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Abstract

Surface-Based Assays for Enzyme Adsorption and Activity on Model Cellulose Films

Sam Maurer

Doctor of Philosophy in Chemical Engineering
University of California, Berkeley
Professor Clayton J. Radke, Chair

Transportation fuels produced by harvesting and breaking down sturdy, fast-growing
prairie grasses offer a renewable alternative to diminishing fossil-fuel supplies. The rate-limiting
step in the production of renewable fuels from these lignocellulosic feedstocks is the enzymatic
deconstruction of solid cellulose into glucose oligomers that are subsequently processed to form
transportation fuels and fuel additives. Despite continuing research interest and significant
subsidy of biofuel production, the mechanisms and kinetics governing this fundamental
interaction remain largely unknown.

Cellulose, the world’s most abundant biopolymer, is comprised of long glucose chains
organized in an extensive hydrogen-bonding network that makes cellulose insoluble in water and
recalcitrant to enzymatic degradation. Complete deconstruction of cellulose into soluble glucose
oligomers requires the concerted action of several enzymes, collectively known as cellulases,
that adsorb to the cellulose surface from aqueous solution and complex with cellulose chains.
Current assays of cellulase activity are performed in the bulk, and thus fail to characterize this
important surface interaction. Recently, thin model films of solid cellulose adhered to metal
supports have become available. These model films offer well-defined substrates of known
surface area on which cellulase activity can be characterized.

This work describes the development and application of surface-based assays for
elucidating cellulase kinetics on model films of cellulose. The developed surface-based assays
allow continuous, non-invasive, inhibition-free measurement of both enzyme adsorption and
activity, and are, therefore, preferable to bulk assays. Ellipsometry, an optical technique that
uses changes in the polarization of light to detect film thickness, is applied to prove the efficacy
of surface-based assays for measuring the activity of a cellulase mixture on model cellulose
films. Degradation rates measured by ellipsometry are identical to those measured by a
traditional bulk glycan assay on Avicel, a laboratory-standard cellulose. Quartz crystal
microgravimetry (QCM), an acoustic technique that uses changes in the resonance of a quartz
crystal to detect adsorbed mass, is then used to measure the competitive adsorption and
cooperative activity of two individual cellulases and their binary mixtures. Results obtained
from both the optical and acoustic assays are commensurate.

Using data from these assays, cellulase adsorption and activity are described according to
a two-enzyme surface kinetic model incorporating both Langmuir adsorption to the cellulose
surface and Michaelis-Menten activity of adsorbed enzyme. The model additionally quantifies
observed irreversible binding of cellulases and the cooperative activity of two cellulases in

1



creating and degrading cellulose chain ends. Cel7A, a processive cellobiohydrolase that
complexes with cellulose chain ends and digests cellulose chains into glucose oligomers, is
shown to have 14 times higher adsorption affinity for the cellulose surface than does Cel7B, a
non-processive endoglucanase that disrupts the hydrogen-bonding structure of the cellulose
surface and creates chain ends. Both enzymes rapidly bind irreversibly to the cellulose surface,
with 75 — 85% irreversibly bound after 1 h contact between aqueous enzyme and solid cellulose.
Nevertheless, irreversibly bound enzymes remain catalytically active. The cellulytic activity of
Cel7A is maximized by increasing cellulose surface chain-end concentration without leaving a
large quantity of Cel7B irreversibly bound. These findings underscore the importance of
considering surface concentration, rather than bulk concentration, in the design of optimal
cellulase mixtures for biofuel production.

The kinetic constants governing adsorption and activity of Cel7A and Cel7B on the
cellulose surface are obtained from single-enzyme experiments and used subsequently to predict
the transient behavior of binary enzyme mixtures. In all cases, good agreement is shown
between kinetic model and experiment, validating the surface-based assays. The ellipsometry
and QCM techniques described in this thesis can be used further to measure the adsorption and
complexation constants of other cellulases, to inform the design of cellulase cocktails, to
quantify cellulase inhibition by aqueous glycans, to explore the role of substrate structure in
cellulase activity, and to characterize loss of cellulase activity due to surface and thermal
denaturation. Surface-based assays, therefore, represent an important new tool for addressing
many outstanding problems in cellulose deconstruction.
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Chapter 1

Introduction

1.1. Production of Biofuels from Lignocellulosic Feedstocks

As humanity depletes worldwide supplies of fossil fuels, biofuels derived from the
deconstruction of large-scale agricultural crops offer a renewable alternative for numerous
applications.' > Although carbon-dioxide output of biofuel combustion relative to fossil fuels is
an open question currently addressed by life-cycle analysis,* ° it is clear that fuel from
agricultural feedstocks offers a renewable source of energy, while dwindling supplies of coal,
natural gas, and oil are extracted from the Earth by increasingly destructive methods.® Currently,
all industrial-scale biofuel production is accomplished by the enzymatic deconstruction of plant
mass into glycans that are subsequently fermented to alcohols or processed to other fuel
additives.' ’ Typical large-scale biofuel efforts adopt a “one-pot” method, where microorganisms
are contacted with an agricultural feedstock.® ° These microorganisms secrete enzymes to
degrade the feedstocks, consume the glycans produced by their deconstruction, and produce
desired fuel additives as a byproduct of this growth.?

Early efforts toward the production of fuels from plant sources used corn stover as a
feedstock due to its wide availability.'” However, corn is a water-intensive crop, and
environmental concerns arose as arable agricultural land was used to grow feedstocks for biofuel
production rather than food crops.!' Current efforts focus on large-scale production of prairie
grasses such as Miscanthus x giganteus and switchgrass (Panicum virgatum)."> > These new
crops grow tall, grow rapidly, require minimal input of water and fertilizer, and are resistant to
disease.'* As these sturdier crops can be grown on previously unusable land, agricultural land is
no longer displaced.

With this advantage comes a tradeoft, as the increased rigidity and stability of these new
feedstocks results in a higher resistance to degradation.'? Prairie grasses such as Miscanthus
consist primarily of three long-chain biopolymers—cellulose, hemicellulose, and lignin—thus
coining the term “lignocellulosic feedstocks.”' '° Separate suites of glycolytic enzymes are
necessary to degrade each of these water-insoluble biopolymers.'® Furthermore, these polymers
are organized in extensive hydrogen-bonding networks that prohibit enzyme access.'> Currently,
feedstocks are pretreated using methods such as mechanical digestion,'’ acidification, or
ammonia fiber-explosion'® to disrupt the hydrogen-bonding superstructure and increase the
enzyme-accessible surface area.'’

Thus, there are many factors to consider in modeling industrial-scale biofuel production.
The separate, simultaneous action of several classes of enzyme on the surface of several different
water-insoluble biopolymers is necessary. Enzymatic deconstruction changes the surface area,
degree of polymerization, and relative accessibility of these biopolymers. Oligosaccharides
released into solution are known to be enzyme inhibitors.”” ! * Fermentation products and other
desire;i3 compounds released into solution affect the stability of enzymes and microorganism cell
walls.



Of all factors, the fundamental rate-limiting step in the production of biofuels is the
enzymatic deconstruction of cellulose into glycan oligomers that are subsequently processed into
fuel additives.' * * ¢ ?* Despite significant scientific effort and tremendous subsidy of biofuel
production, the kinetics governing this fundamental surface reaction remain poorly understood.
Current assays are limited, as most are performed in bulk solution, whereas the enzymatic
deconstruction of cellulose is an interfacial interaction between an aqueous solution of enzymes
and the surface of a solid, insoluble substrate.”> This thesis utilizes surface-based assays to
elucidate the kinetics of the principal interaction in biofuel production.

1.2. Enzymatic Deconstruction of Cellulose

Cellulose, the world’s most abundant biopolymer, consists of long, nonbranching chains
of glucose linked together by 1,4-B-glycosidic linkages.”® These chains are then ordered together
in a complex hydrogen-bonding network, typically in bundles of 36 — 42 known as microfibrils,
which are further organized and bound with other biopolymers into rigid plant-cell-wall
structures.' >’ The strength of this hydrogen-bonding network makes cellulose insoluble in water
and highly recalcitrant to enzymatic degradation.”® Dissolving cellulose in water requires a
temperature of 320 °C and a pressure of 25 MPa.*® Cellulose can also be dissolved and
depolymerized in ionic liquids, although fuel production using this method has not been
accomplished on an industrial scale.” *°

Enzymes that are active on cellulose are known as cellulases. Hundreds of distinct
cellulases exist, synthesized by a variety of microorganisms including fungi, bacteria, and
protozoa.”’ Complete degradation of cellulose requires the concerted action of two classes of
enzyme on the cellulose surface.” Endoglucanases bind and complex nonspecifically on the
cellulose surface and cleave 1,4-B-glycosidic linkages to produce chain ends that are lifted from
the hydrogen-bonding network.””> Cellobiohydrolases, sometimes known as exoglucanases, then
complex with these chain ends and cleave individual bonds to produce oligosaccharides with
degree of polymerization 2 — 6> that are subsequently released into aqueous solution.”> Once in
solution, these oligosaccharide products are further depolymerized by aqueous enzymes known
as cellobiases or beta-glucosidases.*>

Enzymes from both classes of surface-active cellulase (endoglucanases and
cellobiohydrolases) typically consist of two domains, a larger catalytic domain (CD) and a
smaller cellulose-binding domain (CBD), joined by a flexible glycosylated peptide linker.*
Although there is considerable structural diversity among cellulases synthesized by different
microorganisms,’’ enzymes from each class typically have some broad morphological
similarities. The CD of endoglucanases resembles a cleft,” whereas the CD of
cellobiohydrolases resembles a barrel.’® The cellobiohydrolase barrel forms a complex with
exposed chain-ends on the cellulose surface and cleaves the chain into oligosaccharides. A
scission requires significant conformational change of the cellulose chain, induced by the
interaction of at least four internal amino-acid residues with cellulose.’”  Once a
cellobiohydrolase CD is complexed with a chain end, it typically works processively to degrade
cellulose, keeping the cellulose chain in its binding barrel.”® ** The CBD is the smaller of the
two domains, and some surface-active cellulases lack a CBD entirely.’’ *° The mechanism of
interaction between the CBD and the cellulose surface is not well-characterized. In many fungal
cellulases, the interaction with the cellulose surface is known to be mediated by three critical
tyrosine residues,*’ ** with possible involvement of tryptophan and glutamine residues.” The
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interaction between the CBD and the cellulose surface has been described in different sources as
both reversible** and irreversible.** ** Reversibility of the CBD-cellulose interaction may depend
on the structure of the CBD and the identity of the cellulase.’’

With hundreds of cellulases and cellulose feedstocks available for analysis,
standardization of enzyme activity is necessary. Fungal cellulases, such as those from 7. reesei,
T. longibrachiatum, and T. emersonii are often used in studies of cellulase activity due to their
high availability and applicability to industrial-scale production.' ® ** # 32 % Avicel, a pure
cellulose powder made from mechanically-ground steam-exploded spruce wood, is a laboratory
standard for measuring cellulase activity, as observed degradation rates on Avicel typically
correlate well with those measured on common industrial feedstocks.* *’

1.3. Challenges in Modeling Cellulose Deconstruction

Since cellulose is water-insoluble and cellulytic enzymes bind to its solid surface, the
enzymatic deconstruction of cellulose is a surface-based process. However, until recently, only
bulk assays were available to examine deconstruction kinetics.””> Estimates of the enzyme-
accessible surface area of Avicel range from 1 m” / g to 300 m* / g,** *° making it difficult to
relate activity data measured in the bulk with surface activity.

The surface activity of an individual cellulase on the cellulose surface can be understood
according to a four-step process:*> >° (1) adsorption of the cellulase to the cellulose surface and
interaction of the CBD with cellulose; (2) complexation of the enzyme CD with the cellulose
surface; (3) enzyme activity, leaving the cellulase complexed; and (4) return of the cellulase to
the adsorbed uncomplexed state. The cooperative activity of endoglucanases and
cellobiohydrolases in creating and degrading cellulose chain ends can be further described from
this basic framework. Extended kinetic models consider factors such as inhibition of cellulases
by oligosaccharide products,”’ ** processive chain length of cellobiohydrolases,”® 2-D surface
diffusion of cellulases™ and subsequent jamming of surface enzymes,”” and the effect of
crystallinity on cellulase activity.”® >’

An outstanding problem in cellulose degradation is the phenomenon of Kkinetic
slowdown.’® After 12 — 24 h contact between the cellulase mixture and the cellulose surface,
enzyme activity decreases significantly, often leaving large fractions of undegraded cellulose.™
Low yield as a result of this kinetic slowdown is a major limitation in industrial biofuel
production.”™ Several hypotheses exist for kinetic slowdown, including an increase in
recalcitrance of the cellulose surface as cellulose is degraded,”® denaturation/inactivation of
surface cellulases,® ®* or oligosaccharide product inhibition.”' Surface-based assays are useful in
evaluating each of these hypotheses.

1.4. Existing Surface-Based Research Into Cellulose Deconstruction

Recently, thin model films of cellulose adhered to glass and metal supports have become
available.”” These films offer a well-defined surface of known area on which cellulase
adsorption and kinetics can be measured. A variety of synthesis methods are available to
produce cellulose films of varying thickness and surface properties. Cellulose films can be
synthesized via spin-coating of ionic-liquid-solvated cellulose®® or trimethylsilylcellulose,®® via
Langmuir-Blodgett deposition from cellulose suspensions,’® ®’ or by adhering high-crystallinity
cellulose (Valonia, Tunicin, bacterial microcrystalline cellulose) directly to solid supports.®®
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These thin films of cellulose have been analyzed via ellipsometry,” " 7' 72

microgravimetry,”” "* 7 7® 77 7 atomic-force microscopy,”® 7 ¥
Brewster-angle microscopy.®*

Turon et al. utilized a quartz crystal microbalance (QCM) to measure enzyme activity on
model cellulose films.”” However, kinetic data were reported as a frequency shift and were not
converted to a quantitative mass basis. Turon et al. do provide useful qualitative results for
enzyme adsorption and cellulose deconstruction, as well as the impact of temperature on
cellulase activity.” In a similar study, Josefsson et al. used QCM to explore the synergy between
individual endoglucanases and cellobiohydrolases in degrading cellulose films.” These authors
convert their results to a mass basis and report enzyme-adsorption data for endoglucanases.
However, the remainder of their analysis is based on qualitative observation. Suchy et al. also
use QCM to characterize endoglucanase and cellobiohydrolase activity on model amorphous
cellulose films, finding degradation results to vary considerably with film preparation and
crystallinity.” Gang et al. used QCM and neutron reflectometry in combination to explore
qualitatively the penetration of fungal endoglucanases into amorphous cellulose films, finding
that the CBD mediated film penetration.®' Earlier, Erikkson et al. characterized enzyme activity
via ellipsometry, studying the effect of pH, ionic strength, agitation, and temperature on cellulase
reactivity. Again, their data are mainly qualitative and describe only total enzyme activity, not
enzyme adsorption.”” Ma et al. explored the relationship between cellobiohydrolase activity and
irreversible binding.* Results, however, were limited to a single enzyme and did not explore the
cooperative activity of endoglucanases and cellobiohydrolases.

quartz crystal
neutron reflectometry,®’ and

1.5. Thesis

Despite progress in developing surface-based sensing techniques for cellulase activity,
current literature results are preliminary. Surface-based assays offer continuous, non-invasive,
inhibition-free tools for measuring enzyme kinetics. The goal of this thesis is to measure via
surface-based assays the adsorption and cooperative activity of cellulases on a model cellulose
surface and to devise a kinetic model for the cooperative enzymatic deconstruction of cellulose.

In Chapter 2, flow ellipsometry is used to quantify the adsorption and activity of a
lyophilized mixture of cellulases from 7. reesei on a model cellulose film. Enzyme activity on
the model film is identical to that on the industry-standard Avicel, validating the quantitative
results of the surface-based assay. Degradation rate and adsorption data are analyzed according
to a single-enzyme kinetic model incorporating Langmuir kinetics to describe adsorption and
Michaelis-Menten kinetics to describe the complexation and activity of adsorbed cellulase on the
cellulose surface. This model is a coarse picture of cellulose deconstruction, as it considers all
enzymes as having cellulytic activity and does not discriminate between endoglucanases and
cellobiohydrolases. Further, the lyophilized mixture used to effect degradation is not well-
characterized. Nevertheless, good agreement is shown between the transient kinetic model and
measured ellipsometry data, thus establishing a “proof of concept” for the surface-based assay
and modeling approach.

After demonstrating the viability of surface-based assays to measure, describe, and model
cellulase activity on a cellulose surface, the cooperative action of isolated 7. longibrachiatum
cellobiohydrolase I (CBHI, Cel7A) and endoglucanase I (EGI, Cel7B) on model cellulose films
is explored. As such isolated enzymes are commercially available only in much smaller
quantities than the lyophilized mixture used in Chapter 2, a quartz crystal microbalance (QCM)
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was used to measure degradation data. Due to a smaller flowcell, QCM study required 100 times
less enzyme than ellipsometry study. Measured degradation rates were found to be identical
between the two assays. This important finding confirms the viability of both assays, as
ellipsometry is an optical technique that uses changes in the polarization and intensity of light to
measure the mass of a thin film, while QCM is an acoustic technique that uses changes in the
resonance of an oscillating quartz crystal to detect the mass and rigidity of a surface layer.

In Chapter 3, QCM is used to measure the competitive sorption of Cel7A and Cel7B on
model cellulose films. Both enzymes show substantial fractions irreversibly bound on the
cellulose surface after only 30 — 60 min of enzyme/surface contact. Sorption kinetics is analyzed
according to a modified Langmuir adsorption model, where enzyme adsorbed to the cellulose
surface can transition to an irreversibly bound state according to first-order kinetics. Although
Cel7A has a higher affinity for the celluose surface, the first-order kinetic constants governing
irreversible binding are identical. We hypothesize that irreversible adsorption is, therefore, a
surface phenomenon mediated primarily by the interaction of the CBD with the cellulose surface.

In Chapter 4, these competitive sorption parameters are incorporated into the Langmuir-
Michaelis-Menten kinetic model for enzyme activity. The cooperative activity of Cel7A and
Cel7B on the cellulose surface, both at pseudo-steady-state and over short and long time scales is
measured via QCM and described via this new kinetic model. Optimal ratios for Cel7A and
Cel7B activity are determined. Again, good agreement is found between model and experiment.
However, even this extended, two-enzyme kinetic model with irreversible adsorption remains a
comparatively basic picture of cellulase activity on the cellulose surface, given the many factors
affecting cellulose deconstruction listed in Section 1.3. Chapter 5 thus concludes by proposing
future work to quantify other surface kinetic phenomena and thereby elucidate the activity of
cellulases on the cellulose surface.
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Chapter 2

Cellulase Adsorption and Reactivity on a Cellulose
Surface from Flow Ellipsometry

2.1. Abstract

Enzymatic deconstruction of cellulose occurs at the aqueous/cellulose interface. Most
assays to explore cellulase activity, however, are performed in bulk solution, and, hence, fail to
elucidate surface-reaction kinetics. We use flow ellipsometry to quantify adsorption and surface
reactivity of aqueous cellulase on a model cellulose-film substrate. The rate of cellulose
digestion at the aqueous/solid interface increases with increasing bulk concentration of enzyme,
but only up to a plateau corresponding to the maximum adsorption density of cellulase. Kinetic
data are analyzed according to a modified Langmuir-Michaelis-Menten framework including
both reversible adsorption of cellulase to the cellulose surface and complexation of surface
cellulose chains with adsorbed cellulase. At ambient temperature, the molar turnover number is
0.57 + 0.08 s, commensurate with literature values, and the Langmuir adsorption equilibrium
constant, characterizing the binding strength of the cellulase, is 0.086 + 0.026 ppm™. The rate-
determining step in the surface-reaction sequence is complexation of adsorbed cellulase with the
solid-cellulose surface. Simultaneous knowledge of sorption and digestion kinetics is necessary
to quantify cellulose deconstruction.

2.2. Introduction

Fuels derived from the decomposition of lignocellulosic biomass offer a renewable
alternative to fossil fuels.' > > * > The accepted rate-determining step in the biological production
of fuel from cellulosic feedstocks is the enzymatic cleavage of crystalline cellulose to produce
sugars that are subsequently fermented to alcohols.® ” Despite the major economic and social
impacts of biofuel deployment, kinetic parameters governing deconstruction of solid cellulose by
aqueous cellulytic enzymes remain poorly characterized.® °

Cellulose, a complex carbohydrate, is the most abundant biological polymer and a major
building block of all plant life.'” It is comprised of long, nonbranching chains of glucose
monomers joined by 1,4-B-D-glycosidic linkages.'" Elementary fibrils are comprised of
approximately 40 of these chains held together by hydrogen bonds." At least 6 possible
conformations of cellulose chains within the elementary fibrils are possible depending on the
conditions under which polymerization occurs.'” Native cellulose found in plant-cell walls is
composed of a heterogeneous mixture of at least two of these conformations.'® Due to the strong
internal hydrogen-bonded network, cellulose is highly crystalline in the center of its elementary
fibrils, insoluble in water, and relatively intractable to enzymatic degradation.” '* The crystalline
superstructure of cellulose is difficult to disrupt even under extreme reaction conditions:
cellulose must be heated to 320 °C at a pressure of 25 MPa to remove its crystallinity.'” The
complexity of the hydrogen bonding network within cellulose fibrils makes molecular modeling
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difficult.” Recent studies have demonstrated successful solubilization and deconstruction of
cellulose in ionic liquids."” "> Reaction in ionic liquid, however, appears economically infeasible
given current technology."

Presently, industrial-scale biofuel production employs cellulytic enzymes known as
cellulases to deconstruct cellulose into fermentable sugars.' The term “cellulase” refers to any
one of over 100 glucosidases that exhibit activity on cellulose or smaller glucose oligomers."
Cellulases are further classified into three major groups depending on their general function.
Endoglucanases break hydrogen bonds and cleave glycosidic linkages within cellulose
microfibrils, disrupting the crystal structure and exposing the ends of individual cellulose chains.
Cellobiohydrolases hydrolyze the 1,4-B-D-glycosidic linkages that comprise the polymer
backbone of cellulose, working at the ends of cellulose chains and producing oligomers
consisting of 2-6 monosaccharides. Cellobiases then cleave the solubilized oligomeric reaction
products completely into glucose monomers.'® Mixtures of cellulases from all three classes work
in concert to depolymerize solid cellulose completely into small aqueous oligomers and
subsequently into glucose monomers.

