4-Ig-GH9-2X1-CBM3-DOC 138

the CipA-borne CBM (47, 48) and other multi-component
enzymes that include CBMs (45). Moreover, many celluloso-
mal enzymes contain different types of CBMs, which may
provide the ability to bind to different substrates. Some CBMs
seem to have an anchor function, whereas others have been
hypothesized to be “helper” CBMs capable of holding a single
cellulose chain and feeding it to its catalytic module partner
(49). The immunoglobulin-like modules on Family 9 enzymes
are believed to stabilize the catalytic modules (50). The func-
tion of X1 modules, is not understood but has been purported
to disrupt cellulose from microscopy observations (51).

Despite the number of different modules present in the
cellulosome, the overall assembly remains relatively intact
(quasi-irreversible binding at physiological conditions) due to
the high affinity between cohesins and dockerins. As men-
tioned earlier, in C. thermocellum, this affinity is nonspecific,
and each dockerin can equally bind to any cohesin (8). This
interaction requires Ca>*, which is essential for the complex
to maintain structure (52, 53).

Functional Form and Parameters

The model for protein structures consists of spheres
(beads) that represent regions of protein volume. The beads
are connected by a network of restraints to mimic the shape
and flexibility of globular proteins, dockerins, cohesins, and
linkers. The beads interact via a weak Lennard-Jones poten-
tial. Each bead represents from three amino acids for linkers
to hundreds of amino acids in large globular proteins. The
restraints between beads are defined as bonds between beads
in a linker to networks of bonds between beads in globular
proteins. Additional interactions are included to mimic the
cohesin-dockerin interaction. The model was developed
within CHARMM (54). CHARMM offers flexibility in creat-
ing new pseudo atoms, has functionality for specific nonbond
interactions between particular atom types, and allows the
specification of additional parameters in the topology and
parameters.

Within our template, the interactions between coarse-
grained beads can be expressed as a sum of traditional classi-
cal bonded and non-bonded terms as follows. The non-
bonded interactions are represented by a 6 —12 Lennard-Jones

potential,
12 6
Enb N E 6ij|:< mm) B 2(m|n> :| (Eq 1)
~ r r
ij>i
where 7, is the equilibrium distance between two particles,

€; is the strength of their interaction, and r is the distance
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between two pseudo atom centers. The r,;, for two pseudo-
atoms was defined to accurately reproduce the sum of the
radii of the beads and was chosen to mimic the size of the
protein atoms the beads were approximating. Electrostatic
effects were neglected due to the limited number of beads per
protein.

A specific interaction was added between the beads in the
binding site of the cohesins and dockerins with an additional
set of non-bonded parameters. The binding energy was 13
kcal mol ™, which is between the experimental (12 kcal
mol 1) (40) and theoretical value of 14.5 kcal mol ~* (41).

The bonded interactions are defined by the internal energy
terms,

E, = Ekr(r — o)’ + Eke(e —0y)° + 2’%(1 + cos(@ — @)
(Eq.2)

where r, 6, and ¢ are the distance, angle, and torsion angles
between connected beads, r,, 6,, and ¢, are the coarse-
grained bond, angle, and torsion angle equilibrium values, and
k,, kg, and k,, are the force constants (56). The force constants
between beads of the same module are high to ensure rigidity,
whereas intermodule linker regions have a wide range of flexi-
bility. The distance, angles, and torsion angles were chosen to
fit the original (all-atom) structures.

Description of the Cellulosomal Enzymes and Scaffold subunit

Scaffold Subunit—The polymeric scaffoldin of C. thermo-
cellum, CipA, consists of nine cohesin proteins connected by
linkers of 10-30 amino acid residues and an additional Family
3 CBM (CBM3). The X1 domain and dockerin module at the
C terminus of the scaffoldin was omitted because the focus of
this study is solely based on scaffoldin-enzyme binding. The
linkers were analyzed with the VL3 algorithm, which is a feed-
forward neural network trained on 152 disordered proteins
characterized experimentally (57— 61). Also, the charge-hy-
dropathy relationship described by Uversky et al. (62) was
used to predict the relative disorder of regions in the scaffol-
din protein. Figs. 2 and 3 show the predictions from the VL3
algorithm and the charge-hydrophobicity relationship, re-
spectively. The linker regions are disordered in both
measures.

