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Substrate binding is typically one of the rate-limiting steps pre-
ceding enzyme catalytic action during homogeneous reactions.
However, interfacial-based enzyme catalysis on insoluble crystalline
substrates, like cellulose, has additional bottlenecks of individual
biopolymer chain decrystallization from the substrate interface
followed by its processive depolymerization to soluble sugars. This
additional decrystallization step has ramifications on the role of
enzyme–substrate binding and its relationship to overall catalytic
efficiency. We found that altering the crystalline structure of cellu-
lose from its native allomorph Iβ to IIII results in 40–50% lower bind-
ing partition coefficient for fungal cellulases, but surprisingly, it
enhanced hydrolytic activity on the latter allomorph. We developed
a comprehensive kinetic model for processive cellulases acting on
insoluble substrates to explain this anomalous finding. Our model
predicts that a reduction in the effective binding affinity to the
substrate coupled with an increase in the decrystallization proces-
sion rate of individual cellulose chains from the substrate surface
into the enzyme active site can reproduce our anomalous ex-
perimental findings.
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Biological conversion of lignocellulosic biomass to fuels and
chemicals has attracted tremendous interest because of its

potential to address problems associated with climate change,
energy security, and rural economic development. However, the
transition from a petroleum- to a biomass-based economy is not
easily accomplished. Biomass recalcitrance to biological con-
version is one of the major hindrances to the production of cheap
biofuels (1). Cellulose (a β-1,4-glucose polymer) is the most
abundant organic molecule in plant cell walls that is recalcitrant
to enzymatic hydrolysis because of its highly self-associated
(through hydrogen bonding and stacking forces) and microfi-
brillar nature. Cellulose fibrils are hydrolyzed by a suite of
enzymes called cellulases that can be endo- (cleave midchain
glycosidic bonds) or exoactive (processively cleave glycosidic
bonds starting at chain ends). Endo- (like endoglucanase I or
EG-I; also known as Cel7B) and exocellulases (like cellobiohy-
drolases I and II or CBH-I and CBH-II, respectively; also known
as Cel7A and Cel6A, respectively) are the two major components
of aerobic fungal secretomes (e.g., like Trichoderma reesei) active
on lignocellulose. However, the inherent disadvantages of proc-
essivity to polysaccharide hydrolysis (2) and the high abundance
of processive enzymes necessary for efficient lignocellulose hy-
drolysis (3) suggest the need to better understand and eventually
overcome the factors contributing to biomass recalcitrance.
Most Trichoderma cellulases are two domain proteins con-

sisting of a carbohydrate binding module (CBM) and a catalytic
domain (CD). CBMs are known to facilitate cellulase binding to
cellulose primarily through interactions between the glucopyr-
anose rings and conserved aromatic residues (4). The mechanism
of cellulose deconstruction into sugars by processive cellulases
can be summarized into several elementary steps (Fig. 1 and SI
Appendix, Fig. S1) that are not yet fully elucidated. First, the

cellulases bind to the substrate (and possibly disrupt its local
ordered crystalline structure) directed through the CBM and/or
CD (5). Second, it is hypothesized that individual cellulose chains
are decrystallized from the surface (by disruption of the ordered
cellulose surface) by the bound cellulase followed by discrete
sliding of the chain into the catalytic site tunnel of the exocellulase,
eventually leading to the formation of a productive enzyme–sub-
strate complex (1, 6, 7). Recent work on the rate-limiting nature of
cellulase–glucan chain complexation to CBH-I activity (6), the
variable speed motion of individual CBH-I molecules on cellulose
surfaces (8), and the intrinsically variable work needed to decrys-
tallize individual glucan chains as a function of cellulose ultra-
structure (7) all lends credence to this hypothesis. Finally, the
hydrolysis of the complexed glucan chain is known to proceed to
either cellobiose or other glucose oligomers (6).
The efficiency of cellulase turnover is likely bottlenecked by

the rate of substrate decrystallization and productive enzyme–
substrate complexation. Altering the cellulose ultrastructure to
overcome these bottlenecks should impact the overall hydrolysis
kinetics as well (1, 7, 9). Cellulase efficiency is dependent on not
only its structure but also the nature of their substrates (2, 10,
11). Recently, it was shown that a nonnative cellulose allomorph
(i.e., cellulose III) is more easily digestible by individual or syn-
ergistic mixtures of Trichoderma cellulases (8, 12) and requires
less work to decrystallize individual glucan chains from its surface
than its native form (7). Additionally, this allomorph has been
predicted to have a more hydrophilic surface, which could in-
fluence its interaction with CBMs (12). The amount of surface-
bound cellulases has been shown to be directly correlated to
cellulose hydrolysis rates (13–15), but the role of cellulose ultra-
structure on the relationship between cellulase binding and ac-
tivity is not clear. A detailed understanding of processive cellulase
kinetics coupling enzyme binding, cellulose chain decrystalliza-
tion, chain sliding into the active site, and glycosidic bond hy-
drolysis from an experimental and theoretical perspective is also
lacking. Such considerations are not unique to cellulases but are
likely common to other interfacial and processive enzymes (e.g.,
DNA helicases) that need to perform work before the substrate
slides into the active site of the enzyme. We follow a two-pronged
approach to study this problem. First, we monitor individual cel-
lulase (CBH-I, CBH-II, and EG-I) binding during hydrolysis of
defined cellulose substructures, and second, we develop a mecha-
nistic kinetic model coupling enzyme binding, chain decrystalliza-
tion/sliding, and hydrolysis to simulate conditions that reproduce
our general experimental trends.
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