Both endoglucanases and cellobiohydrolases consist of two primary domains: a catalytic
domain (CD), where scission of cellulose bonds occurs, and a smaller cellulose binding domain
(CBD) that attaches the cellulase to the cellulose surface. These two domains are connected by a
flexible linker."” Cellulases have been synthesized with both deactivated catalytic sites and
deactivated cellulose binding domains, allowing individual study of sorption and kinetic
properties.'®

Most kinetic studies of enzymatic-cellulose deconstruction utilize bulk assays,® '® and
thus fail to recognize that cellulose cleavage occurs at the interface between the solid cellulose
surface and an aqueous enzyme solution. Avicel, a steam-exploded, powdered microcrystalline
cellulose produced from wood pulp, is a laboratory standard substrate for bulk assays, because its
degradation rate is comparable to that of industrial cellulose feedstocks under similar reaction
conditions'®. Although numerous studies exist quantifying enzyme adsorption and reactivity on
the surface of Avicel using solution depletion and other methods, " * *' ** these measurements
are limited because the surface of Avicel remains poorly defined. Estimates of the enzyme-
accesible surface area of Avicel in water range from 1 m*/g * to 300 m*/g ** and can change
during digestion. A meaningful assay of enzyme kinetics at the aqueous/cellulose interface must
operate on a well-defined and controlled surface.

Despite the importance of enzymatic cellulose degradation to biofuel production,
relatively little is known about the actual mechanism of cellulase activity at the water/cellulose
interface. Figure 2.1 portrays schematically a possible sequence of reaction steps. Cellulase,
represented with its two domains separated by a linker, arrives at the surface by convective
diffusion in series with sorption kinetics. It then complexes with cellulose surface chains and
effects cleavage to produce scissioned oligomeric product. Thus, in addition to deconstruction
kinetics, a complete picture of aqueous cellulase activity on a solid surface must consider
enzyme adsorption, adsorption reversibility, possible surface-enzyme denaturation, and requisite
changes in the surface area of the cellulose substrate during degradation. It is not possible to
understand the detailed mechanism of cellulase catalysis of cellulose without considering surface
behavior.

Some work is available describing the kinetics of cellulase activity via surface-based
assays including quartz crystal microbalance (QCM),'® * 2 2" ¥ ellipsometry,” and surface-
plasmon resonance.*® All cited studies, however, are qualitative in nature and do not separately
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assess the role of enzyme adsorption equilibria and kinetics in the deconstruction process. We
utilize flow ellipsometry to quantify adsorption and activity of cellulase on a flat, model
cellulose surface.” 2° *" ** 2% Experimental isolation of enzymatic activity from adsorption on an
insoluble cellulose substrate is challenging. By inhibiting the cellulytic enzyme, we ascertain
adsorption/desorption kinetics independent from the reaction kinetics. Incorportation of
adsorption kinetics leads to a Langmuir-Michaelis-Menten enzyme-catalysis model®' for
cellulose digestion. For the first time, we ascertain quantitative estimates of all kinetic
parameters characterizing the reaction sequence pictured in Figure 2.1.

Ebulk
k aa
\A Esurface (Es)surface (ES) [ J Esurface

kD/PQ~\ k surface / /g

1

S — k, %’Q —  k, -
T

Figure 2.1. [Illustration of the modified Langmuir-Michaelis-Menten kinetic sequence to
describe the enzymatic degradation of cellulose. Cellulase is represented by an oval (active
domain) and a triangle (cellulose binding domain). Light lines represent surface cellulose chains.
Filled black circles represent monomeric subunits of the cellulose chain that are complexed with
the cellulase active site and subsequently released from the cellulose surface as oligomeric
products. Several degradation events (governed by k,) can occur for each decomplexation event
(governed by k;). All surface-complexed enzymes, (ES),,....» decomplex at the same rate, as
illustrated on the far right of the figure.

2.3. Materials and Methods

2.3.1. Preparation of Cellulose Films

Several methodologies exist to produce isotropic model films of cellulose adhered to a
variety of substrates.” **** These films offer well-defined, flat surfaces on which kinetic activity
can be quantified. Here, thin cellulose films were deposited on silicon surfaces after the method
of Gunnars et al.” A 5.28-g aliquot of powdered 4-methylmorpholine-N-oxide (4MMO; Sigma
Aldrich #224286, 97% purity) was heated with 1.32 mL of distilled/deionized water (Millipore
QGARDOORI, Billerica, MA, USA) in a round-bottom flask under magnetic stirring at 85 °C
until an opaque brown liquid formed. To this liquid mixture, 210 mg of Avicel microcrystalline
cellulose (Sigma Aldrich #11363) were added, and the solution was heated at 103 °C for 1 h. The
solution was removed from heating, and 1.8 mL of dimethylsulfoxide (DMSO; Sigma Aldrich
#D5879, 99.5%) were added to reduce solution viscosity. As noted in Falt et al., decreasing the
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viscosity of the cellulose solution decreased the coating thickness of the subsequent thin
cellulose films.** After the addition of DMSO, the solution was cooled to ambient temperature.

Standard Test Grade Silicon wafers, 475 - 575 um in thickness, were obtained from
International Wafer Services (Colfax, CA, USA). Wafers were cut into 17 mm x 17 mm squares,
dried under nitrogen flow, and plasma-cleaned (Harrick PDC-32G; Pleasantville, NY, USA) to
remove surface organic residue. The wafers were subsequently soaked for 30 min in a 0.5% w/w
solution of poly-diallyl-dimethyl-ammonium chloride (PDADMAC; Sigma-Aldrich #409030,
sold as a 20% w/w aqueous solution), which functioned as a cationic polymer anchor between
the silicon surface and the cellulose film. After deposition of the anchor polymer layer, wafers
were washed in distilled/deionized water for 15 min and subsequently dried.

The cooled cellulose solution was deposited on the prepared silicon wafers by spin
coating (Laurel Technologies WS-400B-6NPP/LITE; North Wales, PA, USA) at 5000 rpm for 1
min. Coated wafers were further washed in distilled/deionized water for 12 h without agitation
and dried under nitrogen flow.

2.3.2. Cellulases

We utilized a lyophilized mixture of cellulases from the fungus Trichoderma reesei
(Sigma Aldrich #C8546) consisting of endoglucanases, cellobiohydrolases, and cellobiases. This
mixture exhibits approximately equal endoglucanase and cellobiohydrolase activity.” The
endoglucanses and cellobiohydrolases in this mixture have similar domain structures, molecular
weights of 55 + 10 kDa, and dimensions of approximately 15 x 5 x 10 nm.” *" Accordingly, in
this work, we treat the cellulase mixture as pseudo-single component. Because disappearance of
the cellulose is measured rather than appearance of oligomeric product, the presence of
cellobiase plays no active role in the resulting deconstruction kinetics.

2.3.3. Flow Ellipsometry for Cellulose Degradation

The thickness and refractive index of the thin cellulose films were measured with a
single-wavelength ellipsometer (Sentech SE-400; Berlin, Germany) utilizing a helium-neon laser
operating at a wavelength of 623.8 nm and a 70-degree angle of incidence. This configuration is
typical for ellipsometric measurement of polymeric films.”® A cellulose-coated silicon wafer was
placed into a custom-built flow cell. The dimensions of this flowcell are given by Foose et al.’!
The flow cell was subsequently filled with a 9.5-mM NaH,PO, buffer solution (pH 5.5; Sigma-
Aldrich #59638). The cellulose film swelled upon exposure to buffer solution; a steady-state
thickness was reached after approximately 3 h, typically at 2 — 3 times the thickness of the dry
film.

In a typical kinetic-degradation experiment, after swelling, a buffered cellulase solution
of desired concentration was flowed over the cellulose-coated wafer for two or more hours,
during which time the thickness and refractive index of the cellulose film were measured
continuously. Nascent buffer was then flowed over the wafer to remove remaining surface
enzyme and loosely bound scission products. A nominal flow rate of 8 mL / min was used,
corresponding to a surface shear rate of about 0.25 s”'. All experiments were performed at 25 °C.

Raw transient ellipsometry data (psi and delta)”® were processed by Sentech SE401
modeling software on a two-layer optical model. The PDADMAC anchor layer was set at a
thickness of 2 nm and a refractive index of 1.520, ascertained from the average of several dry
ellipsometry measurements. For the outer layer, consisting of cellulose and adsorbed cellulase,
thickness and refractive index were calculated continuously for each data point. In a typical
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experiment, the refractive index varied by less than 1% from its initial value throughout enzyme
adsorption and film degradation.

2.3.4. Flow Ellipsometry for Cellulase Adsorption

To measure cellulase adsorption dynamics independent of cellulose degradation,
D-(+)-Glucose (Sigma Aldrich #G5767) was added to the aqueous enzyme solutions. Glucose is
an inhibitor of cellulase, preventing not only deconstruction activity, but also complexation with
the cellulose substrate.”® For inhibition studies, lyophilized cellulase was added to a 6000-ppm
aqueous solution of glucose in NaH,PO, buffer solution, a ratio of approximately 100 to 1000
parts glucose to 1 part enzyme by mass. Various ratios of glucose inhibitor to aqueous cellulase
were tested; the ratio of 100 parts glucose to 1 part cellulase was the lowest glucose
concentration at which no enzyme activity was observed. Higher glucose concentrations
produced identical cellulase adsorption histories. As with the non-inhibited assay, cellulose
films were allowed to swell to a steady-state thickness in 6000-ppm glucose solution before the
cellulase-glucose solution was injected into the cell.

2.3.5. Sulfuric-Acid Assay

To validate the ellipsometric surface-kinetic assay, comparison was made to the well-
established sulfuric-acid assay.”’ Samples of a 350-ppm suspension of powdered Avicel
cellulose were prepared by mixing 3.5 mg of cellulose with 10 mL of 9.5-mM NaH,PO, buffer
solution and agitating mechanically in a vortexer for 24 h. Concentrated 1000- to 6000-ppm
aqueous solutions of 7. reesei cellulase in buffer were added to achieve the desired bulk cellulase
concentration. The resulting reaction mixture was stirred for 90 min at 360 rpm (ca. 0.1 s shear
rate based on a nominal particle diameter). Unreacted cellulose was then removed by
centrifuging at 2500 rpm for 90 s and decanting the clear supernatant comprised of buffer,
enzyme, and aqueous reaction products.

A 500-uL aliquot of each supernatant mixture was collected in a scintillation vial, after
which 2 mL of concentrated sulfuric acid (Sigma-Aldrich #435589) and 500 uL of phenol
(Sigma-Aldrich #P3653, 99% purity) were added. The solution was agitated for 20 min and
transferred to a spectrophotometer cuvette. Under these reaction conditions, all oligomeric
products of cellulose degradation are depolymerized into monomeric glucose and functionalized
into an aromatic derivative that absorbs at 490 nm. To quantify the aqueous reaction products
liberated from the cellulose surface over the 90-min reaction time, absorbance was measured and
compared with a calibration curve prepared from aqueous glucose solutions of known
concentrations.

2.4. Results

2.4.1. Characterization of Cellulose Films

Typical cellulose films prepared for this study exhibited an average dry thickness of
137.2 £ 2.7 nm and an average refractive index of 1.64 + 0.02, commensurate with the values
described by Gunnars et al.”” Films swell to approximately twice their dry thickness when
exposed to buffer, suggesting penetration of buffer solution into the matrix of the cellulose-film
coating. As discussed below, the increased film water content does not, however, permit
cellulase penetration into the cellulose film. The average refractive index of buffer-swollen films
was 1.41 £0.01.
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Figure 2.2 displays atomic-force-microscopy images of two typical cellulose films. The
micrograph in Figure 2.2a shows an initially prepared dry film prior to degradation by cellulose.
Nascent films exhibit features on the order of 300 nm in width, whereas the size of a cellulose
microfibril is 30 nm.'® This suggests that the dissolution in 4MMO and subsequent deposition of
cellulose preserves features of the superstructure of cellulose. The film pictured in Figure 2.2b
was exposed to a 12-ppm aqueous solution of cellulase for 4 h at ambient temperature.
Degraded films display a loss in resolution of the 300-nm features and a rougher surface filled
with crevasses. The calculated RMS roughness of the film increased from 24.3 + 3.1 nm before
enzymatic degradation to 47.2 + 2.2 nm after enzymatic degradation. Both roughness values are
an order of magnitude smaller than the wavelength of the laser used for ellipsometric
measurement (632.8 nm), confirming the viability of ellipsometry as an assay tool for these
cellulose films. *'

Figure 2.2. Atomic-force-microscopy (AFM) images of cellulose films in tapping mode. a)
before degradation; b) after 2 h degradation by 12-ppm lyophilized cellulase from T. reesei.
Width = 20 wm x 20 wm. Height scale = 200 nm.

Following Gollapalli et al.,** the index of crystallinity for cellulose, CI, was quantified
via x-ray diffraction according to

cr ==l 100 , 2.1

am

where [, and I, represent the absorbances of the material at angles of incidence of 260 = 18°and
22.5° respectively, and correspond to the scattering angles for crystalline and amorphous
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cellulose.*” The crystallinity index of Avicel was 58 + 2%, whereas the crystallinity index of the
cellulose films was 42 + 4%. The crystallinity index of films exposed to cellulase for 2 h was
42 + 3%. Accordingly, enzymatic degradation of cellulose films over this time scale did not
preferentially degrade crystalline cellulose versus amorphous cellulose.  The constant
crystallinity throughout degradation suggests that the 7. reesei enzymes digest the cellulose film
at the external surface and not throughout the film interior.

2.4.2. Deconstruction Kinetics

Figure 2.3 shows a typical thickness history of a thin cellulose film, as measured by
continuous-flow ellipsometry, during deconstruction over a period of 3 h in a 62-ppm solution of
cellulase in NaH,PO, buffer. Following Figure 2.1, stages of enzyme adsorption, film
degradation, and enzyme desorption upon washing with buffer are labelled. Film thickness
initially increases as the cellulases adsorb to and complex with the cellulose substrate surface.
Following adsorption and complexation, degradation of the film is evident. During the
degradation stage, the slope of the thickness reaches a constant negative value, indicating a
constant rate of film deconstruction. Crevasses in the AFM image shown in Figure 2.2b suggest
that enzyme reactivity is not perfectly isotropic. Rather, the degradation rate represents an
average over the surface area measured by the ellipsometer, approximately 1 mm x 1 mm. After
2 h of degradation, buffer solution was flowed over the film, desorbing surface enzyme and
washing away remaining surface deconstruction products. The amount of enzyme desorbed
during washout is close to that initially adsorbed.

The slope of the linear portion of Figure 2.3 represents the overall rate of cellulose
degradation in nm / h for a constant surface enzyme concentration at a given bulk cellulase
concentration (62 ppm in Figure 2.3). Experiments performed with shear rate increased by a
factor of five showed no discernable effect of increased flow rate. Thus, mass-transfer resistance
pictured in Figure 2.1 is minimal in the ellipsometric flow cell. This conclusion was confirmed
by comparing the overall rate of degradation to that predicted by Lévéque theory for the mass
transfer coefficient” using the known shear rate in the ellipsometry flow cell (0.25 s") and an
estimated enzyme diffusion coefficient (10° cm?/s) Thus, the linear-period slope of the thickness
history quantifies the surface kinetics of cellulose deconstruction.

Kinetic rates of cellulose degradation were measured for varying bulk cellulase
concentrations and converted from a thickness basis (nm / h) to a mass basis
(mg cellulose / m* h) using an assumed density of 1.46 g / cm’.” Our cellulose films degrade
completely, leaving only the PDADMAC anchor layer, after exposure to cellulase for 24 — 48 h.
This observation contradicts the work of Turon et al., who suggest that a layer of intractable
cellulose remains after degradation of spin-coated cellulose films."®

Figure 2.4 plots the measured mass-basis cellulose degradation rates as a function of bulk
cellulase concentration (open squares). Degradation rates initially increase with bulk cellulase
concentration, but eventually reach a plateau. Increasing cellulase concentration beyond 60 ppm
no longer increases the rate of cellulose degradation. In contrast to the results in Figure 2.4, the
classical Michaelis-Menten kinetic model predicts a strict linear rise with bulk enzyme
concentration.** The asymptotic behavior shown in Figure 2.4 is consistent with surface-
controlled enzyme reactivity on a solid substrate, where surface-coverage limitations restrict
enzyme availability.”'
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Figure 2.3. Enzyme adsorption, degradation, and desorption, measured via flow ellipsometry
with 62- ppm lyophilized cellulase from 7. reesei at 25 °C.

To assess specifically the validity of our flow-elipsometry deconstruction rates for spin-
coated cellulose films, the bulk sulfuric-acid assay was also used to measure enzymatic
degradation of Avicel, in mg / h, at several aqueous bulk enzyme concentrations. Possible mass-
transfer rate limitations in the bulk assay were assessed by varying stirring speeds over a factor
of five (300 — 1500 rpm), which produced no discernible effect on degradation rate. Thus, mass
transport to and from the cellulose surface was not rate limiting in either assay.

Degradation rates from the sulfuric-acid assay were converted to a per-unit-area basis,
using an average surface area of 3.4 m> / g Avicel, measured via BET analysis. These values
were then plotted against the bulk concentration of cellulase. Figure 2.4 compares the mass-per-
unit-area degradation rates measured by the sulfuric-acid assay (filled circles) to those measured
by ellipsometry (open squares). It is important to distinguish between the fundamental quantities
measured by the two assays. The sulfuric-acid assay measures the appearance of reaction
products in solution, whereas the flow-ellipsometric assay measures disappearance of the solid
substrate. Nevertheless, the two assays are in excellent agreement when compared on a per-unit-
area basis. This result not only validates the surface assay, but also confirms that the
deconstruction reaction occurs at the external cellulose interface. We find no evidence for
penetration of the enzymes into the spin-coated cellulose film. Results in Figure 2.4 mean that
our spin-coated cellulose films degrade at rates identical to those of Avicel, the accepted
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substrate standard. The bulk sulfuric-acid assay, however, provides no information on enzyme
surface concentration and kinetics, and does not allow continuous measurement.
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Figure 2.4. Cellulose degradation rate in mg / m* h as measured by flow ellipsometry on a thin
cellulose film (open squares) and by sulfuric-acid assay on Avicel (closed circles) plotted against
bulk enzyme concentration. Lyophilized cellulase from 7. reesei at 25 °C. Typical error bars
shown.

2.4.3. Adsorption Kinetics

A typical flow-ellipsometric result for enzyme adsorption under glucose inhibition is
shown in Figure 2.5. Adsorption of lyophilized cellulase to the model cellulose film substrate
reaches equilibrium after about 1 h. Return of the film to its initial thickness after washing with
buffer also establishes the reversibility of the adsorption process when total exposure time to the
surface is 2 h or less.

Figure 2.6 compares transient adsorption measured under glucose inhibition to transient
adsorption and degradation measured in the absence of glucose at 24-ppm enzyme concentration
in buffer. Both curves follow identical adsorption trajectories over the first 0.25 h of
measurement. We did observe glucose adsorbing from 6000-ppm solution to the cellulose film
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surface, producing a height response of about 0.2 nm. However, the important result in Figure
2.6 indicates that glucose does not compete with cellulase for surface sites, prevent cellulase
from adsorbing to the surface, or otherwise affect the adsorption properties of cellulase when
deployed as an inhibitor to cellulase complexation and activity. Thus, glucose inhibition of the
active site of cellulase does not affect the sorption properties, apparently because the binding
domain primarily controls adsorption. Deviation of the two curves thereafter is attributed to
cellulose degradation, which occurs when no glucose is present in solution (see discussion of
Figure 2.3). Leveling of the adsorbed amount for the deactivated cellulase over the time frame
of 0.5 h further confirms the inability of the enzyme to penetrate the coated-cellulose film.
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Figure 2.5. Adsorption and desorption kinetics of cellulase, as measured by ellipsometry. 3.1-
ppm lyophilized cellulase from 7. reesei under inhibition by 6000-ppm glucose at 25 °C.
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Figure 2.6. Adsorption of cellulase measured under 6000 ppm glucose inhibition compared to
adsorption and activity of noninhibited cellulase, measured by flow ellipsometry. Data represent
film-thickness deviations from two separate baselines established in two separate experiments.
24-ppm lyophilized cellulase from 7. reesei under inhibition by 6000-ppm aqueous glucose at 25
°C.

Enzyme surface concentration, in units of enzyme mass per substrate surface area, was
quantified from the thickness histories using the formula of de Feijter:*

_ h(n;-n,)

, 2.2
dnldc 2.2)

where & and I represent the adsorbed-enzyme thickness and surface concentration of enzyme,
while n; and n,,, respectively, represent the indices of refraction of the film and aqueous solution.
The refractive index of the film was taken as 1.410, and the ambient refractive index for the
buffer solution was 1.333, equal to that of water. The “de Feijter constant”, dn/dc, a property of
the enzyme in bulk solution, was set at 0.183 cm’ / g, typical for aqueous-enzyme systems.*
Figure 2.7 displays the equilibrium cellulase adsorption isotherm on solid cellulose.
Similar to the cellulose degradation rates in Figure 2.4, these data show that cellulase equilibrium
adsorption increases linearly with bulk enzyme concentration for small concentrations, but
eventually reaches an asymptote. In the plateau region, increasing bulk cellulase concentration
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no longer increases cellulase adsorption. This finding is consistent with a surface-based model of
cellulase activity where cellulose adsorption is limited by a fixed density of surface sites. Thus,
degradation rates reach an upper limit in Figure 2.4 as adsorption reaches maximum coverage. In
the adsorption-plateau region, higher solution concentrations of enzyme do not increase
deconstruction rates because the surface is fully occupied by enzyme. Thus, enzyme bulk
concentration does not control the deconstruction rate. Rather, the surface concentration of
enzyme dictates that rate. Based on the geometry of a cellulase molecule (15 x 5 x 10 nm)™,
monolayer coverage corresponds to approximately 9.8 mg / m”>. Observation of submonolayer
coverage is inconsistent with significant cellulose penetration into the deposited cellulose film.
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Figure 2.7. Equilibrium adsorption isotherm of cellulase on solid cellulose plotted against bulk
cellulase concentration. Lyophilized cellulase from 7. reesei under inhibition by 6000-ppm
aqueous glucose at 25 °C. Typical error bar is shown.
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2.5. Theory

The kinetic data presented in Figure 2.4 demonstrate that enzyme activity on a solid
cellulose surface reaches a plateau corresponding to the adsorption plateau in Figure 2.7. In
traditional Michaelis-Menten kinetics*, substrate concentration, not enzyme concentration, limits
activity. Although considerable effort has been directed towards kinetic modeling of enzymatic
deconstruction of cellulose,®* #0#7 484950315253 \yith few exceptions™ *°, current models of cellulase
activity on cellulose do not quantify the observed surface-coverage limitation of rate.

2.5.1. Kinetic Model

To quantify the results in Figures 2.4 and 2.7, we present a modified Michaelis-Menten
rate expression for enzymatic degradation of cellulose including Langmuir adsorption behavior.
Based on the experimental findings discussed above, we neglect diffusion into and enzymatic
deconstruction within the cellulose film. Since external mass-transfer resistance is negligible, our
proposed Langmuir-Michaelis-Menten (LMM) kinetic model, illustrated in Figure 2.1, accounts
for four processes in the interaction between aqueous enzyme and a digestible solid substrate:
(1) adsorption of aqueous enzyme to the solid surface; (2) formation of an enzyme-substrate
complex between an adsorbed enzyme molecule and the solid substrate; (3) surface reaction
liberating product from the solid surface into solution; and (4) return of the complexed enzyme
to the uncomplexed adsorbed state. Measured degradation kinetics are areal. Based on the
constancy of degradation rate and surface roughness during continued digestion, we assume that
new underlying substrate is unveiled to the aqueous/cellulose surface during deconstruction. We
do not account for molecular-weight change of the surface chains during reaction,” ** *° nor do
we discriminate between endoglucanases and cellobiohydrolases.