Each linker bead in the coarse-grained representation rep-
resents three amino acids to provide the flexibility of the all-
atom structure. The all-atom and the coarse-grained repre-
sentations of the full-length CipA are shown in Fig. 4. The
linker regions are hypothesized to offer the plasticity required
by the cellulosome to assume the most appropriate configura-
tion given a particular substrate. Our study assumes that the
linkers are flexible, which is substantiated by several experi-
mental studies, including small angle x-ray scattering experi-
ments conducted by Hammel et al. (7) and also crystallo-
graphic studies from Noach et al. (63). Also, recent
computational work using replica exchange molecular dy-
namics simulations has shown that similar linkers are inher-
ently flexible (64).

Cohesin and Dockerin—The coarse-grained cohesin was
constructed to describe the binding interaction and create a
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flat binding surface while conserving the volume of the pro-
tein (Fig. 5). The dockerin is constructed with a binding sur-
face to match the cohesin. There are three special attractor
beads in a row across the center of the binding surface of the
cohesin and dockerin, which are given special attracting prop-
erties for each other. The attracting beads are surrounded on
the backside of the binding surface by beads that prevent mul-
tiple bindings to the same cohesin or dockerin simply by
steric hindrance.

Cellulosomal Enzymes—As mentioned earlier, C. thermo-
cellum produces a variety of enzymes with different architec-
tures. Three of these enzymes were selected in our study: the
exocellulase, CelS, the endoglucanase, Cel5B, and the endo-
glucanase, CbhA. These enzymes have different masses, vol-
umes, architectures, linker lengths, and radii of gyration and,
thus encompass the complexity of the cellulosomal enzymes
found in C. thermocellum. The modular architectures of these
enzymes and the scaffoldin protein are shown in Table 1. The
linkers between modules vary in length between 3 to 12
amino acids. Cel5B and CelS include a catalytic module, a
linker, and a dockerin, whereas CbhA contains multiple mod-
ules with mostly unknown functions, such as X1 modules (45,
51) an immunoglobulin-like module (Ig) (45, 50), and two
types of CBMs, CBM3b and CBM4 (45). One should note
that the Cel5B all-atom structure was obtained from a ho-
mology model based on the endoglucanase C (65, 66). All
of the enzymes studied here have a dockerin module able
to bind to any cohesin on the scaffoldin, and in the coarse-
grained model, dockerins, similar to cohesins, have an en-
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FIGURE 3. Mean net charge as a function of hydropathy for the CipA
linkers with an average length of 25 residues. The training sets for disor-
dered and ordered proteins are shown in red and blue, respectively.

Cohesin

gineered binding face. The coarse-grained representations
of these enzymes are shown in Fig. 6 along with their all
atom counterparts. Note that the shape of the enzymes is
reproduced and captures the effects of size and shapes of
the enzymes in dynamics simulations.

Simulation Setup—The periodic simulation box has a vol-
ume of 1 X 10% A® (1000 X 1000 X 1000A) (Fig. 7). The en-
zyme concentration varies from 30 to 60 total enzyme mole-
cules per scaffoldin molecule, equivalent to 50 and 100 pm.
The concentration used in our simulations is higher than the
one usually found in bacterial cells (1-10 um). However, re-
searchers have suggested that in the vicinity of the cell wall
there could exist regions where the local enzyme concentra-
tion is increased to facilitate certain cell functions (67). The
initial configurations were randomly generated, and velocities
were drawn from the Boltzmann distribution. Initial simula-
tions were performed with the full-length scaffoldin (nine
cohesin). The second part of this study used a four-cohesin
scaffoldin. The non-bonded cutoff distance was 99 A, and
frames were saved every 500 steps. Each trajectory was equili-
brated for 100,000 steps with a time step of 2 fs, and trajecto-
ries were run for 30—-100 ns. We performed 30 simulations of
30 ns duration for each of the different configurations to
achieve meaningful statistical analysis in which total concen-
tration, ratio of enzymes, masses, and shape were varied.
These scans are summarized below and in Fig. 8.

Scan 1—Two total enzyme concentrations were considered,
30 and 60 enzymes per 10° A%, and the individual enzyme
counts were varied with an increment of 10 to scan the possi-
ble concentration ratios at the same initial total enzyme
concentration.

Scan 2—One total enzyme concentration (60 enzymes per
10° A%) was used with three CelS-like enzymes of different
masses. Individual enzyme counts were varied with an incre-
ment of 20 to scan concentration ratios with the same initial
total enzyme concentration.

Scan 3—One enzyme concentration (60 enzymes per 10°
AS) was used with Cel5B, CelS, CbhA-like shapes and the
same mass. Individual enzyme counts were varied with an
increment of 20.

RESULTS

Behavior of the Component Enzymes—The 9-cohesin scaf-
foldin model was initially constructed to study the stability of
the coarse-grained model developed in this work and to en-
sure that this scaffold possessed the geometrical and dynami-
cal characteristics of the all-atom scaffold. In our simulations,

Linker peptide

Cohesin

FIGURE 4. Coarse-grained representation and all atom representation of CipA from C. thermocellum. The structures of the CBM and one of the co-
hesins are known and reported in the literature (48, 55). The other cohesins were obtained from homology modeling.
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the scaffold adopts compact configurations reminiscent of the
TEM images by Mayer et al. (68). Starting from an extended
configuration, the scaffold will tend to adopt a more compact
form, as measured by the distribution of the radius of gyra-
tion, shown in the supplemental information along with a
representative trajectory (supplemental Fig S2 and Movie 1).
These data are directly comparable with small-angle x-ray
scattering or light scattering experiments. It should be noted
that in a more compact configuration the scaffold may be
more shielded from the outside, and this might explain the
results found by Morag et al. (69), where it was shown that
removing enzymes docked on the scaffold was easier when
the cellulosome was bound on cellulose where it may adopt a
more extended configuration but was much harder when free
in solution.

Additionally, we calculated the radius of gyration for the
three component enzymes for comparison to experimental
data. These distributions are shown in supplemental Fig. S1).
Up to 100 ns were collected for each R, distribution for a box
of component enzymes. As mentioned above, the remaining
simulations were conducted with a 4-cohesin scaffold for
comparison to experimental binding studies on a 4-cohesin
scaffold being conducted in our laboratory. The results from
these binding studies can be found in the supplemental Tables
S1-S4.

Scan with Original Enzymes (Scan 1)—In the first binding
study we used an enzyme concentration of 60 enzymes/box
(100 uMm) and the three enzymes with native properties as in

FIGURE 5. All atom and coarse-grained representations of the cohesin
from CipA with the attractive beads shown in red.

GH48

Linker peptide

Dockerin

X1 modules

CBM3b
GH9
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Dockerin

Fig. 8. The results are shown in Figs. 9 and 10. This scan was
designed to probe binding of these enzymes on the scaffoldin
based solely on their physical characteristics: volume, shape,
flexibility, and mass. The binding affinities of each of the
dockerins for the CipA-borne cohesins were identical.

CelS and Cel5B have similar shapes and flexibility charac-
teristics. Even though CelS has twice the mass of Cel5B, the
relative binding to the scaffoldin is similar; the ratio of Cel5B/
CelS bound to the scaffoldin is approximately equal to the
ratio in bulk solution for all concentrations tested. However,
CbhA tends to bind more frequently to the scaffoldin in these
simulations and even more so when they are predominant in
solution. For a ratio of CbhA to CelS or to Cel5B of around 5
in solution, the ratio on the cellulosome is 15 or 25,
respectively.