Figure 2.1 summarizes the proposed cellulose-deconstruction model. The first step is the
adsorption of cellulase to the cellulose surface, shown in Figure 2.5 and in the literature to be
reversible for low exposure times.”” Thus, provided exposure time to the surface is small, the
cellulose-binding domain reversibly attaches to and detaches from the cellulose surface. We
characterize sorption kinetics according to the Langmuir model,’®

E, . +lopen site] == E (2.3)

surface

Thus, the rate of adsorption, r,, is proportional to the bulk cellulase concentration, [E], and to the
surface concentration of open adsorption sites, I',, according to an adsorption rate constant, & ,:

r, =k, [ETT, . (2.4)

Likewise, the rate of desorption, r,, is proportional to the surface concentration of adsorbed
cellulase, I';, according to a rate constant, &, ,

r, =k,T, . (2.5)

Once adsorbed to the cellulose substrate surface, cellulase has the potential to draw a
cellulose chain into its active site, forming an enzyme/substrate complex. This step requires the
interaction of several functional groups within the cellulase reaction barrel with the cellulose
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chain, forcing significant conformational change in the substrate. We assume this step is
reversible, as in the typical Michaelis-Menten kinetic model:

(2.6)

surface ’

Esurface + S Fkll) ES

where S is a surface cellulose chain end available for complexation with cellulase enzyme. The
rate of complexation, r., is proportional to the surface concentration of cellulase, I';, and to the
surface concentration of available cellulose chains, T's, according to the complexation rate
constant, k, :

r. = kLT, , 2.7

where the surface concentration of the cellulose chains is assumed constant, as discussed above.
Similarly, the rate of decomplexation is first-order in the surface concentration of complexed
enzyme, [, according to the decomplexation rate constant k ;.

T . (2.8)

Cleavage occurs within the enzyme/substrate complex and a glucose oligomer is released
from the cellulose surface. Once released, oligomeric cleavage products enter into the aqueous
phase. Any re-adsorption of cleavage products is neglected. The rate of cleavage for this
process, r, is proportional to the surface concentration of enzyme-substrate complex, Iy,
according to the rate constant k, :

ES —k sFg

surface

+P , (2.9)

surface
with
ey = kT . (2.10)

Note in Equation 2.9 and in Figure 2.1 that we do not distinguish between surface-complexed
cellulase states with different chain lengths in the active site. All surface-complexed cellulase
states have equal probability of returning to the uncomplexed state. After cleavage, the enzyme
remains complexed with the cellulose chain. Later, it reverts to the adsorbed uncomplexed state
in obedience to Equation 2.8. Finally, adsorption site conservation demands that

I_‘max =FE +FES +r0 ’ (2]])

where I, ,, is the maximum surface concentration of adsorbed enzyme.

Three mass balances describe the change in the surface concentrations of enzyme and
enzyme-substrate complex and the rate of release of oligosaccharide products from the cellulose
surface. Equations 2.4, 2.5, 2.7, 2.8, 2.10, and 2.11 provide the rate laws for these balances:

dFE
dt

=k, [EJT,, —[T, + T, ) —k,T, — kI, + kT , (2.12)
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dFES

—kT,T, -k T, , (2.13)

and
dP
—=k,I . (2.14)
dt 2% ES
In Equation 2.14, dP/dt represents the mass rate of aqueous product formation per unit area,
which is necessarily equal to the mass rate of degradation of cellulose per unit area. Once
parameters k,, k,, kI, k, k, and I,, are specified, Equations 2.12 — 2.14 are solved

numerically by a Runge-Kutta algorithm to predict aqueous cellulase adsorption onto and
reactivity with the solid cellulose surface.

2.5.2. Kinetic Parameters

The proposed modified LMM kinetic model was applied to the data obtained from our
surface-based flow-ellipsometric assay to determine values for the kinetic parameters appearing
in Equations 2.12 — 2.14 above. First, adsorption and desorption rate constants, k, and k,, were
determined from equilibrium and kinetic adsorption data obtained under glucose inhibition, as in
Figures 2.5 — 2.7. As glucose inhibits not only cellulase activity but also the formation of the
enzyme-substrate complex,” these data represent the processes of cellulase adsorption to and
desorption from the cellulose surface unencumbered by complex formation and cellulose
deconstruction. Accordingly, Equation 2.12 reduces to Langmuir kinetics of adsorption and
desorption,

d;tE =k, [EIT,,, -T.)-k,I; . (2.15)

The Langmuir equilibrium constant is defined as K, = k, / k,. Thus, the equilibrium surface
concentrations of cellulase, I at each bulk cellulase concentration were fit to the Langmuir
isotherm in Figure 2.7 ,

E,eq »

I_‘E,eq= KL[E]
[ 1+K,[E]

max

, (2.16)

to give K, = 0.086 + 0.026 ppm™ and the maximum adsorption of cellulase as I, = 2.9 + 0.2 x
10° g/ m’.

Transient desorption data, such as those shown in Figure 2.5, were then used in
conjunction with Equation 2.15 (upon setting /[E] = 0) to determine the desorption rate constant
k, = 0.14 + 0.05 h”'. Consequently, given the value of K,, the adsorption rate constant was
specified as k, = 1.7 + 0.4 ppm™ h™'.

It remains to determine the surface kinetic rate constants. The typical flow-ellipsometry
result shown in Figure 2.3 illustrates that the cellulose-degradation rate is constant after
approximately 45 min of contact between cellulase and the cellulose film, corresponding to the
pseudo-steady-state rate of oligomeric product formation [dP/dt],s. Equation 2.14 reveals that
the rate of cellulose degradation is constant in time only when the surface concentration of
enzyme-substrate complex, 'y, is also constant in time. Equation 2.13 then demands that the
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surface enzyme concentration, I, is also constant. Consequently, Equations 2.12 —2.14 yield in
the pseudo-steady state

(2.17)

dt |k, + K [EN(k, + kL)

[dP] kkIT,T, K, [E]
PSS
This expression represents the rate of cellulose degradation at equilibrium cellulase adsorption as
a function of bulk cellulase concentration, [E], corresponding to the measured deconstruction
rates in Figure 2.4. The pseudo-steady-state LMM kinetic model of Equation 2.17 successfully
predicts the trends in the experimental kinetic data in Figure 2.4. For small values of bulk
cellulase concentration, the rate of cellulose degradation increases linearly with bulk cellulase
concentration. Conversely, for large values of bulk cellulase concentration, the cellulose
degradation rate reaches an upper limit. In this limit, increasing bulk concentration of cellulase
no longer increases the corresponding enzyme surface concentration, and, hence, no longer
increases the rate of deconstruction. Using surface concentration in the digestion kinetics
therefore explains the observed leveling of kinetic rate at higher solution enzyme concentration.
Remaining kinetic parameters were then determined from Equation 2.17 in the limits of
low bulk enzyme concentration and of high bulk enzyme concentration, respectively:

dP kT
([—] ) =k,(—>)K, T [E] (2.18)
dt PSS/ E1=0 -1
and
ML)
) et e
dr lpss) .. 14 (55)
k_,

We obtain two lumped kinetic parameters, shown in parentheses on the right of Equations 2.19
and 2.20: the turnover number, k., = k,, representing the rate of cellulose cleavage per unit mass
enzyme attached to the surface; and the complexation equilibrium constant K. = k,I'g / k.
Equations 2.19 and 2.20 were fit to the experimental rate data to give the mass-basis turnover
number for cellulase k., = 4.2 £ 0.6 x 10” s™' and the cellulase complexation equilibrium constant
K.=0.54 £ 0.05. Table 2.1 summarizes the fit parameters obtained by applying our single-
enzyme modified LMM kinetic model to the flow-ellipsometry data. The physical significance

of these parameters is discussed in the following section.

2.5.3. Comparison to Experiment

Given the fit parameters, Equations 2.16 and 2.17 predict the cellulase equilibrium
adsorption and the pseudo-steady-state cellulose degradation rate as functions of bulk enzyme
concentration. Figure 2.8 compares the predicted behaviors with experimental data. The
proposed LMM model shows good agreement with experimental data, both for the kinetics of
digestion and the adsorption amounts. Again the direct correlation between deconstruction rate
and surface concentration of enzyme is clear in Figure 2.8.
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Table 2.1. Kinetic parameters for the Langmuir-Michaelis-Menten kinetic model.

K, ppm’ h' 1.7+0.4
kp h' 0.14 £ 0.05
K, ppm’’ 0.086 + 0.026
| N g/m’ 29+02x107
Kc [unitless] 0.54 +0.05
KT h' 1.6+0.3
k, h' 30+04
K,=k,., | (g product) / (g cellulose s) 42+0.6x10°
Kot mot (mol cellobiose) / (mol cellulase s) 0.57 £0.08
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Figure 2.8. Degradation rate of cellulose (open squares, left axis, mg deconstructed / m* hr) and
equilibrium surface adsorption of cellulase (filled triangles, right axis, mg adsorbed / m®) plotted
against bulk cellulase concentration. Modified LMM kinetic model shown as lines. Lyophilized
cellulase from 7. reesei at 25 °C. Adsorption measured in a 6000-ppm solution of glucose.
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We also used our modified-LMM framework and the associated kinetic parameters to
predict complete transient cellulase reactivity on a solid model cellulose film. In this case, it is
necessary to estimate k,I'y and k, separately, not only their ratio. Due to the major
conformational change of both enzyme and substrate necessary to effect degradation, cellulases
are slow to decomplex from cellulose chains.” Many chain scissions occur before the active site
decomplexes. We assume a processive length of 50 cellobiose units; that is, 50 chain scissions
occur before a chain-decomplexation occurs. This means that £, = k,/ 50. Typical estimates in
the literature range from 10 — 100 units.”” Figure 2.9 compares a typical flow-ellipsometry result
with a cellulose film thickness calculated from the full transient kinetic model. The extended
LMM model shows good agreement with the transient flow-ellipsometry data, particularly from
0 — 0.5 h where transient adsorption and film degradation occur simultaneously. Thus, the
proposed LMM kinetic model successfully describes cellulase adsorption and activity at a
cellulose surface in both pseudo-steady-state and transient regimes. Note that the ratio &, / k, is
the only condition imposed upon our model. All other parameters come from independent
experiments; no chosen parameters are necessary to achieve this good agreement between
experiment and model. Furthermore, the model is not sensitive to the choice of ratio between &,
and k,. Selecting nominal values of 10, 50, 100, and 1000 units produced equivalent results.
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Figure 2.9. Comparison of experimental cellulose-film-degradation flow-ellipsometry data
(solid line) to transient prediction of Langmuir-Michaelis-Menten kinetic model (dashed line), at
48.0-ppm bulk enzyme concentration. Lyophilized cellulase from 7. reesei at 25 °C.
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2.6. Discussion

Based on agreement with the well-established sulfuric-acid assay, cellulase activity on
our model thin cellulose films measured by flow ellipsometry is commensurate with activity on
Avicel, which is the literature standard for cellulase activity. Our flow-ellipsometry data also
show good agreement with the preliminary work completed by Eriksson et al.,”” where a similar
ellipsometry technique employed thin cellulose films synthesized according to the same protocol.
Similar cellulose films were utilized in the work of Turon et al.'"® and Hu et al.”” who presented
similar qualitative results. No quantitative comparison can be made to our work, as the quartz-
crystal-microbalance data presented in those studies were not converted to a mass basis. Our
model cellulose films degrade completely after exposure to high concentrations of cellulase for
24 — 48 h, leaving only the PDADMAC anchor layer. Ahola et al. report a similar finding for
spin-coated cellulose films.”

It is difficult to compare directly the results of our kinetic analysis to those found in the
literature, as little effort has been made to quantify simultaneous cellulase adsorption and
reactivity on a cellulose substrate. Some work, however, has been completed using bulk assays
to establish a turnover number for cellulase. Our mass-basis turnover number,
k., =42+0.6x 107 s', was transformed to a molar basis by assuming an average cellulase
molecular weight of 55000 g / mol and degradation of the cellulose film only into cellobiose
dimers (molecular weight 343 g / mol). The resulting value, k., = 0.57 £ 0.08 s , represents
the average number of cellulose chain cleavages by a single bound cellulase molecule per
second, and is commensurate with values obtained for other enzymes such as chymotrypsin
(Keamor = 0.17 s)°'. Our turnover-number result is also on the same order of magnitude as those
of Holtzapple et al. (k g, = 0.43 s')* and Bommarius et al. (k.. = 0.22 s")". These studies
do not separately account for adsorption. Therefore, if an enzyme is attached to the cellulose
surface only via its binding domain, it is counted as “complexed” according to the criteria used
in these studies. Here, binding-domain attachment is attributed to adsorption and not
complexation. This distinction might account for the higher turnover number in our study, since
fewer cellulase molecules on the surface are defined as complexed.

The maximum surface enzyme concentration, I',,, = 2.9 + 0.2 x 10° g/ m’ falls within
physical bounds for cellulase adsorption based on the assumed geometry of the cellulase
molecule (15 x 5 x 10 nm)*® 7.  As a lower bound, a sparsely packed “excluded rod”
configuration was considered, where each cellulase molecule, upon reaching the surface,
occupies a 15 nm-diameter circle that no other cellulases can occupy. The surface concentration
of cellulase in this configuration was T, exeuges = 0.8 x 107 g/ m® . As an upper bound, a
densely packed “2-D liquid crystal” configuration was assumed, with cellulases completely
covering the cellulose surface. The cellulase surface coverage in this configuration was
[ axerysr = 9-8 X 107 g/ m® . The experimentally determined maximum surface coverage thus
falls between these two bounds. Our maximum cellulase surface density is also commensurate
with Josefsson et al, who report a maximum surface concentration of I', . = 3.7 x 10° g / m* for
an inactivated endoglucanase.”

From the rate constants listed in Table 2.1, we find that complexation of adsorbed
cellulase with cellulose chains is the rate-limiting step in enzymatic cellulose deconstruction.
Once the enzyme-substrate complex is formed, the enzyme works efficiently to degrade the
cellulose surface. Although this rate-limiting step has been acknowledged in recent cellulose
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degradation literature,” our work represents the first major step to quantify the relative rates of
each surface process via a surface-based assay.

2.7. Conclusions

A surface-based flow-ellipsometry assay for cellulase activity is established to quantify
enzymatic degradation kinetics on a solid cellulose substrate. New deconstruction kinetic data
are analyzed according to an extended Langmuir-Michaelis-Menten kinetic model pertinent to
cellulose digestion at the aqueous/solid interface. Obtained kinetic constants agree with those for
similar enzymes; the obtained turnover number is also similar to those obtained via other kinetic
models. Raw kinetic data are in excellent agreement with cellulose-degradation data obtained
from the standard sulfuric-acid assay as well as from similar assays conducted in the literature.
The extended LMM kinetic theory accurately predicts the degradation of a thin cellulose film as
measured by ellipsometry. We, thus, demonstrate the validity of the surface-based flow-
ellipsometry assay for quantifying cellulase adsorption and activity on solid cellulose films. This
exercise accentuates the need for simultaneous measurement of digestion and sorption kinetics to
quantify enzymatic deconstruction rates of cellulose.

The LMM kinetic model presented, however, remains a coarse description of molecular
cellulase activity on a cellulose surface. We have lumped all cellulases into a single
representative enzyme acting on cellulose to produce oligosaccharide products. In reality, the
concerted action of endoglucanases and cellobiohydrolases to create and degrade chain ends is
necessary to depolymerize fully the cellulose surface.  Effort should be directed towards
establishing the kinetics of separate cellulases individually and in known mixtures.

2.8. List of Symbols

h : Film thickness, nm

n : Refractive index

dn/dc : Refractive index increment, cm® / g

[E] : Bulk enzyme concentration, ppm

I's: Surface concentration of cellulose, g / m?

Iz : Surface concentration of adsorbed, uncomplexed cellulase, g / m*
I'ge, : Surface concentration of adsorbed, uncomplexed cellulose at equilibrium, g/ m’
I'gs: Surface concentration of adsorbed, complexed cellulose, g / m?
I'max : Maximum enzyme adsorption, g / m>

I'7: Total surface concentration for all enzyme, g/ m*

I'o: Surface concentration of open enzyme adsorption sites, g / m*

P : Oligomeric product produced per unit area, g / m>

k4 : Adsorption rate constant, ppm™ h”’

kp : Desorption rate constant, h

K; : Langmuir equilibrium constant, ppm™

k; : Complexation rate constant, m* / mg h

k-1 : Decomplexation rate constant, h”

K¢ : Michaelis-Menten equilibrium constant, m” / mg

k> : Activity rate constant, h™'

kcq: : Turnover number, h!
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r.4 : Rate of adsorption to the cellulose surface, g/ m” h

rp : Rate of desorption from the cellulose surface, g / m* h

rc : Rate of complexation with the cellulose surface, g/ m” h

rpc : Rate of decomplexation from to the cellulose surface, g/ m” h
rer : Rate of chain scission by complexed cellulase, g/ m” h
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Chapter 3

Competitive Sorption Kinetics of Inhibited Endo- and
Exo-glucanases on a Model Cellulose Substrate

3.1. Abstract

For the first time, competitive adsorption of inhibited cellobiohydrolase I (Cel7A, an
exoglucanase) and endoglucanase 1 (Cel7B) from T. longibrachiatum is studied on cellulose.
Using quartz crystal microgravimetry (QCM), sorption histories are measured for individual
types of cellulases and their mixtures adsorbing to and desorbing from a model cellulose surface.
We find that Cel7A has a higher adsorptive affinity for cellulose than does Cel7B. Adsorption of
both cellulases becomes irreversible on time scales of 30 — 60 min, much shorter than those
typically used for industrial cellulose hydrolysis. A multicomponent Langmuir kinetic model
including first-order irreversible binding is proposed. Although adsorption and desorption rate
constants differ between the two enzymes, the rate at which each surface enzyme irreversibly
binds is identical. Due to the higher affinity of Cel7A for the cellulose surface, when Cel7A and
Cel7B compete for surface sites, a significantly higher bulk concentration of Cel7B is required to
achieve comparable surface enzyme concentrations. Since cellulose deconstruction benefits
significantly from the cooperative activity of endoglucanases and cellobiohydrolases on the
cellulose surface, accounting for competitive adsorption is crucial to developing effective
cellulase mixtures.

3.2. Background

As humanity depletes worldwide supplies of fossil fuels, lignocellulosic biofuels offer an
alternate, renewable energy source.' > > * The rate-limiting step in lignocellulosic biofuel
production is the depolymerization of biomass to form simple sugars and their oligomers that are
subsequently fermented and processed to form fuel additives or other chemicals.” ¢ 7 Currently,
all industrial-scale biofuel production deploys cellulytic enzymes known as cellulases to effect
depolymerization.® Despite a significant industrial effort toward production of biofuels from
various carbon sources, the mechanisms and kinetics that govern aqueous enzymatic
deconstruction remain poorly characterized.

To develop a broader understanding of deconstruction mechanisms, we utilize a surface-
based technique to measure the interfacial interaction between aqueous cellulytic enzymes and
the solid cellulose surface. Most current assays of cellulase activity are performed in the bulk
and, therefore, fail to characterize surface phenomena. Thin model films of cellulose’ adhered to
metal supports offer a well-defined surface of known area for measuring surface kinetics,
whereas estimates of the enzyme-accessible surface area of the laboratory-standard cellulose
Avicel can span several orders of magnitude. '° '' Surface-based sensing techniques, such as
ellipsometry,'” '* ' 1 quartz crystal microbalance,'® '” '* ' 2° 2! atomic force microscopy,*
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Brewster angle microscopy,”* and neutron reflectometry® are then available to elucidate the
mechanisms and kinetics of cellulase activity.

Cellulose is insoluble in water and recalcitrant to enzymatic degradation due to strong
internal hydrogen bonding between long, nonbranching polymer chains.”® *’ *® Complete
deconstruction of solid cellulose benefits from the concerted activity of two classes of enzyme.
First, endoglucanases disrupt the hydrogen-bonding structure of cellulose and dislodge
individual cellulose chain ends from the surface. Subsequently, cellobiohydrolases complex
with the released chain ends, cleaving them into glucose oligomers, which are then released into
aqueous solution.” Surface-active cellulases from these two classes each consist of a catalytic
domain (CD) joined to a cellulose-binding domain (CBD) by a flexible linker. The activity of
any individual cellulase can be understood according to a four-step model: (1) adsorption from
bulk solution to the cellulose surface, with binding of the CBD to cellulose; (2) complexation of
the active site with a cellulose chain; (3) catalytic activity within the active site; and (4) return of
the cellulase to the uncomplexed adsorbed state.'? Extended models of cellulase activity consider
cellulose chain length,*® processive activity of cellobiohydrolases,”' and surface diffusion of
adsorbed enzymes, among other parameters.”

In this work, kinetic rate constants are quantified that govern sorption of inhibited 7.
longibrachiatum cellobiohydrolase I (CBHI, Cel7A) and endoglucanase I (EGI, Cel7B) on the
cellulose surface. Interaction of the CBD of these fungal cellulases with the cellulose surface,
mediated by three critical tyrosine residues,”® ** has been characterized by different sources as
reversible®® or irreversible.”® We adopt modified Langmuir adsorption kinetics after Cascao
Pereira et al.,”” where enzymes first adsorb reversibly from bulk solution to the cellulose surface,
followed by slower irreversible attachment. This adsorption scheme is illustrated in Figure 3.1.

=k,
ko\\ k,

—

Figure 3.1. Schematic of cellulase sorption and irreversible binding on a cellulose surface.
Cellulase catalytic domain is represented by an ellipse, and the cellulose binding domain (CBD)
is shown as a triangle. Cellulase freely adsorbs and desorbs from bulk solution until it
irreversibly binds, as indicated by the change of the binding domain to an octagon shape.
Eventually, all adsorbed enzyme is attached irreversibly to the surface.
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To measure sorption kinetics, we implement quartz crystal microgravimetry (QCM), as it
allows characterization of small quantities of aqueous enzyme. QCM has been used previously as
a continuous, non-invasive, inhibition-free, surface-oriented assay of cellulase activity. Turon et
al. first utilized QCM to measure enzymatic degradation of cellulose films.'® Josefsson et al.
studied the synergy between endoglucanases and cellobiohydrolases on the cellulose surface and
generated a qualitative portrait of enzyme activity on model cellulose films."” Ahola et al.
explored the activity of enzymes on cellulose surfaces with various deposition techniques. They
fit endoglucanase adsorption kinetics to a three-parameter model.'"® Work by Hu ef al. similarly
explored the interaction of cellulase with several different cellulose surfaces, including the effect
of concentration on degradation rate.'” ?° Finally, Suchy et al. measured the activity of
endoglucanase I on spin-coated cellulose films.?' Despite growing interest in the use of QCM,
the extent of this work is preliminary and qualitative. We provide a quantitative assessment of
cellulase sorption kinetics from QCM, tracking the sorption of individual cellulases both singly
and in binary mixtures.