The importance of the modular nature of CbhA becomes
clear upon closer inspection of the trajectories. The binding
mechanism is different from the smaller, lighter, and more
rigid CelS and Cel5B. Several dynamical properties of CbhA
work together to increase its binding propensity. The larger
mass of the whole CbhA makes its diffusion rate much slower
than the lighter enzymes. When in the vicinity of the scaffol-
din, CbhA remains within binding distance for a longer pe-
riod of time than the lighter, less flexible enzymes. Because of
its extended and flexible configuration, it has a larger cross-
section that is on the order of the scaffoldin cross-section,
thus, inhibiting its free diffusion past the scaffoldin. These
factors extend the residence time near the scaffoldin and in-
crease its binding probability. Finally, the dockerin has the
ability to diffuse within the volume of CbhA, giving it a higher
likelihood of encountering a cohesin. That is, the entire CbhA
molecule does not have to rotate to put the dockerin near a
cohesin. The dockerin visits many more positions within the
volume of the CbhA molecule than it would if the molecule
was rigid, and its position was determined by the rotation and
translation of the entire CbhA enzyme. We suggest based on
these results that all proteins with less flexible shapes will be

GH5

Linker peptide

Dockerin

Dockerin

GH9
FIGURE 6. All atom and coarse-grained representations of CelS (GH48), Cel5B (GH5), and CbhA (GH9).

X1 modules
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FIGURE 7. Simulation box with a scaffoldin molecule and some cellulo-
somal enzymes. The enzymes bound on the scaffoldin have solid colors.
The color coding is the following: CelS (red), Cel5B (green), CbhA (blue).

Scan 1 E
Cel5B CelS CbhA
43 kDa 83 kDa 138 kDa
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be @

CelS-like Shape  CelS-like shape CelS-like shape
40 kDa 80 kDa 120 kDa

Scan 3 E

Cel5B-like shape CelS-like shape
80 kDa 80 kDa

FIGURE 8. Summary of the binding studies conducted. Scan 1, original
masses and volumes/shapes are shown. Scan 2, same volumes/shapes and
different masses are shown; Scan 3, different volumes/shapes and same
masses are shown.

CbhA-like shape
80kDa

less likely to bind than those with more flexible shapes in the
limit of microscopic diffusion.

The same scan was conducted with a concentration of 30
enzymes per box and is shown in Fig. 11. Cel5b and CelS bind
equally to the scaffold, whereas CbhA dominates the bound
fraction. The only noticeable differences are in the ratio of
CbhA/Cel5B and CbhA/CelS, especially for high CbhA
concentrations.

Crucial to the design of optimized cellulosomes is under-
standing the physical characteristics of an enzyme that en-
hances its binding affinity for the scaffoldin. From both scans
that used the native physical characteristics of each enzyme, it
is clear that CbhA is a preferred component of the cellulo-

5620 JOURNAL OF BIOLOGICAL CHEMISTRY

30 T T T T
<O CbhA/Cel5B

T 25 A CbhA/CelS Lo -
g O Cel5B/ CelS
8 20k — 1:1 ratio |
on o 8
2

151 X 8
'g PN
=
[
Qo
2
T
o«

Ratio in Solution

FIGURE 9. The ratio of the solution fraction to the 4-cohesin-scaffold-
bound fraction for total enzyme concentration of 60 enzymes per box
with original masses and shapes. The solid line represents an equal en-
zyme ratio in both solution and on the scaffoldin.
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FIGURE 10. The ratio of solution fraction to the 4-cohesin-scaffold-
bound fraction for a total enzyme concentration of 60 enzymes per box

with original masses and shapes for a ratio between 0 and 3. The solid
line represents an equal enzyme ratio in both solution and on the scaffoldin.
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FIGURE 11. The ratio of solution fraction to the 4-cohesin-scaffold-
bound fraction for a total enzyme concentration of 30 enzymes per box
with original masses and shapes. The solid line represents an equal en-
zyme ratio in both solution and on the scaffoldin.