3.3. Materials and Methods

3.3.1. Cellulases

Isolated T. longibrachiatum cellulases were obtained from Megazyme (Bray, Ireland).
These fungal cellulases are typical for kinetic studies of cellulytic activity.*® ** Cellobiohydrolase
I (Cel7A; Megazyme E-CBHI, MW 65,000 Da) was obtained at a concentration of 10,000 ppm
in a suspension of 3.2-M ammonium sulfate/0.02 wt% ammonium azide. FEndo-cellulase
contaminant was minimal; the enzyme mixtures show 0.003 U/mg endo-cellulase activity in
comparison to 0.1 U/mg Cel7A activity. Endoglucanase I (Cel7B; Megazyme E-CELTR, MW
57,000 Da) was obtained at a concentration of 9,400 ppm in a solution of 3.2-M ammonium
sulfate/0.02 wt% ammonium azide, again with minimal glucosidase contaminants. Enzymes
were used as supplied after dilution to concentrations of 1 — 100 ppm in an aqueous solution of
sodium dihydrogen phosphate buffer and glucose.

3.3.2. Coating and Characterization of Cellulose Films

Gold-coated QCM sensors (Q-Sense QSX-401, Vistra Frolunda, Sweden) were plasma-
cleaned (Harrick PDC-32G; Pleasantville, NY, USA) for 10 min to remove surface organic
residue. The sensors were subsequently cleaned for 5 min in a solution of distilled/deionized
water, hydrogen peroxide (Sigma-Aldrich H1009, sold as 30% w/w aqueous solution) and
ammonia (Sigma-Aldrich AX1303, sold as 30% w/w aqueous solution) mixed in a 5:1:1 volume
ratio and heated to 75 °C. After rinsing in distilled/deionized water, the sensors were again
plasma-cleaned for 10 min to remove residual organic debris.

Thin cellulose films were deposited on the cleaned gold-coated sensors by a modification
of the method of Gunnars et al..” Cellulose is dissolved in 4-methylmorpholine-N-oxide
(4MMO; Sigma Aldrich #224286, 97% purity) and dimethyl sulfoxide (DMSO; Sigma Aldrich
#D5879, 99.5%), and spin-coated onto a gold sensor coated with the cationic anchor polymer
poly-diallyl-dimethyl-ammonium chloride (PDADMAC; Sigma-Aldrich #409030, sold as a 20%
w/w aqueous solution). The cellulose film is subsequently soaked in water to remove remaining
4MMO and DMSO. The detailed procedure is available elsewhere,'* with the following changes
in solution composition. A 20-mg quantity of Avicel microcrystalline cellulose (Sigma Aldrich
#11363) was added to a mixture of 503 mg powdered 4MMO and 880 mL distilled/deionized
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water; after dissolution, 2 mL. DMSO was added to adjust solution viscosity. These changes
permitted the deposition of thinner, more rigid cellulose films suitable for QCM analysis. The
proportion of DMSO in the coating mixture controls the viscosity of the spin-coated cellulose
solution and, therefore, the mass and thickness of the adsorbed film."* "

The QCM frequency response of PDADMAC-coated sensor crystals was measured
before and after cellulose deposition. From the difference in frequency response, film mass and
film thickness were ascertained. The cellulose films have an approximate dry mass of 69.5 ug
and an approximate dry thickness of 42.9 + 1.6 nm. In previous work, cellulose films prepared
using this method were found to have a crystallinity of 42 + 4%, in comparison to a crystallinity
of 58 + 2% for Avicel.”” Our previous work also established that cellulytic deconstruction
kinetics of the model cellulose films is identical to that of their cellulose source Avicel, an
industry standard for measuring enzyme activity on cellulose."

3.3.3. Measurement of Adsorption via Quartz Crystal Microbalance

A cellulose-coated gold wafer was placed into the flow cell of a quartz crystal
microbalance (QCM; Q-Sense E4, Vistra Frolunda, Sweden). The flow cell was subsequently
filled with a 9.5-mM NaH,PO, aqueous buffer solution (pH 5.5; Sigma-Aldrich #S9638)
containing glucose (Sigma Aldrich #G5767) at a concentration of 6000 ppm. Glucose was added
to the aqueous solution because it acts as an inhibitor not only of cellulase activity, but also of
cellulase complexation with cellulose, thus allowing measurement of enzyme adsorption absent
these factors.' ** Aqueous glucose at this concentration does not significantly affect the mass of
the model cellulose films nor does it inhibit adsorption of aqueous cellulase to the cellulose
surface.'

The cellulose film was allowed to swell in the buffer/glucose solution until a constant
frequency shift was reached, typically 1 — 2 h after exposure to the solution. Following swelling,
a solution of cellulase at the desired concentration in the same buffer/glucose mixture was
flowed over the cellulose-coated wafer at a flowrate of 100 uL/min, typically for 15 — 120 min,
during which time the frequency shift and dissipation response of the cellulose film were
measured continuously. Although endoglucanase penetration into amorphous cellulose films has
been reported,” cellulases do not penetrate the partially-crystalline films used in this work, even
in conjunction with cellulytic enzyme activity.'> Thus, only external surface sorption is
measured. Following the sorption step, nascent buffer/glucose solution was flowed over the
wafer to remove reversibly adsorbed surface enzyme. All sorption experiments were conducted
at 25 °C.

3.3.4. QCM Frequency and Dissipation Shift Result

Figure 3.2 shows a typical frequency-shift (AF) and energy-dissipation (AD) response for
a solution of 10-ppm cellobiohydrolase I (Cel7A) in glucose/buffer solution. Data for the third
overtone are shown, as response on the fundamental frequency was typically noisy. When the
film is exposed to Cel7A, the frequency shift decreases, indicating adsorption of the enzyme to
the cellulose surface. After 30 min of exposure to enzyme, buffer/glucose solution is flowed
across the cellulose film ([E]oux = 0). The frequency shift then increases, indicative of enzyme
washoff. Energy dissipation, which varies with the rigidity of the film, correspondingly
increases during the adsorption phase and decreases during the washoff phase, i.e., the film
becomes less rigid as cellulase adsorbs to the surface. However, the magnitude of the energy
dissipation is small compared to the frequency-shift response.
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Figure 3.2. Typical frequency shift (AF, thick line) and dissipation (AD, thin line) histories for
an enzyme loading/washoff experiment. Data shown were measured on the third overtone of a
Q-Sense QCM operating at 5 MHz. Washoff after 30 min is indicated by a vertical dashed line.
10-ppm T. longibrachiatum Cel7A with 6000-ppm glucose in aqueous buffer at 25 °C.

For rigid films with sufficiently low dissipation response, the Sauerbrey equation*' relates
change in mass of the resonating film to the frequency-shift response:

2
AF =—iAm , 3.1

A1/quq

where AF is the frequency shift measured by the QCM; Am is the change in resonating mass
associated with the cellulose-film surface; f, represents the resonant frequency of the quartz
crystal; (5 MHz); A denotes the area of the gold-coated sensor; p, is the density of quartz
(2.648 g/ cm®); and G, represents the shear modulus of quartz (29.47 GPa).*! Thus, the change
in mass of a sufficiently rigid thin film varies linearly with observed frequency shift. In this
study, frequency-shift results were converted to adsorbed mass density (mg / m®) using the
QTools 3.01 software package included with the Q-Sense instrument. The AD / AF ratio was
0.01 — 0.05 in all experiments, validating use of the Sauerbrey equation.*'
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Increasing flowrate up to a factor of 10 had no effect on enzyme adsorption histories,
verifying that mass transfer was not rate-limiting. This experimental result was confirmed by
using Lévéque theory to calculate the mass-transfer resistance' given the geometry of the QCM
flowcell,” the flowrate of 100 uL/min (a shear rate of 0.4 s'), and an estimated enzyme
diffusion coefficient of 10 cm?/s.

Control experiments were conducted without glucose inhibition to confirm that glucose
does not alter the rate of adsorption for Cel7A or Cel7B. For small adsorption times (t < 5 min),
both frequency and dissipation response were identical for cellulose films exposed to identical
concentrations of both enzymes, with or without the presence of glucose inhibitor. After the
short-time exposure, enzyme complexation and degradation were observed in experiments
without inhibitor. Thus, we confirm our previous findings obtained with ellipsometry: dissolved
glucose, used as an inhibitor of complexation, does not affect Cel7A or Cel7B adsorption on the
cellulose surface.'” Both inhibited-enzyme adsorption and cellulytic mass-degradation rates
(measured in the absence of inhibitor) agreed well when independently determined from
ellipsometry'* and here from QCM.
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3.4. Results

Figure 3.3 depicts typical enzyme adsorption histories for cellobiohydrolase I (Cel7A) in
glucose/buffer solution at selected concentrations from 5 — 100 ppm. In each experiment, Cel7A
adsorbed for 30 min before washoff with glucose/buffer solution. Higher concentrations of
cellulase give higher surface loading prior to washoff. Following elution, extensive flushing of
the cellulose surface did not completely remove the enzyme. Rather, a sizeable fraction
remained irreversibly bound. For the initial 30-min exposure time, about 75% remained bound
to the surface for all Cel7A concentrations studied.
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Figure 3.3. Loading/washoff histories for 7. longibrachiatum Cel7A. Washoff after 30 min is
indicated by a vertical dashed line. Enzyme concentrations from bottom to top are 5, 10, 25, 50,
and 100 ppm, respectively. Enzyme with 6000-ppm glucose in aqueous buffer at 25 °C.
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Figure 3.4 shows similar adsorption histories for endoglucanase 1 (Cel7B) in
glucose/buffer solution with washoff after 30 min and for bulk enzyme concentrations of
5 — 100 ppm. Again, higher Cel7B concentrations exhibit larger 30-min surface loading, and
elution only partially desorbs Cel7B. For Cel7B, about 50% remains irreversibly bound after
washoff, independent of enzyme concentration. Comparison of Figures 3.3 and 3.4 indicates that
the affinity of Cel7B for the cellulose surface is smaller than that of Cel7A. At 100 ppm, an
adsorption of 2.4 mg / m” for Cel7B is reached at t = 30 min, compared to 5.9 mg / m* for
Cel7A. Although not seen on the scales of Figures 3.3 and 3.4, the initial rates of adsorption,
shown in Figure 3.5, are linear in bulk-solution concentration for both Cel7A and Cel7B. Figure
3.5 confirms the faster adsorption kinetics for Cel7A seen in Figures 3.3 and 3.4.
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Figure 3.4. Loading/washoff histories for 7. longibrachiatum Cel7B. Washoff after 30 min is
indicated by a vertical dashed line. Enzyme concentrations from bottom to top are 5, 10, 25, 50,
100 ppm, respectively. 6000-ppm glucose in aqueous buffer at 25 °C.
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Figure 3.5. Initial cellulase adsorption rate (t < 3 min) on model cellulose films. T.
longibrachiatum Cel7A (open diamonds) and Cel7B (black triangles) with 6000-ppm glucose in
aqueous buffer at 25 °C. Lines correspond to linear adsorption kinetics.

To elucidate the dynamics of irreversible adsorption, loading/elution histories of Cel7A
and Cel7B were measured for differing washoff times. Figures 3.6 and 3.7 present sorption
histories for single Cel7A and Cel7B enzymes at 25 ppm in glucose/buffer solution for washoff
times of 3, 15, 30, and 60 min. For both enzymes, loading kinetics follows the identical
trajectory for all washoff times. The longer that enzyme is in contact with the surface before
washoff, the larger is the amount of enzyme that remains irreversibly bound to the surface.

Figure 3.8 shows adsorption kinetics of Cel7A and Cel7B over 12 h contact with the
cellulose surface, while the inset shows the same data plotted only up to t =1 h. Figures 3.6, 3.7,
and the inset in Figure 3.8 suggest that cellulose adsorption is mainly irreversible and at a
maximum level after about 2 h of exposure to the cellulose surface. The long-time adsorption
kinetics shown in Figure 3.8, however, illustrate that binding of the irreversibly adsorbed
cellulase is prolonged and not complete even after 12 h. Smooth solid and dashed lines in this
figure, and in those to follow, reflect the kinetic model described below. Figure 3.8 confirms the
faster adsorption of Cel7A relative to Cel7B at the same concentration. Noteworthy, however, is
the ﬁnding2 that the maximum uptake of each cellulase is essentially the same, approximately
6.8 mg/ m".
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Figure 3.6. Loading/washoff histories for 7. longibrachiatum Cel7A on a model cellulose film.
Washoff after 3, 15, 30, and 60 min indicated by vertical arrows. 25-ppm Cel7A with 6000-ppm
glucose in aqueous buffer at 25 °C.
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Figure 3.7. Loading/washoff histories for 7. longibrachiatum Cel7B on a model cellulose film.

Washoff after 3, 15, 30, and 60 min indicated by vertical arrows. 25-ppm Cel7B with 6000-ppm
glucose in aqueous buffer at 25 °C.
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Figure 3.8. Adsorption histories for 7. longibrachiatum Cel7A and Cel7B at 100 ppm with
6000-ppm glucose in aqueous buffer for times up to 12 h. Inset shows the identical data plotted
over a time scale of 1 h. Smooth lines correspond to theory for total enzyme adsorption (thick
gray) and reversible adsorption (dashed gray).
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Figure 3.9 shows the fraction of Cel7A and Cel7B remaining irreversibly bound to the
surface after washoff as a function of loading time before washoff. Lines in this figure are
predicted from our proposed kinetic model described below. Data in Figures 3.8 and 3.9 are
consistent with a framework where enzyme first binds to the surface reversibly and
laterinexorably transitions to an irreversibly bound state. Figure 3.9 also shows that the final
irreversibly bound fraction for Cel7B is smaller than that for Cel7A. This is consistent with the
lower affinity of Cel7B for the cellulose surface, shown in Figures 3.6 — 3.8. With a lower
surface affinity, Cel7B desorbs more quickly than does Cel7A. Therefore, a larger proportion is
washed off before it irreversibly binds.
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Figure 3.9. Fraction of cellulase irreversibly bound to a model cellulose film after washoft as a
function of the time bulk cellulase solution was in contact with the surface before washoff. T.
longibrachiatum Cel7A (open diamonds) and Cel7B (black triangles) 25-ppm enzyme with
6000-ppm glucose in aqueous buffer at 25 °C. Lines correspond to theory.

Figure 3.10 plots the enzyme adsorption at 30 min of loading as a function of bulk
enzyme concentration for solutions of Cel7A alone, Cel7B alone, and a 50:50 w/w mixture of
Cel7A and Cel7B. Again, lines on this figure correspond to theory. This graph is similar in
shape to a Langmuir isotherm. However, the resemblance is only apparent. The data do not
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truly follow a Langmuir isotherm, because irreversible adsorption prevents the system from
reaching an equilibrium balance between adsorption and desorption rates. In Figure 3.10, Cel7A
exhibits an apparent higher adsorption affinity for the cellulose surface than does Cel7B, with a
much larger amount adsorbed after 30 min for all bulk cellulase concentrations. Accordingly,
adsorption of the 50:50 Cel7A:Cel7B mixture is nearer to that of single Cel7A than to adsorption
of single Cel7B. Figure 3.8, however, shows that over long time scales, the final irreversibly
adsorbed amount of each enzyme is the same. Thus, the results in Figure 3.10 arise from faster
sorption kinetics for Cel7A compared to Cel7B. A kinetic model is necessary to quantify these
observations.
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Figure 3.10. Adsorbed amount at 30 min for 7. longibrachiatum single Cel7A (open diamonds),
single Cel7B (black triangles), and a 50:50 w/w mixture of the two enzymes (gray circles) as a
function of bulk concentration. Enzyme with 6000-ppm glucose in aqueous buffer at 25 °C.
Lines correspond to kinetic theory.
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3.5. Kinetic Model

3.5.1 Single-Enzyme Sorption Kinetics

To explain the results in Figures 3.3 — 3.10, we adopt a Langmuir sorption kinetic model
after Cascao Pereira ef al.’’ Single-enzyme data are analyzed to obtain sorption rate constants for
Cel7A and Cel7B. These rate constants are then utilized to predict sorption kinetics of the mixed
enzymes.

Details of the kinetic model, illustrated in Figure 3.1, are available elsewhere.”” For each
single cellulase, we establish transient mass balances for the surface concentration of reversibly
and irreversibly adsorbed enzyme. Using these rate expressions and the associated adsorption
site balance, we establish mass balances for the surface concentration of reversibly and
irreversibly adsorbed enzyme:

dar
th = kA [E]hulk (rmax - FE - FI) - kDrE - kIFE > (3-2)
dar’
L=k, : (3.3)
and
.=+ +I, : (3.4)

where I'z and I'; are the surface concentrations of reversibly adsorbed and irreversibly bound
enzyme, respectively; [E]wuk 18 the constant bulk enzyme concentration; I'n.x is the maximum
surface enzyme concentration; I'p is the surface concentration of open sites available for enzyme
binding; and k4, kp, and k;, are rate constants for adsorption, desorption, and irreversible binding,
respectively. The first two terms on the right of Equation 3.2 specify Langmuir adsorption and
desorption rates, respectively. We assume that irreversible adsorption occurs by transformation
of the adsorbed enzyme and, hence, incorporate first-order kinetics for irreversible sorption in
Equations 3.2 and 3.3.

3.5.2 Single-Enzyme Kinetic Parameters

To determine k4, the rate constant governing adsorption of cellulase to the cellulose
surface, initial rates of adsorption of cellulase to the cellulose surface are obtained immediately
after the cellulose surface is exposed to enzyme (t < 2 min). Figure 3.5 reports measured initial
enzyme adsorption amounts in the absence of prior adsorbed or irreversibly bound cellulase
(I'e=0,I'1=0). In this case, Equation 3.1 reduces to

dar
£ = kA[E]bulkr

dt im0 max (3'5)
Accordingly, slopes of the lines fit to the data in Figure 3.5 give k4I'max for single Cel7A and
single Cel7B initial adsorption. From Figure 3.8, we observe a maximum adsorption of ', =
6.8 mg / m” for both Cel7A and Cel7B. It is then simple to ascertain the Cel7A and Cel7B
adsorption rate constants as k4 ce;74 = 0.28 = 0.05 h! ppm'] and k4. cei78=0.070 £0.013 h! ppm'l,
respectively.
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Kinetic parameters kp and k;, describing desorption and irreversible binding of cellulase
on the cellulose surface, are obtained in the following manner. The total surface concentration of
all states of cellulase on the cellulose surface, either reversibly adsorbed or irreversibly bound, is
I'r=Tg + I'.. Let ¢ be the time at which washoff commences ([E]pux = 0), and let I'gy, I';9 and
I'7p represent the corresponding surface concentrations of adsorbed cellulase, irreversibly bound
cellulase, and total adsorbed cellulase. Similarly, we define I'z., [ and 'z as the
corresponding surface concentrations of adsorbed cellulase, irreversibly bound cellulase, and
total cellulase, once washoff is complete. At infinite time, only irreversibly bound cellulase
remains on the surface. Thus, by definition, I'z n =17 » and I'g » = 0. Figure 3.11 defines the
pertinent variables used in ascertaining kp and &;.
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Figure 3.11. Definitions of #, I'ry, and I'r on a typical loading/washoff history.

Beginning with Equations 3.2 and 3.4 applied during washoff ([E],.x = 0), Appendix 3.A
specifies the total surface enzyme concentration as a function of time parameterized by the
kinetic constants kp and k;:

L) =Tro _ otk 0-10) _ (3.6)
1—‘T,o - FT,OO
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Importantly, Equation 3.6 describes the total surface enzyme concentration I'z, and not the
individual reversibly and irreversibly adsorbed concentrations I's and I';, which cannot be
measured separately by QCM. Equation 3.6 is applied to the QCM-measured loading/elution
histories to determine the washoff parameter: kp + k. Averaged across all experiments,
kp,ceza + kicera = 8.3 £ 0.4 s for Cel7A and kp,cerrs + kicers = 25.6 £ 3.3 s for Cel7B. The
value of the washoff parameter varies by less than 10% for Cel7A and 20% for Cel7B over all
experiments, validating the irreversible adsorption model.

It is not possible to solve Equations 3.2 — 3.4 directly to obtain a closed-form expression
for kp and k; individually. We, therefore, solve Equations 3.2 — 3.4 numerically via a Runge-
Kutta algorithm to determine separate values for kp and k; by iterating over a limited range of
values specified by experimental data. Details are discussed in Appendix 3.B.

Resulting best-fit rate constants are listed in Table 3.1. We find desorption and
irreversible binding rate constants of kp ce74 = 6.6 £ 1.2 s and kiceza = 1.7 £ 0.8 s for
endoglucanase and kp ce73 = 24.0 = 2.8 s and kicers = 1.6 £ 0.5 s, Example calculated
loading/washoff histories for single Cel7A and single Cel7B are shown in Figure 3.12. All
calculated histories fit the transient data well. We have also used the proposed kinetic model to
predict the smooth lines shown in Figures 3.5, 3.8, 3.9, and 3.10. In all cases, excellent
agreement is achieved for both transient data and data taken at single time points. In particular,
note from the light dashed lines in Figure 3.8 the rate at which the adsorbed enzymes transform
to irreversible attachment. Within 1 h, well over one-half of each adsorbed enzyme is
permanently attached to the surface.

Table 3.1. Kinetic parameters for single Cel7A and Cel7B

k4 kp K; ki

ppm-l ! ! ppm-l N
Cel7A 0.28 £ 0.05 6.6+1.2 0.042 £0.013 1.7+£0.8
Cel7B 0.070 £ 0.013 24.0+2.8 0.0029 + 0.0009 1.6 £0.5
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Figure 3.12. Example single-enzyme loading/washoff histories (black points) compared to
theory (gray lines). Washoff after 30 min indicated by arrows. 100-ppm Cel7A and Cel7B from
T. longibrachiatum with 6000-ppm glucose in aqueous buffer at 25 °C. Single-enzyme kinetic
constants from Table 3.1.

3.5.3. Mixed-Enzyme Sorption Kinetics
Extension of the kinetic model to predict competitive loading/washoff histories is
important to its application. For a binary mixture of Cel7A and Cel7B, Equations 3.2 — 3.4 take

the following forms:

dl_‘ e

% = kA,Cel7A [Cel7A]bulk I10 - kD,Cel7ArE,Cel7A - kI,Cel7ArE,Cel7A ’ (3 -8)
dl_‘ e
% = I,Cel7AFE,Cel7A > (3 -9)

dl_‘ e

% = kA,Cel7B [Cel7B ]bulk I10 - kD,Cel7BrE,Cel7B - kI,Cel7BrE,Cel7B ’ (3 1 0)
dar
% = kI,Cel7BFE,Cel7B > (3 1 1)

and
Lose =Uecarn ¥ Vecars + Ui cora + Licars + 1o . (3.12)
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Equations 3.8 — 3.12 are readily solved numerically for the surface concentrations of reversibly
adsorbed and irreversibly bound Cel7A and Cel7B in any given mixture. As a stringent test of
our mixture kinetic model, we utilize the single-enzyme rate constants to predict the kinetic
behavior of binary mixtures. Figure 3.13 graphs modeled total cellulase adsorption, I'7, for three
such binary mixtures (45 ppm Cel7A:5 ppm Cel7B; 25 ppm Cel7A:25 ppm Cel7B; and
5 ppm Cel7A:45 ppm Cel7B) in comparison to experimental data. Excellent agreement is seen.
Similar excellent agreement between model and experiment for the competitive adsorption data
is also seen in Figure 3.10. The proposed kinetic sorption model well predicts loading/washoff in
a multiple-enzyme system including competitive reduction of the lesser-adsorbing enzyme. All
rate constants used in the extended multiple-enzyme model were obtained from single-enzyme
experimental data. No additional adjustable parameters were employed in the predictions.
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Figure 3.13. Loading/washoff histories (black data) for three 7. longibrachiatum Cel7A and
Cel7B mixtures on a model cellulose film compared to theory (grey lines). Washoff after 30
min, indicated by arrows. Enzyme in 6000-ppm glucose in aqueous buffer at 25 °C. Single-
enzyme kinetic constants from Table 3.1. No adjustable parameters were used.
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3.6. Discussion

Rate constants k4 and kp vary significantly between Cel7A and Cel7B, with &, for Cel7A
a factor of 4 higher and kp a factor of 3.5 smaller. The Langmuir equilibrium constant
K; = k4 / kp, a measure of cellulase affinity for the cellulose surface, is thus a factor of 14 larger
for Cel7A. Cel7A adsorbs more readily to the cellulose surface than does Cel7B, and also
desorbs more slowly.

However, as shown in Figure 3.8, when both enzymes are left in contact with the surface
for long time periods (t = 10 — 12 h), they asymptote to the same adsorption maximum,
[max = 6.8 mg / m”. Over short time scales (t = 0 — 2 h), as shown in the inset of Figure 3.8,
adsorption is limited by an apparent Langmuir equilibrium where adsorption and desorption
reach an approximate balance, with irreversible adsorption playing a comparatively small role.
Thus, Cel7A initially appears to reach a higher adsorption maximum than does Cel7B.
However, over longer time scales (t = 10 — 12 h), both enzymes continue to adsorb, while
desorption is much slower, as a larger proportion of surface enzyme is converted to the
irreversibly bound state. At long times, adsorption is controlled primarily by steric effects, up to
the observed adsorption maximum. Although Cel7A and Cel7B have different molecular
weights (65 and 57 kDa), this shared mass adsorption maximum suggests similar steric effects
limit the adsorption of both cellulases. Josefsson ef al. did not observe long-time adsorption, but
calculated an enzyme adsorption of 8.3 mg / m” for Cel7A and 3.7 mg / m for endoglucanase V
after one hour of surface contact at similar enzyme concentrations, confirming our observation of
Cel7A having a higher surface affinity than a corresponding endoglucanase.'” Thin films used in
the work of Josefsson et al. were synthesized from dissolving pulp cellulose rather than Avicel.
Differences in surface morphology may therefore account for the observed difference in
maximum Cel7A adsorption. In previous work, we utilized ellipsometry and a similar
adsorption method to calculate an adsorption maximum of T'ye = 2.9 mg / m” for a lyophilized
mixture of cellulases from 7. reesei.'? However, this mixture of cellulases also included non-
surface active enzymes lacking cellulose binding domains (cellobiases) and other contaminants,
and, therefore, may not have adsorbed as strongly as the isolated cellulases used in this work.
The observed adsorption maximum remains below the monolayer adsorption level calculated
from a typical cellulase geometry, T'mono = 9.8 x 107 g/ m~."?

Figures 3.3 and 3.4 show that for a given washoff time (t = 30 min) the proportion of
enzyme remaining irreversibly bound on the cellulose surface remains constant, independent of
bulk enzyme concentration and total surface adsorption. This important finding suggests that
observed irreversible binding is not caused by cellulase aggregation either in bulk solution or on
the cellulose surface, which requires an increase in irreversible binding rate at higher enzyme
bulk and surface concentrations. Rather, the interactions of individual adsorbed cellulase
molecules with the cellulose surface produce irreversible binding.

The first-order irreversible-binding rate constant (k;) for Cel7A and Cel7B is
approximately equal. The CBDs for Cel7A and Cel7B are structurally similar, to the extent that
a recombinant protein consisting of a Cel7A catalytic domain attached to a Cel7B cellulose
binding domain was shown to have identical activity with native Cel7A.* Given the similar
binding sites and irreversible binding rate constants, we propose that irreversible binding is
governed primarily by the interaction of the CBD with the cellulose film. Adsorption of the
CBD both enzymes is mediated by the interaction of three tyrosine residues™ with the cellulose
surface, with possible involvement of tryptophan and glutamine residues.** Possible mechanisms

56



for irreversible binding include covalent interaction between aromatic CBD residues and free
hydroxyl groups on the cellulose surface or morphological change/local partial surface
denaturation® *® of the CBD. Changes in the character of tryptophan and glutamine interactions
could also account for irreversible binding. Unfortunately, detailed mechanisms for adsorption
for fungal cellulase CBD from solution to the cellulose surface are not well described. Both
experimental studies® ** * and molecular modeling® ** provide little direct, definitive
characterization of the CBD-surface interaction.

Although the irreversible binding rate constants for Cel7A and Cel7B are identical, their
adsorption and desorption rate constants (k4, kp) differ. Adsorption and desorption from bulk
solution, however, is not dictated solely by the CBD but also by the geometry and morphological
properties of the entire cellulase molecule. Cel7A and Cel7B have different molecular weights
and catalytic-domain geometries. The catalytic domain of Cel7A is larger and resembles a
binding barrel to draw in cellulose chains,* whereas the catalytic domain of Cel7B resembles a
cleft.”® Given the differing overall geometries of the molecules, it is possible that the CBD of
Cel7A contacts the surface more readily due to the orientation of the enzyme in the surface
region, producing an apparent higher adsorption rate and affinity of Cel7A for the cellulose
surface. The exterior of the cellulase CD may also interact with the cellulose surface,’’
providing additional binding interactions and guiding binding of the CBD. Once adsorbed, both
enzymes transition to an irreversibly bound state at the same rate, governed mostly by a change
in the CBD/surface interaction.

To account for the apparent higher affinity of Cel7A for the cellulose surface despite
identical binding domains and rates of irreversible adsorption, we consider the standard Gibbs
free energy of enzyme adsorption to the surface,

AG?, =AH?,, + AH?, — TAS,, — TAS?, , (3.13)

where the standard enthalpies and entropies of adsorption for the cellulose binding and catalytic
domains are taken as additive. Langmuir equilibrium constants in Table 3.1

(KL cei74 | K1, cer78 = 14), indicate a difference in adsorption free energy of AGSdS,CW A= AG;)ds,CeWB =

-6.5 kJ / mol. By assuming that the standard enthalpies of adsorption arise primarily from the
similar CBDs and that the CDs provide only a comparatively small and not dissimilar
contribution, this difference in adsorption free energy is attributed solely to entropic effects. The
resulting standard adsorption entropy difference is then AS), ., = ASeycup= 22 J / mol K.

Hoshino et al. find a similar adsorption entropy difference of 49 J / mol K for 1. lacteus endo-
and exo-cellulases on a cellulose surface with 60% crystallinity.”

It is difficult to compare our sorption rates directly to available literature, as comparable
work has not employed inhibition to separate adsorption and activity kinetics. For example, Hu
et al. characterize irreversible enzyme adsorption to PVAm and gold surfaces, but noted that
similar measurements on cellulose surfaces are difficult, as desorption cannot be decoupled from
cellulase activity.'” The frequency-shift data of this group also show evidence of irreversible
adsorption, though the authors suggest that it could also be attributed to modification of the
cellulose film."” A surface plasmon resonance (SPR) study conducted by Ma ez al.”® shows a
similar quantitative picture of Cel7A adsorption in Figure 3.5. Upon washoff after 5 min of
contact with the surface, approximately 40% of the enzyme desorbs, with the remaining 60% left
irreversibly bound to the surface. This SPR study appears to show faster enzyme adsorption and
irreversible binding rates than does our study. It is possible that this results from the difference
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in morphology between our spin-cast cellulose films and the Whatman CF11 powdered cellulose
substrate of Ma et al.”

3.7. Conclusions

Quartz crystal microgravimetry on a model cellulose film offers a continuous, non-
invasive, inhibition-free assay of cellulase activity on a well-defined cellulose substrate of
known surface area. Using small enzyme samples, this assay ascertains surface kinetic
parameters that otherwise are impossible to obtain from traditional bulk assays on poorly-defined
cellulose surfaces. We quantified adsorption and desorption kinetics of single cellobiohydrolase
I (Cel7A) and single endoglucanase I (Cel7B) under glucose inhibition on a model cellulose
surface. Both Cel7A and Cel7B irreversibly bind to the cellulose surface on time scales as short
as 3 min after exposure to the surface. Up to 90% of adsorbed enzyme is irreversibly bound after
1 h exposure to the cellulose surface. Adsorption, desorption, and irreversible-binding kinetics
were characterized using an extended Langmuir sorption kinetic model. Single-enzyme rate
constants successfully predict the transient loading/washoff of binary mixtures of enzymes over a
range of concentration ratios with no adjustable parameters. Cel7A exhibits a higher affinity
(i.e., a larger Langmuir equilibrium constant) for the surface than does Cel7B, by both adsorbing
more quickly and desorbing more slowly. However, the first-order rate constant governing
irreversible adsorption is identical for the two enzymes. Apparently, irreversible binding is
governed mainly by the interaction between the cellulose binding domain and the surface, rather
than by partial denaturation of the entire two-domain enzyme. To explain the higher kinetic rates
and affinity of Cel7A relative to Cel7B, we hypothesize that interaction of the CBD with the
cellulose surface gives similar enthalpies and entropies for each enzyme. Entropic differences of
the entire molecule account for the apparent higher affinity of Cel7A for the cellulose surface.
Because Cel7A and Cel7B exhibit different sorption kinetics and affinities, effective enzymatic
deconstruction mixtures must be based on surface concentrations rather than on bulk
concentrations. Further, because both enzymes adsorb irreversibly even for relatively small
exposure times, recovery and reuse of these enzymes is unlikely in a deconstruction process.

3.8. List of Symbols

AF : QCM frequency shift

AD : QCM energy-dissipation change

Am : Film mass change per unit area, mg / m’

Cel7B : T. longibrachiatum endoglucanase |

Cel7A : T. longibrachiatum cellobiohydrolase I

[E] : bulk enzyme concentration, ppm

[Cel7B]lpui : Bulk Cel7B concentration, ppm

[Cel7A]pui : Bulk Cel7A concentration, ppm

'z : Surface concentration of reversibly adsorbed enzyme, mg / m*

'z : Surface concentration of reversibly adsorbed enzyme at the beginning of washoff, mg / m*
;. : Surface concentration of reversibly adsorbed enzyme at t = oo, mg / m*
I"cer75: Surface concentration of reversibly adsorbed Cel7B, mg / m?

I"cer74 : Surface concentration of reversibly adsorbed Cel7A, mg / m’

I';: Surface concentration of irreversibly bound enzyme, mg / m*
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I, : Surface concentration of irreversibly bound enzyme at the beginning of washoff, mg / m”
I';.. : Surface concentration of irreversibly bound enzyme at t = o0, mg / m*
I"cer74.1: Surface concentration of irreversibly bound Cel7A, mg / m’
I"cer751: Surface concentration of irreversibly bound Cel7B, mg / m?

I 'max : Maximum enzyme adsorption, mg / m*

I'7: Total surface concentration for all enzyme, mg / m>

I'7y: Total surface concentration for all enzyme at the beginning of washoff, mg / m*
I'7..: Total surface concentration for all enzyme at t = o0, mg / m>

I'o: Surface concentration of open enzyme adsorption sites, mg / m”

k4 : Adsorption rate constant, ppm™ h”’

ka.cer74 : Adsorption rate constant for Cel7A, ppm'l h!

ka.cer7s : Adsorption rate constant for Cel7B, ppm'l h!

kp : Desorption rate constant, h”

kp.cer74 - Desorption rate constant for Cel7A, h!

kp,cer78 - Desorption rate constant for Cel7B, h!

k; : Trreversible binding rate constant, h”

kicera : Irreversible binding rate constant for Cel7A, h™!

ki.ce7s : Irreversible binding rate constant for Cel7B, h™!

K; : Langmuir-type equilibrium constant, ppm™’

K7 ce74 - Langmuir-type equilibrium constant for Cel7B, ppm™

K7 ce7s - Langmuir-type equilibrium constant for Cel7B, ppm™

tp : Time point at which washoff begins
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Appendix 3.A: Washoff Parameter

To obtain Equation 3.5, we write Equations 3.2 and 3.3 during washoff ([E]pux = 0) and
integrate Equation 3.2 starting from ¢ = ¢y,

L, (1) =T, e e : (3.A1)

This result is substituted into Equation 3.3 and followed by integration to give

k] —(kp +k; )(t-1y)
[,(5)=T,,+T,, 3 [1-¢ | - (3.A2)

Total adsorption, I'z, is the sum of 'z and I':

L (1) =T,y + T, , [1=etortn ], ok (3.A3)
k, +k,
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Evaluation of Equation 3.A3 at ¢ = oo specifies the final total adsorption after washout,

kl

L=+ k, +k

: (3.A4)

and allows Equation 3.A3 to be re-expressed as Equation 3.6 of the text.

Appendix 3.B: Determination of Single Rate Constants kp and k;

To set bounds on the individual rate constants kp and k;, Equation 3.A4 is rearranged
algebraically to obtain

e =T _ Tro  kp X (3.B1)
I, L kp +k;

The left side of Equation 3.B1 represents the ratio of total surface cellulase that desorbs during
the washoff phase. From Figures 3.6 and 3.7, we observe that this value lies in the range of
0.1 - 0.8, depending on the particular cellulase studied and on the time that bulk enzyme is in
contact with the surface before washoff. The first ratio on the the right side of Equation 3.B1,
that of reversibly adsorbed cellulase to total surface cellulase at the start of washoff, I'zy/ I'ry,
cannot exceed unity. Thus, the ratio kp / (kp + k;) must lie in the range of 0.1 — 1 for both Cel7A
and Cel7B. Restricting the value of this ratio simplifies our parametric search for the rate
constants kp and ;.

To determine individual values for k, and k,;, we input into the kinetic model (separately
for Cel7A and Cel7B) the previously calculated values for k,, I',,,, and &k, + k,. We then choose
values of k;,, based on the known ratio &, / (k, + k;). Resulting predicted loading/washoff
histories were compared to those measured for various washoff times and enzyme
concentrations. By iterating over the small range of possible k,, values and comparing the least-
squares fit of the model to data, we obtained individual best-fit values for k, and k, for each
cellulase, as listed in Table 3.1.
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Chapter 4

Surface Kinetics for Cooperative Fungal Cellulase Deconstruction of
Cellulose from Quartz Crystal Microgravimetry

4.1. Abstract

The kinetic behavior of aqueous cellulase on insoluble cellulose is best quantified
through surface-based assays on a well-defined cellulose substrate of known area. We use a
quartz crystal microbalance (QCM) to measure the activity of binary mixtures of T.
longibrachiatum cellobiohydrolase 1 (Cel7A) and endoglucanase I (Cel7B) on spin-coated
cellulose films. By extending a previous surface kinetic model for cellulase activity, we obtain
rate constants for competitive adsorption of Cel7A and Cel7B, their irreversible binding, their
complexation with the cellulose surface, and their cooperative cellulytic activity. The activity of
the two cellulases is linked through the formation of cellulose chain ends by Cel7B that provide
complexation sites from which Cel7A effects cellulose chain scission. While the rate-limiting
step in Cel7A activity is complexation, Cel7B activity is limited by adsorption to the cellulose
surface. A 2:1 bulk mass ratio of aqueous Cel7A:Cel7B, corresponding to a 4:1 surface mass
ratio, effects the greatest rate of cellulose degradation across a range of cellulase concentrations
at 25 °C. We find that surface chain-end concentration is a major predictor of Cel7A activity.
Degradation rate is maximized by producing the maximum quantity of chain ends while
maintaining a minimum of Cel7B irreversibly bound to the surface. Disruption of the hydrogen-
bonding structure of cellulose enhances the activity of Cel7A on the cellulose surface.

4.2. Background

Enzymatic deconstruction of cellulose is the fundamental rate-limiting step in the
production of renewable biofuels from lignocellulosic sources." > * Despite continuing biofuels
research, the kinetic mechanisms and parameters governing this surface interaction remain
poorly understood. Cellulose is the most abundant biopolymer and a fundamental component of
plant cell walls.* Cellulose is comprised of long 1,4-B-D-linked chains of glucose arranged
together in a hydrogen-bonding network that provides plant cell walls with structural rigidity but
also makes cellulose insoluble and recalcitrant to degradation.” In all industrial-scale biofuel
production, cellulolytic enzymes known as cellulases are used to deconstruct cellulose into
glucose oligomers that are subsequently fermented and processed to form fuel additives.'

Complete deconstruction of solid cellulose into soluble glycans requires cooperative
action on the cellulose surface of two classes of enzyme: endoglucanases and
cellobiohydrolases.” Endoglucanases complex with the surface and break 1,4-p-D-glycosidic
linkages to create cellulose chain ends that are lifted from the hydrogen-bonding matrix.
Cellobiohydrolases then complex with exposed chain ends and degrade the cellulose into
oligomers of 2 — 6 glucose units.® Both surface-active enzymes have two domains, a cellulose
binding domain (CBD) and a catalytic domain (CD), joined by a flexible glycosylated linker.
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Cellulose binding in fungal cellulases is typically mediated by the interaction of three tyrosine
residues on the CBD with the cellulose surface.” Although the CBDs of many fungal cellulases
are similar,® the CDs for endoglucanases and cellobiohydrolases are different, reflecting their
different functions. The endoglucanase CD has a binding cleft that interacts with single sites on
the cellulose surface to create chain ends, whereas the cellobiohydrolase CD is a barrel in which
cellulose chains are degraded.® Breaking a glycosidic linkage to create a glucose oligomer
requires significant distortion of the cellulose chain and the interaction of at least four
cellobiohydrolase amino acid residues with the chain.” Once a cellobiohydrolase CD complexes
with a chain end, it works processively on that chain, making many chain scissions before
decomplexation. The mechanisms and kinetics of cellulase processivity are not yet well-defined.
Typical estimates of cellobiohydrolase processive length are 10 — 100 cellobiose units.'* !

Despite ongoing study of enzymatic cellulose degradation, the mechanism and kinetic
parameters governing these surface reactions remain poorly understood. Most assays are based
in the bulk,'? and, therefore, cannot elucidate surface interactions, particularly as the enzyme-
accessible surface of cellulose is not well-characterized.”> Extended kinetic models include
surface phenomena such as chain length,'* changes in cellulose morphology,'® and surface
enzyme diffusion.'®  Surface-based assays are critical to establish a more complete
understanding.

Recently, thin films of cellulose adhered to metal supports have become available.'’
Properties of these films and corresponding enzyme activity have been explored using
ellipsometry,' ' quartz crystal micrography,” ' #* #* 2* 2 26 Brewster angle microscopy,”’
neutron interferometry,” and AFM.” *°  Most work has been directed toward the
characterization of the cellulose films rather than deconstruction kinetics. We measure enzyme
adsorption and activity on deposited cellulose films via quartz crystal microbalance (QCM), an
acoustic technique that detects changes in the mass adsorbed to a gold-coated sensor via changes
in the resonance of a quartz crystal.”’ Current literature offers basic characterization of cellulose
films and cellulase activity via QCM,?' % ** but little quantitative modeling of cellulase activity
using this surface-based technique is available.

We use QCM to elaborate a surface kinetic model of cellulase activity on deposited
cellulose films. Intrinsic rate constants governing cellulase activity are obtained from single-
enzyme systems, and subsequently incorporated into a two-enzyme kinetic model describing
cooperative activity. We compare predicted two-enzyme activity to experiment, building on our
previous efforts using ellipsometry'® and QCM.?* In this work, we extend an existing single-
enzyme activity model'® and two-enzyme competitive adsorption model” to describe the
cooperative activity of 7. longibrachiatum cellobiohydrolase I (Cel7A) and endoglucanase |
(Cel7B).

4.3. Kinetic Model

Figure 4.1 illustrates the proposed surface kinetic model describing the cooperative
activity of Cel7A and Cel7B on the cellulose surface. Separate surface adsorption and
complexation of individual endoglucanases and cellobiohydrolases are included, along with
corresponding competitive adsorption and cooperative activity to create and degrade exposed
cellulose chain ends. Paramount is the irreversible adsorption of the two enzymes on the
cellulose surface.
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A four-step Langmuir-Michaelis-Menten kinetic model'® is adopted for the activity of
individual endoglucanases and cellobiohydrolases on the cellulose surface: (1) a cellulase
adsorbs to the cellulose surface from bulk solution through a mass-transfer boundary layer and
binds to the surface through its CBD; (2) the cellulase forms an enzyme-substrate complex with
the surface; (3) a reaction is catalyzed within the enzyme-substrate complex, leaving the
cellulase bound to the surface; and (4) the enzyme returns to its original adsorbed, uncomplexed
state.
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Figure 4.1. Surface kinetic model for adsorption and activity of endoglucanase I (Cel7B) and
cellobiohydrolase 1 (Cel7A). Enzymes are shown as a catalytic domain (CD, oval) joined to a
celluose binding domain (CBD, triangle). The irreversibly bound CBD is shown as a hexagon.
Cellulose chains shown as thin lines, with individual glucose units denoted as filled circles.
Small open circles represent glucose units degraded by Cel7A and liberated into bulk solution.
Surface concentrations are denoted by I'. Rate constants are indicated.
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The activities of Cel7A and Cel7B are coupled by the creation and utilization of cellulose
chain ends. Cel7B complexes nonspecifically with the cellulose surface and creates chain ends.
Cel7A then complexes with the resulting chain ends, cleaving 1,4-B-glycosidic bonds and
releasing glucose oligomers into solution. We assume that Cel7B does not effect cellulose chain
scissions and release oligomers from the cellulose surface, i.e., the sole function of its activity is
to create chain ends. Similarly, we assume that Cel7A complexes only with cellulose chain ends
and that its primary function is to cleave glucose oligomers from the cellulose surface. Isolated
CBDs from bacterial cellulases have been shown to disrupt the hydrogen-bonding network of
cellulose.’”® However, in a separate study, Cel7A interaction with the cellulose surface was not
associated with an increased concentration of chain ends.'! We, therefore, discount this effect as
minor compared to the rate of Cel7B chain-end formation during cooperative cellulase activity.

Thus, in Figure 4.1, cellulases adsorb to and desorb from bulk solution at the cellulose
surface. Once adsorbed, enzymes complex and decomplex with cellulose, and undergo activity
while remaining complexed. Adsorbed Cel7B complexes with the cellulose surface, of surface
concentration I's, and creates chain ends, of surface concentration I's«. Adsorbed Cel7A
complexes with the chain ends and creates glucose oligomers that are released into bulk solution.
Chain-end surface concentration does not affect Cel7A adsorption, as Cel7A can adsorb to any
open surface site. However, Cel7A complexes only with chain ends.