some when its concentration in solution is similar to that of
other enzymes. The next two scans were designed to isolate
two important features of the enzymes presented in this
study; that is, mass and shape/architecture.
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FIGURE 12. The ratio of solution fraction to the 4-cohesin-scaffold-
bound fraction for a total enzyme concentration of 60 enzymes per box
with same volumes/shapes and different masses. The system is de-
scribed in Fig. 8.

Scan with Different Masses and Similar Volumes/Architec-
tures (Scan 2)—For this scan, the architecture and volume of
CelS were selected with three different masses. Although the
enzymes constructed in our model are not realistic for en-
zymes in nature, this approach allows the decoupling of the
mass from the volume and shape of a given enzyme (i.e. this
scan changes the diffusion coefficient).

The results (Fig. 12) reveal that the masses, at least in the
range of masses selected here, do not appear to affect the way
these “artificial enzymes” bind on the scaffold. The large mass
of CbhA is not the reason for its predominance in the compo-
sition of the enzyme-bound cellulosomes in Scan 1.

Scan with Different Volumes/Architectures and Similar
Masses (Scan 3)—Scan 3 was designed to decouple the effects
of architecture and volume from the effect of enzyme mass on
the binding probability. Enzymes were all given a mass of 80
kDa, similar to CelS, therefore, assigning both CbhA and
Cel5B masses different from their native masses. The results
shown in Fig. 13 are strikingly similar to the Scan 1 with 60
enzymes (Fig. 10). Cel5B and CelS bind equally to the scaffold
as observed in the Scans 1 and 2. CbhA again dominates the
population of enzymes in cellulosomes even with a much-
smaller-than-native mass. The importance of the architecture
of CbhA is supported by this result. The diffusion rate in the
vicinity of a CipA is reduced by the extended configuration of
CbhA, and the local mobility of the dockerin is enhanced by a
flexible multimodular architecture, enabling a higher proba-
bility of dockerin-cohesin encounter.

Residence Time of the Enzymes around the Scaffoldin—

From the results in Figs. 9 -13, we hypothesized that one of
the factors contributing to disparate binding to the scaffoldin
is the relative residence times of these enzymes around the
scaffoldin. We calculated the residence times as the time for
which the dockerin of an enzyme was within a certain dis-
tance, set here to 200 A, of any of the cohesins on the scaffol-
din. The residence time was averaged over all replicas and
enzymes. This residence time was calculated for three differ-
ent cases considered in Scan 1 (Fig. 14). The residence time
for CbhA is in all cases longer than it is for the other enzymes
and is similar for Cel5B and CelS independent of the total
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FIGURE 13. The ratio of solution fraction to the 4-cohesin-scaffold-
bound fraction for a total enzyme concentration of 60 enzymes per box
with different volumes/shape and same masses. The system is described
in Fig. 8.
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FIGURE 14. Residence time around the scaffoldin for Cel5B, CelS, and
CbhA using three cases from Scan 1 with S.D. (1 S.D.).

enzyme concentration. Also, the residence time for CbhA is
longer for a higher total concentration of CbhA. The results
reported here highlight again the importance of the architec-
ture of CbhA and are consistent with the binding scans con-
ducted in the previous sections.

DISCUSSION

Here we present a new coarse-grained model to study the
assembly of bacterial cellulosomes at long length scales and
time scales. The model was developed in CHARMM for ease
of defining new potentials and pseudo-atoms. This model
enables direct comparisons to experimental studies on cellu-
losomes including properties of individual enzymes obtained
from small angle x-ray scattering and light scattering experi-
ments. For cellulosome assemblies, this model can potentially
be used to predict the composition of cellulosome assemblies
based on the relative concentrations of enzymes produced by
a given expression host or growth on different substrates,
which has been shown to vary experimentally (22).