Previously, QCM was used to determine the adsorption and desorption rate constants for
Cel7A and Cel7B on the cellulose surface under glucose inhibition (k4 and kp in Figure 4.1).%
Glucose does not bind competitively for surface sites with either Cel7A or Cel7B and does not
change the rates of adsorption of either enzyme.'® *° Thus, the rate constants obtained under
glucose inhibition remain valid for inhibition-free cellulase activity. Cel7A adsorbs to the
cellulose surface with 14 times higher affinity than does Cel7B, likely due to the differing
geometries of the molecules.”” Irreversible binding of Cel7A and Cel7B to the cellulose surface
is significant, with up to 80% of each enzyme binding irreversibly after 1 h of contact with the
surface. An extended Langmuir kinetic model well characterizes this irreversible adsorption,
with adsorbed enzyme transitioning to an irreversibly bound state according to first-order
kinetics.”® ** The kinetic constant governing irreversible adsorption (k; in Figure 4.1) was
identical between Cel7A and Cel7B.* Irreversible binding is, thus, mediated primarily by the
CBD rather than by the entire cellulase molecule. In the expanded kinetic model for cooperative
cellulase activity shown in Figure 4.1, both adsorbed uncomplexed and adsorbed complexed
enzyme gradually bind irreversibly to the cellulose surface. Complexed and uncomplexed
enzyme on the cellulose surface bind irreversibly according to the same first-order rate constant,
ki, since adsorption irreversibility is dominated by the similar CBDs of each enzyme.

Numerical embodiment of the kinetic model illustrated in Figure 4.1 is described in
Appendix 4.A. Our method is to establish the intrinsic kinetic parameters in the proposed kinetic
model from experiment and then validate the proposed depolymerization model by comparison
to deconstruction kinetics obtained from QCM in a two-enzyme mixture.

4.4. Materials and Methods
4.4.1. Cellulases
Isolated T. longibrachiatum cellulases were obtained from Megazyme (Bray, Ireland).

These fungal cellulases are typical for kinetic studies of cellulytic activity.** >> Cellobiohydrolase
I (Cel7A; Megazyme E-CBHI, MW 65,000) was obtained at a concentration of 10,000 ppm in a
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suspension of 3.2-M ammonium sulfate/2 wt% ammonium azide. Endo-cellulase contaminant
was minimal; the enzyme mixture shows 0.003 U/mg endo-cellulase activity in comparison to
0.1 U/mg Cel7A activity. Endoglucanase I (Cel7B; Megazyme E-CELTR, MW 57,250) was
obtained at a concentration of 9,400 ppm in a solution of 3.2-M ammonium sulfate/2%
ammonium azide, again with minimal glucosidase contaminants. Enzymes were used as
supplied after dilution to concentrations of 1 — 100 ppm in an aqueous solution of sodium
dihydrogen phosphate buffer (9.5-mM NaH,PO4, pH 5.5; Sigma-Aldrich #59638).

4.4.2. Cellulose Films

Thin cellulose films were deposited on cleaned gold-coated QCM sensors by a
modification of the method of Gunnars ef al.." Sensors were coated in cationic poly-diallyl-
dimethyl-ammonium chloride (PDADMAC). Cellulose was dissolved in 4-methyl-morpholine-
N-oxide (4MMO) at 103 'C and the resulting solution spin-coated onto the prepared sensors.
The deposited films were soaked in water to remove nascent 4MMO. Materials and methods
were identical to those in previous work.”” Degradation kinetics of cellulose films prepared
according to this method is identical to that of Avicel, an industry standard for quantifying
cellulase activity.'®

4.4.3. Enzyme Activity via QCM

A cellulose-coated sensor was placed into the flow cell of a quartz crystal microbalance
(Q-Sense E4, Vistra Frolunda, Sweden). The flow cell was subsequently filled with a 9.5-mM
NaH,PO4 aqueous buffer solution (pH 5.5). The coated cellulose film was allowed to swell in
the buffer solution until a constant frequency shift was reached, typically 1 — 2 h after exposure
to the solution. After swelling, a solution of cellulase at the desired concentration in buffer was
flowed over the cellulose-coated wafer at a flowrate of 100 uL/min, typically for 1 — 12 h, during
which time the frequency-shift and energy-dissipation response of the cellulose film were
measured continuously. Following enzyme adsorption and activity, nascent buffer solution was
flowed over the wafer to remove reversibly adsorbed surface enzyme and degradation products.
Mass-transfer effects were not limiting for the flowcell geometry, bulk enzyme concentrations,
and flowrates used in this work.?’ All experiments were conducted at 25 °C.

4.4.4. QCM Frequency and Dissipation Histories

Figure 4.2 shows typical frequency-shift (AF) and energy-dissipation (AD) histories for
the activity of a 5-ppm solution of Cel7A on a cellulose film for 2 h. Responses on the third
overtone (AF'3/3, AD3) are shown, as those obtained using the fundamental frequency (AF;, AD;)
are typically noisy. When the film is first exposed to Cel7A solution at t = 0.25 h, AF' decreases,
indicating adsorption of enzyme to the surface. The subsequent linear increase in AF', beginning
around t = 0.5 h, corresponds to pseudo-steady degradation of the cellulose film by adsorbed,
complexed Cel7A and release of products into aqueous solution.'® At washof, a rapid increase in
AF reflects desorption of reversibly bound Cel7A. As Cel7A adsorbs to and then degrades the
cellulose surface, dissipation, AD, increases from its initial value, indicating a decrease in film
rigidity caused by enzyme adsorption to the surface. Due to the low energy dissipation observed,
the Sauerbrey equation’' was applied to relate the frequency-shift response linearly to the change
in mass of the film,

Am = —cAF , (4.1)
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where Am represents change in film mass and ¢ = 0.18 mg s / m” is the Sauerbrey constant, a
function of material parameters of quartz. The Sauerbrey equation was applied using the QTools
3.01 software included with the Q-Sense instrument to convert primary frequency data to film
mass and thickness.
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Figure 4.2. Typical frequency shift (AF, thick line) and dissipation (AD, thin line) histories for
Cel7A activity on a model cellulose film. First vertical arrow indicates loading of enzyme in
flowcell. Second vertical arrow indicates washoff. Data were measured on the third overtone of
a Q-Sense QCM operating at S MHz. 5-ppm T. longibrachiatum Cel7A in aqueous buffer at 25
°C.

Figure 4.3 displays a sample frequency-shift and energy-dissipation response history for
the activity of a 100-ppm solution of Cel7B on a cellulose film over a 3 h period. When Cel7B
is exposed to the cellulose film, AF' decreases as enzyme adsorbs to the surface. However, since
Cel7B exhibits little or no cellulytic activity, AF' does not subsequently increase, as it does when
Cel7A degrades the cellulose film. Upon washoff, a brief increase in AF is observed as
reversibly bound Cel7B desorbs, followed by a continued linear decrease. A corresponding
increase in AD over the period of enzyme adsorption indicates that the film becomes less rigid
over the period of Cel7B exposure. Energy-dissipation response is much higher relative to
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frequency-shift response for Cel7B compared to Cel7A. Josefsson ef al. also observed a
decrease in film rigidity for endoglucanases acting on model cellulose films and attributed it to
swelling of the film resulting from disruption of the film surface allowing additional water to
penetrate into the film.>* The larger AD precludes use of the Sauerbrey equation. In this case,
the Voigt model for viscoelastic film resonance®® was used to quantify film mass and viscosity
change. The Voigt model is also included in the QTools 3.01 software. Typically, AF and AD
data from the third, fifth, and/or seventh overtones were used in the Voigt model to generate film
mass and viscosity.
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Figure 4.3. Typical frequency shift (AF, thick line) and dissipation (AD, thin line) histories for
Cel7B activity on a model cellulose film. First vertical arrow indicates loading of enzyme in
flowcell. Second vertical arrow indicates washoff. Data were measured on the third overtone of
a Q-Sense QCM operating at 5 MHz. 100-ppm 7. longibrachiatum Cel7B in aqueous buffer at
25 °C.
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4.5. Experimental Results

4.5.1. Cel7A4 Activity on the Cellulose Surface

Figure 4.4 shows a typical mass history for activity of Cel7A on a cellulose film,
generated by using Equation 4.1 to convert the AF-response data from Figure 4.2 to mass
change, Am. Initial adsorption is clearly seen (t = 0.25 — 0.5 h), followed by complexation of
Cel7A with the cellulose surface and subsequent degradation of the cellulose film. The linear
decrease in film mass, and, therefore, the cellulose degradation rate, is constant after about 30
min. After 2 h of Cel7A contact with the surface, the enzyme is eluted by washing with buffer.
A constant, though smaller, rate of decrease in film mass is subsequently observed, indicating
that cellulose degradation continues, even with reversibly adsorbed enzyme washed from the
surface.
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Figure 4.4. Mass history for adsorption and activity of Cel7A on a cellulose film for 2 h.
Adsorption, constant degradation rate, and washoff are seen. 5-ppm 7. longibrachiatum Cel7A
in aqueous buffer at 25 °C.
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In Figure 4.5, Cel7A was loaded onto the cellulose surface for 12 h to probe for possible
long-term loss of enzyme activity, a factor suggested in kinetic slowdown of cellulases on the
cellulose surface.’’ Cel7A film-degradation rate remained constant on our model cellulose films
over time scales as long as 12 h, even though Cel7A binds irreversibly to cellulose films over
time scales shorter than 1 h.?° This result is surprising, since irreversibility is typically associated
with partial denaturation.” Apparently, irreversible binding is governed by the cellulose binding
domain and not the catalytic domain. Cel7A does not denature completely on the cellulose
surface over a time scale of 12 h. Rather, it remains bound and active on the cellulose surface,
even during elution with buffer.

Cel7A, 0.5 ppm, 250 C

washoff

!

loading

1
N
T

Film Mass Change (mg / m?)
L

0 5 10 15
Time (h)
Figure 4.5. Mass history for adsorption and activity of Cel7A on a cellulose film for 12 h.

Adsorption, constant degradation rate, and washoff are seen. Degradation rate remains constant
fromt=4—-12h. 0.5-ppm T. longibrachiatum Cel7A in aqueous buffer at 25 °C.
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Figure 4.6 reports constant cellulose degradation rates (open diamonds) taken from the
measured adsorption histories, such as those in Figures 4.4 and 4.5, as a function of bulk Cel7A
concentration. The cellulose degradation rate is initially linear in Cel7A concentration and then
plateaus,'® corresponding to the maximum adsorption plateau.”” Thus, cellulose degradation rate
by Cel7A is limited by the maximum amount of enzyme adsorbed to the cellulose surface rather
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than solely by substrate concentration typical in the Michaelis-Menten kinetic mechanism. This
result is consistent with our previous findings of minimal cellulase penetration into the deposited
cellulose film."® The smooth line in Figure 4.6 corresponds to the theoretical pseudo-steady-state
degradation rate as a function of Cel7A concentration, as described by Equation 4.Bl in
Appendix 4.B using the kinetic constants listed in Table 4.1.
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Figure 4.6. Pseudo-steady-state cellulose film degradation rate as a function of bulk Cel7A
concentration. Degradation rate initially increases linearly in bulk enzyme concentration, then
reaches a plateau. Results from kinetic model are plotted as a smooth line. 7. longibrachiatum
Cel7A in aqueous buffer at 25 °C.

The kinetic model in Figure 4.1 posits that Cel7A complexes only with chain ends on the
cellulose surface and that Cel7B activity increases the surface concentration of these chain ends.
Since cellulose degradation is observed in Figure 4.6 in the absence of Cel7B, there must be a
native concentration of chain ends on the deposited cellulose surface. The native chain-end
concentration is quantified in Appendix 4.B, along with the other model kinetic constants.
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4.5.2. Cel7B Activity on the Cellulose Surface

The Voigt model permitted conversion of AF- and AD-response data in Figure 4.3 into
film mass histories for Cel7B activity, as illustrated in Figure 4.7. When the cellulose film is
exposed to Cel7B, film mass monotonically increases. Figure 4.3 shows a corresponding
decrease in film rigidity (increase in AD) over this time period. Upon Cel7B exposure, mass
increase is initially rapid, but eventually slows to a linear rise. Following washoff at t =3 h, and
an immediate decrease in film mass, there remains a continuing increase in film mass and
decrease in rigidity.
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Figure 4.7. Mass history for adsorption and activity of Cel7B on a cellulose film for 3 h.
Adsorption, film swelling, and washoff are seen. Inset shows first derivative of mass change
data, revealing that swelling rate approaches a constant, positive value before washoff, and a
smaller, constant positive value after washoff. 100-ppm 7. longibrachiatum Cel7B in aqueous
solution at 25 °C.

The inset of Figure 4.7 shows the derivative of the mass-history data, confirming that the
rate of mass increase reaches a constant value prior to washoff, and a smaller constant value
subsequent to washoff. Since the total increase in film mass exceeds the steric maximum of 6.8
mg / m” for endoglucanase adsorption on a cellulose film*® and because mass increase continues
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after Cel7B elution, the constant increase in film mass cannot be attributed to increased surface-
enzyme mass alone. Rather, as Cel7B creates chain ends and disrupts the hydrogen-bonding
structure of the cellulose surface, water penetrates and swells the film.** We quantify the
observed swelling rate as a measure of Cel7B activity toward chain-end production. Thus, the
faster is the film-swelling rate, the faster is the rate of chain-end production. In our model, we
assume that film swelling 1is linearly related to chain-end formation (see
Appendix 4.A).

Cel7B pseudo-steady-state swelling rates (filled triangles) are plotted against bulk Cel7B
concentration in Figure 4.8. Film-swelling rates follow the same Langmuir-type curve yielding a
maximum-enzyme-activity plateau, similar to Cel7A and to a lyophilized cellulase mixture.'® For
both Cel7A and Cel7B, enzyme-activity limitations correspond to measured enzyme-adsorption
limitations, reflecting maximum adsorption coverage at high bulk concentrations.*” The smooth
line in Figure 4.8 similarly corresponds to the theoretical pseudo-steady-state degradation rate as
a function of Cel7B concentration, as described in Equation 4.B2 of Appendix 4.B using the
kinetic constants given in Table 4.1.
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Figure 4.8. Pseudo-steady-state cellulose-film-swelling rate as a function of bulk Cel7B
concentration. Swelling rate initially increases linearly in bulk enzyme concentration, then
reaches a plateau. The plateau is reached at a higher bulk concentration than that for Cel7A.
Results from kinetic model are plotted as a smooth line. 7. longibrachiatum Cel7B in aqueous
buffer at 25 °C.
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Recent neutron-reflectivity measurements on completely amorphous cellulose films
indicate rapid film penetration and homogeneous deconstruction by some endoglucanases.”® Our
previous results,'® * and those in Figures 4.6 and 4.8 suggest minimal homogeneous film
penetration into our partially crystalline deposited cellulose layers. We take the kinetic rates
reported in Figures 4.6 and 4.8 as occurring near the film/aqueous solution interface.

4.5.3. Activity of Binary Enzyme Mixtures on the Cellulose Surface

In addition to quantifying the kinetics of single Cel7A and Cel7B enzymes acting on the
deposited cellulose surface, we explored the cooperative activity of binary mixtures.
Corresponding competitive adsorption kinetics is considered elsewhere.”” Due to high energy
dissipation values, it was again necessary to adopt the Voigt model to convert raw AF and AD
data to mass histories.

Degradation Rate (mg / m?h)
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Figure 4.9. Pseudo-steady-state cellulose film swelling rate for Cel7A-Cel7B binary mixture as a
function of Cel7B concentration. Cel7A concentration is 20 ppm for all experiments.
Degradation rate reaches a maximum at 20-ppm Cel7A and 10-ppm Cel7B. Results from kinetic
model are plotted as a solid line. T. longibrachiatum Cel7A and Cel7B in aqueous buffer at 25
°C.

77



Pseudo-steady-state cellulose degradation rates (i.e., those when the degradation rate is
constant, as observed for Cel7A activity in Figures 4.4 and 4.5) are plotted in Figure 4.9 for
20-ppm Cel7A over a range of Cel7B concentrations (filled triangles). As Cel7B concentration
increases, cellulytic activity initially increases up to a maximum at 10-ppm Cel7B, and then
decreases for larger Cel7B concentrations. Figure 4.10 graphs the corresponding pseudo-steady-
state cellulose degradation rates for 20-ppm Cel7B over a range of Cel7A concentrations (filled
triangles). Again, degradation rate initially increases as Cel7A concentration increases, but after
reaching a maximum at 20-ppm Cel7A, decreases for larger Cel7A concentrations.
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Figure 4.10. Pseudo-steady-state cellulose film swelling rate for Cel7A-Cel7B binary mixture as
a function of Cel7A concentration. Cel7B concentration is 20 ppm for all experiments.
Degradation rate reaches a maximum at 40-ppm Cel7A and 20-ppm Cel7B. Results from kinetic
model are plotted as a solid line. 7. longibrachiatum Cel7A and Cel7B in aqueous buffer at 25
°C.

For both sets of enzyme-mixture experiments above, a maximum degradation rate value
was observed for a 2:1 bulk mass ratio of Cel7A:Cel7B. Theoretical degradation rates obtained
from the proposed kinetic model are shown as smooth lines in Figure 4.9 and Figure 4.10. These
predictions are discussed further in Section 5.2.
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4.6 Kinetic Model Results

4.6.1 Derivation of Rate Constants from Kinetic Model

By comparing mass-history data, such as those in Figures 4.4 — 4.10, to the surface-based
kinetic model described in Appendix 4.A, all kinetic constants were established for cooperative
Cel7A and Cel7B activity illustrated in Figure 4.1. Detailed calculations are described in
Appendix 4.B; all parameters are listed in Table 4.1. Pseudo-steady-state kinetic constants for
Cel7A and Cel7B were ascertained directly from the single-enzyme experimental data in Figures
4.6 and 4.8. The transient kinetic numerical model (see Appendix 4.A) was then solved via a
Runge-Kutta algorithm to obtain decomplexation constants for Cel7A and Cel7B, as well as the
film-swelling constant, a,, to relate observed Cel7B swelling activity (Figures 4.7 and 4.8) to
the rate of chain-end formation. The kinetic model was not sensitive to chosen decomplexation
constants over several orders of magnitude. Thus, the film-swelling constant o, is the only
adjustable model parameter. All other parameters arise from analysis of data obtained from
single-enzyme systems.

Table 4.1. Kinetic parameters for 7. longibrachiatum Cel7A and Cel7B activity. Parameters ka,
kp, K1, ki, and T'y.x were determined in previous work.?? All other kinetic parameters from this
manuscript. All kinetic parameters are defined on a mass basis for incorporation into the kinetic
model described in Appendix 4.A. Calculations are detailed in Appendix 4.B.

Cel7A Cel7B
k4 0.28 ppm™' h’! 0.07 ppm™' h’!
kp 6.6 h" 24.0h’"
K 0.042 ppm'] 0.0029 ppm']
ki 1.7h" 1.6h”
[ inax 6.8 mg/ m’ 6.8 mg/ m’
ki Ts 6.44 b’ 77k
ki 2.8h" 23.3h°
Kc 2.3 33
Es*N 0.0088
ks 140 h’! | 23.3h’"
Olsw 0.36 mg water / mg chain ends

4.6.2. Prediction of Transient Enzyme Activity

To verify further our proposed kinetic model and associated kinetic parameters, we
compared theory to experiment for several transient cases of cooperative cellulase activity.
Figure 4.11 illustrates via kinetic model many of the tradeoffs inherent in the cooperative activity
of Cel7A and Cel7B. Figure 4.11a plots a film-mass history for a binary mixture of 5 ppm
Cel7A and 5 ppm Cel7B (black data) and kinetic model (gray line). Excellent agreement
between data and model is seen. Figure 4.11b graphs corresponding results from the kinetic
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model for total enzyme adsorption (both complexed and uncomplexed, thicker line) and the
irreversibly bound enzyme adsorption (thinner line) during film degradation. At the 1:1 bulk
mass ratio used in this experiment, the surface enzyme concentration of Cel7A is approximately
2.5 times that of Cel7B. Both surface enzyme concentrations remain approximately constant
after about 1 h exposure to the cellulose surface, highlighting the importance of cellulose mixture
design informed by surface parameters. Figure 4.11c plots the predicted surface concentration of
complexed enzyme (thicker line) and the corresponding irreversibly bound amount (thinner line).
Complexation kinetics are slower for Cel7A than Cel7B, as seen also in Table 4.1, where the
complexation and decomplexation rate constants k;I's and k; are each an order of magnitude
smaller for Cel7A than for Cel7B. This result is reflected in Figure 4.11c, where the surface
concentration of complexed Cel7B over the period from 0 — 0.5 h is slightly larger than the
corresponding surface concentration of Cel7A, despite a higher total surface concentration of
Cel7A. Figure 4.11d plots the surface chain-end fraction €5+, which increases over time as
complexed Cel7B creates chain ends on the cellulose surface.

Importantly, although the chain-end fraction increases at a constant rate in Figure 4.11d,
the surface concentration of complexed Cel7A, seen in Figure 4.11c, does not increase at a
similar rate. From t = 1 — 3 h, ['ce7a-s+ increases by only about 15%, despite the surface
concentration of chain ends nearly doubling. Given the strong cooperativity between Cel7A and
Cel7B in Figures 4.9 and 4.10, a corresponding large increase in complexed Cel7A surface
concentration, and, therefore, a large increase in cellulose degradation rate might be expected. In
fact, the minimal increase in complexed Cel7A surface concentration, despite a large increase in
chain-end concentration, results from the slow kinetics of complexation and decomplexation for
Cel7A. Although chain-end concentration increases continually, the slow complexation and
decomplexation rates limit the proportion of enzyme that can take advantage of higher of
concentration of chain ends at later reaction times. The implications of the slow complexation
kinetics of Cel7A are discussed further in the Section 6.

Calculated chain-end fractions, es+, in our kinetic model increase indefinitely at a
constant but small rate, as shown in Figure 4.11d. Due to the small observed complexation and
decomplexation rate constants in the kinetic model, only small chain-end surface concentrations
arise. Thus, no physical upper bound for €g+ 1s necessary in the kinetic formulation. Strictly, a
varying &g+ 1S not consistent with a pseudo-steady state. In both experiment and kinetic
modeling, degradation rates were taken to represent pseudo-steady-state when they varied by less
than 5% over 1 h.

Predicted pseudo-steady-state degradation rates comprise the smooth lines shown in
Figures 4.9 and 4.10. Again, good agreement with experimental data is found, a noteworthy
result since all kinetic constants but one (o) were obtained from single-enzyme experiments.
In Figure 4.9, at sufficiently high Cel7B bulk concentration, surface concentration of Cel7A
tends to zero, and the deconstruction rate falls to zero. In Figure 4.10, a finite degradation rate at
high Cel7A bulk concentration arises from the native surface concentration of chain ends. This
degradation rate necessarily asymptotes to 18.5 mg / m” h, the upper limit of pseudo-steady-state
film degradation rate for single Cel7A shown in Figure 4.6.
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Figure 4.11. Comparison of experiment and kinetic model for activity of a binary mixture of 5
ppm Cel7A and 5 ppm Cel7B on a deposited cellulose surface. Cellulases from T.
longibrachiatum in aqueous buffer at 25 °C. (a) shows excellent agreement between
experimental degradation history (black data) and model (gray line). (b) graphs corresponding
predicted total adsorbed enzyme surface concentration (both complexed and uncomplexed,
thicker gray line) as well as the irreversibly bound enzyme surface concentration (thinner gray
line). (c) graphs predicted corresponding adsorbed complexed enzyme surface concentration
(thicker gray line) and irreversibly bound complexed enzyme surface ceoncentration. (d)
illustrates predicted cellulose chain-end fraction.

Figure 4.12 compares experimental and kinetic-model results for the following order-of-
addition process: 5-ppm Cel7B solution is flowed over the surface for 0.5 h to create chain ends,
the surface is washed with buffer for 0.5 h, then 5 ppm Cel7A solution is injected for 1 h to
effect chain scission, after which the surface is again washed with buffer. This process
corresponds to creating chain ends with Cel7B before deconstructing the surface by Cel7A.
At t = 0, Cel7B adsorbs to the surface, complexes with it, and creates chain ends, thereby
swelling the cellulose film. From t = 0.5 — 1 h, about 30% of the adsorbed Cel7B washes off.
The remaining 70% irreversibly adsorbed Cel7B continues to create chain ends and swell the
film. At t =1 h, Cel7A adsorbs to and degrades the film surface. The observed pseudo-steady-
state degradation rate, 15 mg / m’ h, is indeed higher than that for single Cel7A
(8 — 10 mg / m” h, from Figure 4.6). However, it is not as high as the 25 mg / m” h degradation
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rate reported in Figure 4.11a. This is because the high surface concentration of irreversibly
bound Cel7B blocks Cel7A adsorption. Cel7A adsorbs to a smaller surface concentration than
that dictated by competitive adsorption. The result is a lower surface concentration of Cel7A-
chain-end complexes and a lower activity.
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Figure 4.12. Mass history for successive Cel7B and Cel7A adsorption and activity on deposited
cellulose film. Att= 0 h, the film is exposed to 5 ppm Cel7B. At t = 0.5 h, the film is exposed
to buffer, washing off some Cel7B. The film is subsequently exposed to 5 ppm Cel7A att=1h,
with a second washoff at t =2 h. Not all Cel7A washes off. Therefore, degradation continues at
about 15 mg / m” h after washoff. Experiment (black) and kinetic model (gray) are indicated. T.
longibrachiatum Cel7A and Cel7B in aqueous buffer at 25 °C.

Figure 4.13 shows a similar experimental result with the order of addition of Cel7A and
Cel7B reversed. 5-ppm Cel7A solution was flowed over the surface for 0.5 h, washed with
buffer for 0.5 h, then 5-ppm Cel7B solution was flowed over the surface for 1 h before washing
again with buffer. Film degradation occurs almost immediately upon addition of Cel7A at t = 0.
Some Cel7A remains adsorbed and continues to degrade the film during the washoff period from
t=0.5—1h. When Cel7B is added at t = 1 h, the degradation rate increases from approximately
6 mg/ m” h to 10 mg/ m® h. Consistent with the slow Cel7A complexation kinetics observed in
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Figure 4.11, the degradation-rate increase is comparatively minor, and is delayed after the
addition of Cel7B. After elution with buffer at t = 2 h, continued activity of irreversibly
adsorbed enzyme is again observed. Once again, good agreement between experiment and
model is apparent, with minor divergence in the cooperative degradation rate fromt=1-2 h.
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Figure 4.13. Mass history for successive Cel7A and Cel7B activity on deposited cellulose film.
At t = 0 h, the film is exposed to 5 ppm Cel7A. At t = 0.5 h, the film is exposed to buffer,
washing off some Cel7A. The film is subsequently exposed to 5 ppm Cel7B at t = 1 h,
increasing the degradation rate, with another washoff at t =2 h. Some Cel7A and Cel7B remains
bound. Therefore, degradation continues after washoff. Experimental (black) and kinetic model
(gray) are indicated. T. longibrachiatum Cel7A and Cel7B in aqueous buffer at 25 °C.

4.7. Discussion

The pseudo-steady-state deconstruction rates shown in Figures 4.9 and 4.10 suggest that
there are optimal bulk-solution mixtures of Cel7A and Cel7B that produce maximum cellulose
degradation rates. To explore these mixtures, pseudo-steady-state deconstruction rates were
predicted from the kinetic model for a variety of binary mixtures of Cel7A and Cel7B. Results
are shown in Figure 4.14 for five Cel7B concentrations (point-labeled lines) for varying Cel7A
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bulk concentration. All enzyme mixtures reach a maximum degradation rate of 60 mg / m” h at a
bulk solution mass ratio of about 2:1 Cel7A:Cel7B. This suggests that at 25 °C and over the
concentration range analyzed, this bulk ratio sets a surface concentration ratio (about 4:1) that
produces maximum cooperativity between Cel7A and Cel7B. Because enzyme adsorption is
ultimately limited by steric effects, higher absolute bulk concentrations at this optimal ratio do
not effect faster degradation. The degradation rate predicted for 20 ppm Cel7A:10 ppm Cel7B is
similar to that predicted for 40 ppm Cel7A:20 ppm Cel7B. No more enzyme can adsorb to the
surface at the higher concentration, thus the maximum degradation rate is similar.

25 °C

Degradation Rate (mg / m?h)

Cel7B Concentration (ppm)
—2—=0 ppm —=5 ppm =10 ppm =+ 20 ppm —= 50 ppm

0 20 40 60 80 100 120
Cel7A Concentration (ppm)

Figure 4.14. Calculated pseudo-steady-state degradation rates (point-labeled-lines) for T.
longibrachiatum Cel7A-Cel7B mixtures on cellulose at 25 °C. Bulk Cel7A concentration was
varied at Cel7B bulk concentrations of 0, 5, 10, 20, and 50 ppm.

Above this optimal bulk-solution concentration ratio, Cel7A, which has a higher
adsorptive affinity for the cellulose surface, outcompetes Cel7B for surface sites, thereby
reducing surface concentration of Cel7B and the number of available surface chain ends.
Accordingly, degradation activity falls, despite the higher surface concentration of Cel7A. An
optimal concentration of Cel7B must be present on the surface near the beginning of degradation
to create sufficient chain ends for Cel7A complexation. As Cel7A bulk concentration increases
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without bound, regardless of Cel7B bulk concentration, the degradation rate tends toward 18.5
mg / m” h, the observed maximum degradation rate in the absence of Cel7B (Figure 4.6). This
asymptote represents the case where Cel7A completely outcompetes Cel7B for surface sites,
negating chain-end formation. This optimal 2:1 bulk concentration ratio is confirmed in the
experimental data of both Figures 4.9 and 4.10. Rational choice of bulk enzyme-concentration
ratio is particularly important given the data in Figure 4.11, which show that more than 75% of
enzyme is bound irreversibly after 1 h.

It 1s likely surface enzyme does not truly transition to a 100% irreversibly bound state, as
is formulated in the kinetic model. Rather, film degradation might result in the liberation of
large chunks of cellulose with enzymes attached, thereby freeing bound enzyme. However,
given that activity rates remain essentially constant even after significant degradation of the
cellulose surface (Figure 4.11a), such surface-breakdown effects are assumed to be minor.

As described in Section 5.2 and illustrated in Figures 4.11c and 4.11d, the surface
concentration of chain-end-complexed Cel7A and the cellulose degradation rate remain nearly
constant despite a significant increase in chain-end concentration later in degradation. This
result is due to the slow complexation and decomplexation kinetics of Cel7A. In fact,
complexation is the rate-limiting step in cellulytic activity of Cel7A, whereas enzyme adsorption
to the surface is rate-limiting for Cel7B. Despite similar Michaelis-Menten complexation
equilibrium constants (K¢), the complexation exchange kinetics for Cel7B are an order of
magnitude faster. Faster complexation/decomplexation rates for Cel7B is consistent with the
structural characteristics of Cel7A and Cel7B. It is more difficult for Cel7A to form a complex
with a cellulose chain end in its binding barrel than it is for Cel7B to form a complex between its
binding cleft and the cellulose surface.® However, once Cel7A forms an enzyme-substrate
complex, the significant distortion of the cellulose chain within the binding site prevents
decomplexation.” This finding is not possible without separate study of adsorption®’ and
complexation kinetics.

The processive activity of Cel7A is also reflected in its high turnover number. By
assuming a molecular weight of 65,000 for Cel7A and an average product degree-of-
polymerization of 3 (MW = 504), the mass-based turnover number listed in Table 4.1,
ks .cei74 = 140 h'], is converted to the more useful molar basis, k> cer74.moiar = 4.8 s, Thus, a single
complexed adsorbed Cel7A molecule affects, on average, 4.8 scissions per second. Although
typical literature values are somewhat smaller,”® ** most do not consider adsorbed, irreversibly
bound, and complexed enzyme states separately. Thus, in less rigorous models, a large portion
of surface enzyme that is reversibly adsorbed or irreversibly bound may incorrectly be assigned
as complexed. A higher assumed concentration of complexed enzyme and, therefore, a lower
turnover number emerges.

To optimize the activity of the Cel7A/Cel7B binary enzyme mixture given the slow
complexation and decomplexation kinetics of Cel7A, the goal is first to create as many chain
ends as possible and then to produce a high surface concentration of Cel7A to complex with
those chain ends and effect chain scission. Unfortunately, there is an inherent tradeoff in
preconditioning with Cel7B to create chain ends (see Figure 4.12), as Cel7B adsorbs irreversibly
and blocks surface sites for subsequent Cel7A adsorption. Since Cel7A has a higher affinity for
the cellulose surface than does Cel7B, if the two enzymes are exposed to the surface
simultaneously, Cel7A bulk concentration still must be reduced to allow sufficient adsorption of
Cel7B. This tradeoff is highlighted in the different degradation rates reported for Figure 4.11a
and Figure 4.12. Both cases utilize Cel7A and Cel7B to degrade the cellulose surface at a bulk

85



concentration of 5 ppm for each enzyme. In Figure 4.11a, they arrive at the surface at the same
time, producing a pseudo-steady-state degradation rate of about 25 mg / m” h. In Figure 4.12,
however, Cel7B is first exposed to the cellulose surface to create chain ends, then eluted,
followed by exposure to Cel7A. A higher degradation rate might be expected in this second
scenario, since there is now a higher surface concentration of chain ends for Cel7A
complexation. However, the observed degradation rate, 15 mg / m” h, is lower than that for
mixed solution, as irreversibly bound Cel7B blocks subsequent Cel7A adsorption.

Clearly, Cel7A activity can be increased by increasing €s+y, the native concentration of
chain ends on the cellulose surface, without permitting Cel7B to bind irreversibly on the surface.
Figure 4.15 displays the calculated degradation rate as a function of single-Cel7A concentration
(point-labeled line) over a range of native chain-end surface concentrations. In the absence of
competitive adsorption of Cel7B but in the presence of surface chain ends, Cel7A activity at
25 °C is increases up to 105 mg / m” h for comparatively low bulk Cel7A concentration (less
than 20 ppm). Increasing native surface concentration of chain ends greatly increases Cel7A
activity. Thus, pretreatment methods™ to lower the polymerization of cellulose feedstock,
disrupt its hydrogen-bonding structure, and create chain ends facilitate deconstruction.
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Figure 4.15. Calculated pseudo-steady-state degradation rates (point-labeled-lines) for T.
longibrachiatum Cel7A on cellulose at 25 °C. Different native cellulose chain-end fractions of
es+y = 0.01, 0.02, 0.5, 0.1, 0.2, and 0.4 are indicated. Cel7B is not present. Native chain-end
fraction for deposited cellulose films in this manuscript was 0.0088.
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4.8. Conclusions

Quartz crystal micrography (QCM) is an invaluable tool to quantify surface kinetics of
cellulose deconstruction. New kinetic degradation rates are provided for a binary mixture of 7.
longibrachiatum cellobiohydrolase 1 (Cel7A) and endoglucanase 1 (Cel7B) on a model cellulose
surface at 25 °C. Building on a previous single-enzyme model of cellulase activity elucidated by
ellipsometry,'® we devise a two-enzyme kinetic model including competitive adsorption,
irreversible binding, complexation, and cooperative cellulytic activity. From single-Cel7A and
single-Cel7B experiments at pseudo-steady state, we determined the intrinsic rate constants
governing desconstruction. Only one adjustable mixture parameter (o) relating Cel7B activity
to chain-end formation was necessary in the proposed kinetic model. Model predictions using
these rate constants show excellent agreement with experimental results for the activity of
Cel7A/Cel7B cellulase mixtures on the deposited cellulose surface over a large range of bulk
solution concentrations and for various orders of addition.

Using the kinetic model, we determined that the surface concentrations of Cel7A and
Cel7B in binary mixture are established quickly upon exposure to the cellulose surface with up
to 80% irreversibly bound after 1 h. Since typical industrial degradation occurs over timescales
of 12 — 24 h, rational design of cellulose mixtures requires knowledge of surface concentrations.
Although enzyme is irreversibly bound over short time scales, activity of Cel7A remains
constant on cellulose for up to 12 h, suggesting that irreversible binding events do not involve
complete enzyme denaturation at 25 °C. Cel7A activity is affected strongly by the surface
concentration of chain ends. However, deploying additional Cel7B to create chain ends before
adding Cel7A results in decreased Cel7A adsorption and, thus, lower overall cellulytic activity
than deploying the enzymes simultaneously. We found that a 2:1 bulk solution concentration
ratio of Cel7A:Cel7B produced maximum degradation rates. However, increasing chain-end
concentration without introducing irreversibly bound Cel7B to the system (e.g., via cellulose
pretreatment) further increases degradation rates.

Present calculations pertain to the activity of two enzymes at 25 °C on a defined cellulose
surface of constant area, and in an excess bulk solution with no mass transfer limitations.
Application of the kinetic model to other processing conditions requires extension of the mass
conservation statements listed in Appendix 4.A.

4.9. List of Symbols

AF : QCM frequency shift

AD : QCM energy-dissipation change

Am : Film mass per unit area, mg / m*

Cel7B : T. longibrachiatum endoglucanase |

Cel7A : T. longibrachiatum cellobiohydrolase I

[Cel7B]lpui : Bulk Cel7B concentration, ppm

[Cel7A]pui : Bulk Cel7A concentration, ppm

I's: Surface concentration of cellulose, mg / m”

I's+: Surface concentration of cellulose chain ends, mg / m*

s« : Native surface concentration of cellulose chain ends (before Cel7B activity), mg / m*
es+ : Fraction of surface cellulose available as chain ends

es+n: Native fraction of surface available as cellulose chain ends (before Cel7B activity)
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I"cer75: Surface concentration of reversibly adsorbed, uncomplexed Cel7B, mg / m?
I"cer75.s : Surface concentration of reversibly adsorbed, complexed Cel7B, mg / m?
I"cer751: Surface concentration of irreversibly bound, uncomplexed Cel7B, mg / m?
I"cer75.51: Surface concentration of irreversibly bound, complexed Cel7B, mg / m?
I"cer74 : Surface concentration of reversibly adsorbed, uncomplexed Cel7A, mg / m?
I"cer74.s+ : Surface concentration of reversibly adsorbed, complexed Cel7A, mg / m?
I"cer74.1: Surface concentration of irreversibly bound, uncomplexed Cel7A, mg / m?
I"cer74-s+1: Surface concentration of irreversibly bound, complexed Cel7A, mg / m?
I 'max : Maximum enzyme adsorption, mg / m*

I'7: Total surface concentration for all enzyme, mg / m

I'o: Surface concentration of open enzyme adsorption sites, mg / m*

P : Oligomeric product produced per unit area, mg / m*

ka.cer7s : Adsorption rate constant for Cel7B, ppm'l h!

kp,cer7 - Desorption rate constant for Cel7B, h!

K, cei7 - Langmuir equilibrium constant for Cel7B, ppm']

ki.ce7s : Irreversible binding rate constant for Cel7B, h™!

ki ce7s - Complexation rate constant for Cel7B, m*/ mg h

k-1.cer78 : Decomplexation rate constant for Cel7B, h!

K¢ cei7s : Michaelis-Menten equilibrium constant for Cel7B, m?/ mg

k> cer75 : Activity rate constant for Cel7B, h!

rads,cei7s - Rate of Cel7B adsorption to the cellulose surface, mg / m? h

raes,.cer7s - Rate of Cel7B desorption from the cellulose surface, mg / m’ h
Teomp,cei7s - Rate of Cel7B complexation with the cellulose surface, mg / m’ h
Tdecomp,cer7s - Rate of Cel7B decomplexation from to the cellulose surface, mg /m’h
rir.cei7p - Rate of Cel7B irreversible binding to the cellulose surface mg / m’ h
raercer7s - Rate of chain-end creation by complexed Cel7B, mg / m’ h

ka.cer74 : Adsorption rate constant for Cel7A, ppm'l h!

kp,cer74 - Desorption rate constant for Cel7A, h!

K1, cei74 - Langmuir equilibrium constant for Cel7A, ppm']

kicer74 : Irreversible binding rate constant for Cel7A, h!

ki ceiz4 : Complexation rate constant for Cel7A, m* / mg h

k-1.cer74 : Decomplexation rate constant for Cel7A, h!

Kc cei74 : Michaelis-Menten equilibrium constant for Cel7A, m?/ mg

kz.cer74 : Activity rate constant for Cel7A, h!

rew : Film-swelling rate, mg / m* h

Ay, : Film-swelling constant, mg swelling / mg chain ends

rads,cei74 - Rate of Cel7A adsorption to the cellulose surface, mg / m’ h

raes.cei74 - Rate of Cel7A desorption from the cellulose surface, mg / m’ h
Teomp,cei74 - Rate of Cel7A complexation with the cellulose surface, mg / m’ h
Tdecomp,cei74 - Rate of Cel7A decomplexation from to the cellulose surface, mg /m’h
rirr.cei74 - Rate of Cel7A irreversible binding to the cellulose surface mg / m’ h
racrcer74 - Rate of chain-end creation by complexed Cel7A, mg / m’ h
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Appendix 4.A: Kinetic Model

Figure 4.1 illustrates the kinetic model for cooperative cellulase activity on the cellulose
surface. In this appendix, rate equations for the proposed kinetic model are elucidated along
with mass conservation laws appropriate to the QCM flow cell.

4.A4.1. Cellulase Adsorption
Enzyme adsorption and desorption kinetics on the cellulose surface follow the Langmuir
kinetic model, for the rates of adsorption and desorption

Vadscelza = K4 cel7a [Cel7A],,. T ) (4.A1)

and
Viesce7a = kD,Cel7A Lo ) (4.A2)

where k4 cer74 and kp,cer74 are the adsorption and desorption rate constants for Cel7A; [Cel7A ] pu
is the bulk enzyme concentration; I'c.;74 1s the surface concentration of reversibly adsorbed,
uncomplexed Cel7A, and I’y is the surface concentration of open sites available for cellulase
binding. We relate I'p to the surface concentration of adsorbed enzyme via a surface-site
balance,

I_‘0 = I_‘max - I_‘T s (4A3)

where i = 6.8 mg / m” is the observed maximum enzyme adsorption for both Cel7A and
Cel7B,?® and I'; is the total surface concentration of all adsorbed enzymes.

Adsorbed enzymes bind irreversibly to the surface according to first-order surface
kinetics, >’ *

Tarcera = Kicaralicena ) (4.A4)

where kjce74 1s the first-order irreversible binding rate constant. The resulting surface
concentration of irreversibly bound, uncomplexed Cel7A is denoted as I'c.74,. In general, the
surface concentration of any enzyme in the irreversibly bound state is denoted with an additional
subscript I. Enzyme in the irreversibly bound state cannot transition back to the reversibly
adsorbed state.

Equations 4.A1 — 4.A4 are also written for Cel7B. Adsorption, desorption, and
irreversible binding of Cel7B follow an identical scheme, with the subscript Cel7A replaced by
Cel7B.

4.4.2. Cellulase Complexation

Once adsorbed, enzymes form an enzyme-substrate complex with appropriate surface
sites. In our model, Cel7A complexes only with chain ends (surface concentration denoted by
I's+), while Cel7B complexes nonspecifically with the insoluble cellulose substrate (surface
concentration denoted I's). The fraction es+ relates surface concentration of chain ends to total
surface concentration of cellulose,
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(4.A5)

where I's is assumed to be in excess and constant throughout all enzyme activity. The surface
chain end-concentration, I'ssx, changes through Cel7B activity. Complexation and
decomplexation rates for Cel7A and Cel7B on the cellulose surface both follow Michaelis-
Menten kinetics,

Feompceira = Kicoanalcara€sLs ) (4.A6)

Faecompcera = K1 caralcona s > (4.A7)

Feomp.cel7B = K cor8lcensls > (4.A8)
and

Viecomp cei7p = ks coanslearn s > (4.A9)

where k; and k.; are, respectively, the Michaelis-Menten complexation and decomplexation
constants; and I'ce;74.5+ and T'ce7p.s are, respectively, the surface concentrations of cellulose-
complexed Cel7A and Cel7B. Complexed cellulase cannot desorb from the surface into bulk
solution. Rather, each complexed cellulase must decomplex from its substrate before desorption
can occur from the uncomplexed state according to Equation 4.A2.

Surface concentrations of both cellulose and chain ends are assumed to be large in
comparison to surface enzyme concentration, allowing the Michaelis-Menten model to be
applied. This assumption is consistent with Figure 4.5, where no significant decline in Cel7A
activity is observed over 12 h, implying I's« remains essentially constant over 12 h, with no
significant chain-end consumption (see also Figure 4.11d showing the small change in s+ over
time).

Because irreversible binding is mediated primarily by the cellulose-binding domain'® and
because complexation is, by definition, mediated entirely by the catalytic domain, we assume
that these processes are independent. Thus, complexed enzymes transition to an irreversibly
bound state at the same rate as noncomplexed enzymes, and irreversibly bound enzymes have the
same complexation and activity constants as reversibly adsorbed enzymes. Equation 4.A4 is
written for complexed Cel7A as,

T,

CelTA-S* 2

(4.A10)

Virrcelza-s* = k, Cel7A

with the irreversible-binding constant k;c.74 identical to that for the noncomplexed state.
Similarly, Equation 4.A6 is written for irreversibly bound Cel7A with identical complexation
constant k; cei74,

rcomp,Cel7A,1 = kl,Cel7A I_‘Cel7A,[ SS*FS : (4A1 1)

From the principles elucidated in Equations 4.A1 —4.A11, corresponding rate expressions can be
written that govern the remaining adsorption, complexation, and irreversible binding processes
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illustrated in Figure 4.1. These include: decomplexation of irreversibly bound Cel7A;
complexation and decomplexation of irreversibly bound Cel7B; and irreversible binding of
complexed Cel7B.