Our model shows that the large, modular enzyme CbhA
from C. thermocellum binds preferentially to a small scaffol-
din over the smaller, more rigid Cel5B and CelS enzymes due
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to its flexibility. It is likely that these results will extend to
other cellulosomal systems because of the high sequence and
structural similarity between the enzymes and enzyme com-
plexes observed here for cellulosomal bacteria.

One important consideration not taken into account in this
study is the difference between microscopic and macroscopic
diffusion. Here we have simulated a box size of 10° A® with
enzyme concentrations potentially higher than those found
globally in the secretome. However, a significant open experi-
mental question remains in cellulosomal self-assembly re-
garding the enzyme concentrations and overall volume of
space between the plant cell wall and the bacterium. This will
have a significant impact on the self-assembly process in that
larger enzymes will diffuse more slowly to a scaffold, which in
the limit of large volumes and low enzyme concentrations will
impact the bound composition. However, with this model, or
potentially with a lattice or a transport model, we can probe
this question of scaffold composition at much lower enzyme
concentrations and much larger volumes. Thus, this present
model will lead to another layer of coarse graining for even
longer length and time scales.

Additionally, the linkers examined here are assumed to be
flexible. Evidence supporting the observation of peptide linker
flexibility in cellulases comes from small angle x-ray scatter-
ing experiments (7), the typical inability to crystallize intact
enzymes containing linkers, the sequence-based protein dis-
order screens (Figs. 2 and 3), and from recent simulations of
other cellulase linkers from our group (64). For future itera-
tions of this model, we will apply atomistic simulations of the
linkers to measure the intrinsic flexibility of each linker of
interest to more accurately treat the linker flexibility.

Another interesting question that relates to the construc-
tion of this model is the behavior and role of the X1 module
in CbhA. The X1 modules have been suggested based on mi-
croscopy studies to disrupt the cell wall, although the mecha-
nism has yet to be elucidated. Additionally, studies of homol-
ogous domains have shown that they are able to unfold under
the application of biologically relevant forces (70—-72). This
observation suggests the application of additional experimen-
tal and computational work on Fn-III domains from CbhA,
such as steered molecular dynamics, light scattering, atomic
force microscopy pulling, and FRET, to refine the behavior of
the Fn-III domains in CbhA in solution is advisable.

The study presented here suggests several direct experi-
mental comparisons. For example, from mixing studies of
purified enzyme components and scaffoldins, one can essen-
tially conduct the same experiments as simulated here. Mass
spectrometry, analytical ultracentrifugation, gel filtration, and
other experimental techniques can be used to quantify the
enzyme compositions on the scaffold over a range of initial
concentrations (relative and absolute). An interesting exten-
sion to both a computational and experimental study with
free scaffoldins would be to tether the scaffoldins to a surface,
similar to the bacterial cell membrane.

CONCLUSIONS

We have developed a new coarse-grained model to study
cellulosomal behavior at much longer length and time scales
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than are accessible by conventional atomistic simulation.
Here, we used this model to simulate the self-assembly of
three component enzymes on a four-cohesin scaffoldin. The
results indicate that the large enzyme complex, CbhA, binds
to the cellulosome scaffolding preferentially over the smaller
enzymes Cel5B and CelS. The enhanced binding of CbhA is
shown to be primarily driven by significant flexibility in the
multimodular domain and the higher residence time of CbhA
around the scaffoldin within the limit of local diffusion. This
suggests that bacteria may need to produce less CbhA than
the smaller enzyme components. Generally, this model pro-
vides insight into the biological self-assembly process of cellu-
losomes and will be a useful tool for the design of engineered
cellulosomes for biomass conversion processes.
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