4.4.3. Cellulase Activity
Following Michaelis-Menten kinetics, activity of both Cel7A and Cel7B is first-order in
the concentration of enzyme-substrate complex according to the rate constant k;:

VactCet7a = k2,Cel7ArCel7A—S* (4.A12)
and
Vact.ce7 = kz,camrc@ng—s . (4.A13)

Both enzymes are assumed to remain complexed with the cellulose surface after activity,
transitioning separately back to the uncomplexed adsorbed state according to Equations 4.A7 and
4.A9. As with k; and k_; above, the rate constant 4, is identical for the reversibly adsorbed and
irreversibly bound states of each enzyme.

The activity of Cel7A is assumed solely to degrade the cellulose surface into glucose
oligomers that are then released into aqueous solution. The activity of Cel7B is assumed to
create cellulose chain ends, thereby inducing film swelling by water (Section 4.3). The mass of
the cellulose film itself changes according to degradation by Cel7A and to swelling as a result
Cel7B activity. The rate of swelling by water is related linearly to the rate of Cel7B activity via
the constant o,

r,=0.r . (4.A14)

ws sw' act,Cel7B

4.4.4. Mass Balances

Equations 4.A1 — 4.A14 constitute the surface-kinetic-rate expressions used for
incorporation into mass balances appropriate for a QCM flow-cell application. When the bulk
solution is well mixed and in excess, and when the cellulase substrate surface area is constant,
Equations 4.A15 —4.A22 give the rate of change of the surface concentrations of both Cel7A and
Cel7B in the complexed, uncomplexed, reversibly adsorbed, and irreversibly bound states:

% =Ky carsCel7Bu (U =10 = kp corrplcars = KicorsUearsls + Koy carslcern—s = ki cors X cers
(4.A15)
dr, C;;B_S = ki corplcarsl's = k1. carslcars—s = ki carsLcers_s (4.A16)
drc;:&[ = _kl,Cel7BFCel7B,1rs + k—l,Cel7BFCel7B—S,I + kI,Ce/7BrCe[7B (4.A17)
drCZZtB_SJ = kl,Cel7BrCe/7B,1Fs - k—l,Cel7BFCel7B—S,I + kI,Ce[7BFCel7B_S (4.A18)
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dr,
Cel7A _ _ _ _ _
=k, Cel7A [Cel7A], (T = T7) kD,Cel7A Leera kl,Cel7A Leoa€sl's + k—l,Cel7A Lera-s: =k, Cel7A Lo

dt
(4.A19)
dr Cel7A=S*
dt = kl,Cel7ArCel7A€S*rS - k—l,Cel7ArCel7A—S* - kI,Cel7ArCel7A—S* (4-A20)
dr Cel7A 1
dt - = _kl,Cel7AFCel7A,I£S*FS + k—l,Cel7ArCe[7A—S*,1 + kI,Cel7ArCe[7A (4-A21)
dr Cel7A-S*,1
dt - = kl,Cel7ArCel7A,IgS*rS - k—l,Cel7ArCel7A—S*,I + kI,Cel7ArCel7A—S* (4-A22)

The total surface concentration of all adsorbed enzyme is defined as the sum of all enzyme states
above,

. =T +T +T +T

r = Lears * Learss + Yearsos + Yearp_si + Teara +

T,

Cel7A,1

+ I_‘Ce[7A—S* + ng[7A_S*J . (4A23)

Activity of complexed Cel7A deconstructs the cellulose surface into oligomeric product,

dP
E = k2,Cel7A (rCe[7A—S* + rCel7A—S*,I) > (4-A24)

while the activity of complexed Cel7B creates cellulose chain ends,

de,
I 7; =Ky corrs Cearn_s + Learp_ss) ) (4.A25)

where eg+ << 1. Provided that k; c.;75 is small, s+ changes slowly, thereby permitting a pseudo-
steady-state degradation rate. Chain-end creation is associated with film swelling governed by
the proportionality constant o, ,

Tow = QK5 corrs Teorp_s + Lerp_s.) . (4.A26)

Finally, the total film mass change, which is the quantity measured by the QCM, is described as
the sum of enzyme adsorption and film swelling rate minus the deconstruction rate of the film,

dmg,, &4_ dP

r,—— (4.A27)
d dt " dt
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Appendix 4.B: Derivation of Rate Constants for Kinetic Model

4.B.1. Kinetic Constants for Cel74 Activity from Pseudo-Steady-State Data
Cellulytic activity of cellobiohydrolase I (Cel7A) in the absence of endoglucanase I
(Cel7B) and in the pseudo-steady state is given by

|: dP k2,Cel7A kl,Cel7A FS*FmaxKL,Cel7A [Cel7A]bulk

dt ]PSS ki corn + KpcoralCEl7AL (K s corn + K cozalss)

: (4.B1)

where [dP/dt]pss is the measured pseudo-steady-state areal degradation rate (mg cellulose
degraded / m? / h) in Figure 4.6; Ki ce7a = kaceiza | kp.ceiza 1s the Langmuir equilibrium
adsorption constant; and all other quantities are as defined in Appendix 4.A. Derivation of this
equation for a single-enzyme system is found elsewhere.'® The chain-end concentration I« is
assumed to be constant during the period of constant degradation rate. In agreement with Figure
4.6, degradation rate is linear in [Cel7A]p. at low bulk Cel7A concentration, but reaches an
asymptote at higher Cel7A concentration, since [Cel7A].ux appears in both numerator and
denominator on the right side of Equation 4.B1.

From previous work: K cer74 = 0.042 ppm™ and oy = 6.8 mg / m>.° Upon examining
Equation 4.B1 in the limits of bulk high and low enzyme concentration, we obtain the parameters
k> cei74 (the turnover number for Cel7A) and Kccera = kicezal'st | k.icera (the Cel7A
complexation equilibrium constant).'® We establish these parameters from the data in Figure 4.6
in the limits of low and high enzyme concentration'® to obtain Kcceza= 2.3 and
ks.ce74 =140 h™'. The solid line in Figure 4.6 is then predicted from these parameters.

The irreversible binding rate constant k;c.;74 does not appear in Equation 4.B1. Because
irreversible binding is primarily a CBD-mediated phenomenon and complexation/activity is a
CD-mediated process, we assume that both reversibly adsorbed and irreversibly bound Cel7A
have equal probability of complexing with cellulose and effecting a chain scission. We also
assume that adsorbed uncomplexed and adsorbed complexed enzyme have equal probabilities of
irreversibly binding. Since reversibly and irreversibly adsorbed enzymes have identical activity,
Equation 4.B1 holds when degradation rate is constant, although some enzyme may still
transition from the reversibly adsorbed to the irreversibly bound state.

4.B.2. Kinetic Constants for Cel7B Activity from Pseudo-Steady-State Data

Similarly, we characterize Cel7B activity on the cellulose surface using the pseudo-
steady-state swelling rate r,, plotted in Figure 4.8, to quantify Cel7B activity as a function of
bulk concentration. As noted in Equation 4.A14, we assume that the film-swelling rate depicted
in Figures 4.7 and 4.8 is linearly proportional to the rate of chain-end formation by Cel7B
according to a swelling constant a,. Thus, similar to Equation 4.B1, we describe the pseudo-
steady-state single-enzyme activity of Cel7B by

A k) o8k corlsUmanK Lcors [CEL7Bl,

max

k—l,Cel7B + KL,C@I7B [Cel7B]hulk(k—l,Cel7B + kl,Cel7BFS)

(4.B2)

[rvw ]PSS =
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In Equation 4.B2, all kinetic parameters for Cel7A are replaced by those for Cel7B, and the
chain-end surface concentration I's« is replaced by the cellulose surface concentration I's, since
Cel7B complexes nonspecifically with the entire cellulose surface rather than solely with chain
ends. Application of Equation 4.B2 to the data in Figure 4.8 in the limits of low and high Cel7B
concentration, using our previous results of K; c.;73 = 0.0029 ppm'] and Iy, = 6.8 mg / mz,20

gives Oz corp = 0.42 0 and Ke cors = ki.carsls/ kopcors = 3.3,

4.B.3. Kinetic Constants for Cooperative Activity from Kinetic Model

The remaining kinetic constants illustrated in Figure 4.1 were obtained from the transient
kinetic model. We evaluated Equations 4.A15 — 4.A27 using a Runge-Kutta algorithm to
quantify transient enzyme adsorption, swelling, chain-end formation, and film degradation.

To apply Equations 4.A15 — 4.A27, it was first necessary to ascertain the rate constants
governing transient complexation and decomplexation, k; and k-;, for both Cel7A and Cel7B.
The pseudo-steady-state analysis, described above, specifies only the equilibrium constants
€s+Kc ceiza = kI,Cel7ASS*FS/ k—],Cel7A and Kccerp = kl,cengrs/ k_],Ce]7B. Complexation rate constants
are best established by defining the ratio k» / k.;, representing the number of enzyme activity
events that occur for each decomplexation event.*” Cel7A degrades cellulose chains
processively within the active site, inducing a major conformational change in the cellulose chain
within its barrel-shaped catalytic domain and keeping the chain complexed while effecting
multiple chain scissions.® ° Accordingly, processive length values in the literature for Cel7A
range from 10 — 100 scission events per decomplexation event.'® ' Upon examining single-
component activity histories of Cel7A (such as Figures 4.4 and 4.5), we find that our kinetic
model is not sensitive to choices in this range. We chose k3 cer74 / k.1,cei74 = 50, 1.€., Cel7A makes
on average 50 chain scissions per decomplexation event. Endoglucanases have a cleft-like
active-site structure encompassing fewer interactions with the cellulose surface. Cel7B does not
act processively,*’ suggesting a smaller activity/decomplexation ratio. From single-component
histories (such as in Figure 4.7), we found that our kinetic model is not sensitive to
kz.cei7s | k.1.cer7p Tatios between 0.5 (half of all complexation events are nonproductive) and 10.
We chose k2 cer7s / k.1.cei7s = 1, or Cel7B on average creates one chain scission per complexation
with the chain surface.

To complete the description of cooperative Cel7A-Cel7B deconstruction kinetics, we
must also determine the swelling constant a,,,. This constant relates linearly measured pseudo-
steady-state film-swelling rates induced by Cel7B to the rate of chain-end formation, which, in
turn, characterizes the reactive synergy between Cel7A and Cel7B. To determine the swelling
constant a.,,, we used the transient kinetic model to predict PSS degradation rates for the Cel7A-
Cel7B mixture concentrations shown in Figures 4.9 and 4.10. Due to the difficulty of modeling
competitive adsorption kinetics and swelling in conjunction with Cel7A activity, no closed-form
expression is available for these degradation rates, necessitating the use of the fully transient
kinetic model. As described in the Section 5.3, the kinetic model result was taken to have
reached pseudo-steady-state when degradation rate varied by less than 5% over a period of 1 h.
Different values of the swelling constant were chosen until agreement was found for all enzyme
mixtures. A swelling ratio of ¢, = 0.36 mg water / mg chain ends was determined,
characterizing the film swelling observed in Figure 4.7 and by Josefsson et al.** in terms of the
rate of chain-end formation. In calculating this swelling constant, we also arrived at a native-
cellulose-chain-end fraction on deposited cellulose films, €., = 0.0088. This native fraction
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governs the rate of cellulose deconstruction for single Cel7A on the surface in the absence of
Cel7B, such as that shown in Figure 4.6. This fraction is likely specific to the particular film
coating method.
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Chapter 5

Conclusion

Production of biofuels from lignocellulosic feedstocks is a complex industrial problem.
Modeling of microbial cellulytic and fermentation activity at an industrial level involves
hundreds of kinetic parameters.' Despite considerable effort, the kinetics governing the
fundamental rate-limiting step of this process—the enzymatic deconstruction of cellulose—
remains poorly understood. Most assays of cellulase activity are performed in the bulk, and,
therefore, fail to decouple or evaluate the surface phenomena involved in enzymatic
depolymerization. This thesis demonstrates the usefulness of flow ellipsometry and flow quartz
crystal microgravimetry (QCM) on model cellulose films to conduct continuous, non-invasive,
inhibition-free assays of cellulase adsorption and activity on well-defined cellulose substrates of
known area.

The utility of such assays was established in Chapter 2. Flow ellipsometry was used to
evaluate the adsorption and activity of a lyophilized cellulase mixture from 7. reesei on a thin,
spin-coated cellulose film. Both cellulase adsorption and cellulytic activity were shown to
increase as a function of bulk enzyme concentration up to a maximum plateau (Figure 2.4).
Increasing bulk enzyme concentration beyond this point does not increase the concentration of
enzymes on the cellulose surface, and, therefore, does not increase the cellulose degradation rate.
This finding underscores the importance of considering surface concentration in evaluating
enzyme activity and, therefore, the importance of using surface assays to measure cellulase
kinetics.

Critically, measured degradation rates were shown to be identical between the flow-
ellipsometry assay and the standard sulfuric-acid assay on the laboratory standard cellulose
Avicel. The surface-based ellipsometry assay is superior to the bulk assay, as it allows
continuous, non-invasive measurement of both enzyme adsorption and activity. In the sulfuric-
acid assay, the reaction mixture must be sampled after discrete time intervals, the reaction must
be stopped completely to determine solution concentration of released glycans, and no
information about surface adsorption is available. Given the commensurate results of the two
assays, a surface assay is clearly preferred to a functionalized glycan product assay for
elucidating cellulase surface kinetics.

Using the data collected from this surface assay, a kinetic model was developed to
describe the activity of cellulase on the cellulose surface (Figure 2.1). Cellulase adsorption and
cellulose-binding-domain (CBD) association with the cellulose surface were modeled according
to reversible Langmuir kinetics. Complexation and activity of surface cellulase were interpreted
via a Michaelis-Menten framework. Kinetic constants for each process were obtained. The only
adjustable parameter necessary to implement the transient model was cellulase processive length
(enzyme activity events per decomplexation event), and the kinetic model was found to be
insensitive to choice of this parameter over several orders of magnitude. These ascertained
kinetic constants predicted well transient cellulase activity on the cellulose surface and are
concordant with existing data for surface enzyme activity. However, the single-enzyme model is
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a coarse depiction of enzyme activity on the cellulose surface, as it considers all enzyme activity
to be cellulytic, not accounting for the separate activity of endoglucanases, which mainly create
cellulose-chain ends, and cellobiohydrolases, which mainly complex with these chain ends and
work processively to degrade cellulose.

Chapters 3 and 4 detail the development of a more sophisticated two-enzyme model to
account for the cooperative activity of endoglucanases and cellobiohydrolases on the cellulose
surface. The fungal cellulases cellobiohydrolase I (CBHI, Cel7A) and endoglucanase 1 (EGI,
Cel7B) were used in this study. Chapter 3 describes the adsorption of these cellulases to the
cellulose surface. After long-time exposure to the cellulose surface, both cellulases adsorb up to
the same sterically-limited adsorption maximum, Iy = 6.8 mg / m”.  Yet Cel7A has 14 times
higher affinity for the cellulose surface (i.e., higher effective Langmuir equilibrium constant)
than does Cel7B. Both enzymes bind irreversibly to the cellulose surface on time scales as short
as 30 — 60 min, leaving a fraction of adsorbed cellulase that cannot be removed by eluting with
buffer (Figures 3.6, 3.7). Irreversible binding was quantified via a modified Langmuir model,
where reversibly adsorbed cellulase transitions to an irreversibly bound state according to first-
order kinetics. Despite the differing affinities of Cel7A and Cel7B for the cellulose surface, the
first-order kinetic constant governing irreversible binding was identical for the two enzymes.
Irreversible binding was, thus, hypothesized to be a phenomenon mediated only by the CBD,
which is similar in structure between these two fungal cellulases. The differing affinities of
Cel7A and Cel7B for the cellulose surface were then quantified in terms of differences in the
enthalpy and entropy of adsorption between the cellulase and the cellulose surface. The
proposed entropy difference was found to be similar to literature measurements of cellulase
binding with the cellulose surface.

In Chapter 4, the modified Langmuir adsorption model was incorporated into a more
complex model for the cooperative activity of Cel7A and Cel7B on the cellulose surface (Figure
4.1). Both Cel7A and Cel7B activity on the cellulose surface plateau at high bulk enzyme
concentrations of these isolated enzymes (Figures 4.6, 4.8). Using the Langmuir-Michaelis-
Menten kinetic framework established in Chapter 2 and the sorption constants determined in
Chapter 3, kinetic constants for Cel7A and Cel7B complexation were determined. By measuring
the degradation rates of enzyme mixtures, the kinetic constants governing the cooperative
activity of these two enzymes were established. Kinetic constants (Table 4.1) agree with the
known structure and function of Cel7A and Cel7B. While the binding cleft of Cel7B complexes
and decomplexes rapidly with the cellulose surface, the binding barrel of Cel7A complexes
slowly but tightly, and works processively to degrade cellulose with a high turnover number.
While complexation is the rate-limiting step in Cel7A activity, adsorption is the rate-limiting step
for Cel7B activity.

The proposed two-enzyme Langmuir-Michaelis-Menten kinetic model with irreversible
binding predicts well the cooperative activity of Cel7A and Cel7B on the cellulose surface in a
variety of test cases—for example, flowing one enzyme over the surface, eluting, and then
flowing the other. An optimal ratio of 2:1 Cel7A:Cel7B bulk concentration was found to effect
the highest cellulose degradation rates. Below this optimal concentration ratio, Cel7A
outcompetes Cel7B for surface sites, resulting in a low concentration of chain ends and limiting
the maximum activity of Cel7A. Above this ratio, high concentrations of bulk Cel7B
outcompete Cel7A for surface sites, and, therefore, less cellulytic activity on the surface is
observed.
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This optimal ratio and kinetic model is valid only for this specific Cel7A/Cel7B enzyme
mixture. Other endoglucanases and cellobiohydrolases would have independent kinetic
parameters. Most cellulytic fungi synthesize suites of several endoglucases and exoglucanases.
Thus, a simultaneous kinetic model of many enzymes in solution is necessary. Further work to
determine kinetic parameters for different cellulases and to incorporate these parameters into an
extended, multiple-enzyme kinetic model would inform the design of better cellulases and
cellulase mixtures.

While this two-enzyme model thus predicts well and provides significant information
about the activity of cellulases on the cellulose surface and design of optimal enzyme mixtures,
many parameters remain to be analyzed. First, as described in Chapter 4, to simplify the kinetic
model, the activity of Cel7B was assumed to be solely chain-end creation, and the activity of
Cel7A was assumed to be solely cellulose chain degradation. In reality, there is crossover
between these enzymatic activities. Cel7B does liberate chain-ends from the surface at a lesser
rate,” while the CBD interaction of Cel7A with the cellulose surface does create chain-ends.*
These secondary activity rates are likely minor compared to the primary activities of the enzyme,
and may not proceed through the same four-step adsorption-complexation-activity-
decomplexation model suggested in this thesis. However, quantifying these rates remains a first
step for improving the kinetic model from available data.

All work in this thesis was conducted at 25 °C. Typical industrial biofuel production
occurs at a temperature of 37 °C — 48 °C.° Due to the complex, multi-step nature of the cellulase-
cellulose interaction, increasing temperature likely changes not only activity constants, but also
adsorption and complexation. Increased temperature might also hasten denaturation of surface
enzymes. Surface enzyme denaturation and subsequent loss of enzyme activity was found in this
thesis to be minor at 25 °C over time-scales up to 12 h (Figure 4.6). However, at increased
temperatures, the surface and thermal denaturation rates might be larger. Denaturation is
hypothesized as a cause of kinetic slowdown in industrial biofuel production.® For any given
cellulose mixture, there is likely an optimal activity temperature, at which deconstruction rate is
maximized, but denaturation rates are at a minimum.

Another possible factor in kinetic slowdown of cellulase activity is a change in the
surface properties of cellulose, leaving a layer of intractable cellulose.” It is known that the
crystallinity of cellulose changes within microfibrils, with more crystalline cellulose residing
near the center.® The surface interaction of cellulases with crystalline versus amorphous
cellulose is not well-understood. Some sources suggest that highly crystalline cellulose is more
resistant to enzymatic degradation due to its stronger hydrogen-bonding network.” Other sources
suggest that crystalline cellulose provides an ordered substrate that allows improved CBD
recognition of cellulose microstructures and facilitates processive activity.'’ Surface-based
assays such as ellipsometry and QCM allow enzyme adsorption and activity to be quantified
individually, and therefore allow these two factors to be understood separately. An increase in
adsorption rate might be expected on highly crystalline cellulose, as an increased concentration
of ordered cellulose microfeatures would allow better interaction of the CBD amino-acid
residues necessary for enzyme adsorption. However, this larger adsorption rate on crystalline
cellulose might come with a smaller enzyme activity rate.

While the cellulose films examined in this thesis have uniform crystallinity of
approximately 42% (Chapter 2), it is possible to synthesize model cellulose films with higher
and lower crystallinities. Cellulose from microorganisms such as Tunicin and Valonia can be
deposited on metal substrates,'' allowing QCM assessment of enzyme activity on substrates with
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crystallinity in the range of 80 — 90%. Deposited cellulose films can also be treated with ionic
liquids or annealed to produce fully amorphous crystalline films.'? Thus, both highly crystalline
and highly amorphous films are available to explore the effect of crystallinity on enzyme
activity. Amorphous films are also penetrable to enzymes,'* necessitating bulk diffusion and
concentration modeling.

Finally, kinetic slowdown may be caused by aqueous glycans acting as inhibitors of
cellulose activity. Both glucose oligomers produced from cellulose degradation and other
polysaccharides released during xylan/lignin deconstruction are known inhibitors of cellulose
activity.”” '* Inhibition was employed in this thesis to examine cellulase binding constants in the
absence of complexation and activity—high concentrations of glucose were used to completely
inhibit cellulase complexation. This concentration of aqueous glucose was not found to interfere
with cellulase adsorption (Figure 2.6). However, the kinetic effect of such inhibitors on cellulose
binding and activity rates remain poorly understood.

Flow QCM and flow ellipsometry assays demonstrated in this thesis are particularly
useful because they allow inhibition-free assays of cellulose activity—all glycan products
released into aqueous solution are immediately washed away from the film, removing the effects
of inhibition that typically confound cellulose degradation data. To explore the effect of
inhibition on binding, complexation, and activity constants, different concentrations of inhibitor
could be added to the enzyme mixture before it is flowed across the cellulose film. This allows
precise control of inhibition, and, therefore, detailed analysis of inhibition constants.

However, in order for such inhibition data to be valid, it is first necessary to establish that
inhibitors do not interact with the cellulose film. In preliminary work, when cellobiose was
employed as an inhibitor of cellulase activity at a 10:1 cellobiose:enzyme concentration, the
disaccharide destabilized the cellulose film, greatly swelling the film and producing noisy
adsorption results. It may be necessary to synthesize cellulose films with higher crystallinity or
otherwise improved stability before inhibition studies can be attempted.

Surface-based assays are, therefore, uniquely suited to explore many hypothesized causes
of kinetic slowdown, a major limitation in industrial production of feedstocks from
lignocellulosic sources. In this thesis, the development of surface-based assays and
interpretation of surface degradation and adsorption data through a two-enzyme kinetic model
was shown. Continued research should expand this model to include the action of other
enzymes, secondary enzyme activities, inhibition, denaturation, temperature effects, and changes
in surface properties. This thesis has only scratched the surface of these assays.
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