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ABSTRACT
THE IMPACT OF ADSORBED CELLULASE INACTIVATION ON ENZYMATIC
HYDROLYSIS KINETICS
Zhuoliang Ye
APRIL 27, 2012

Several technical and economic obstacles currently hamper the industrial
development of ethanol from biomass. One of the key bottlenecks is the slow kinetics of
the enzymatic hydrolysis of cellulose, and the subsequent rate reduction as the reaction
proceeds. As a‘result, this research focused on understanding underlying causes for the
slow kinetics, rate reduction, and low yield during cellulose hydrolysis. Mechanisms
traditionally thought to cause these results were investigated, such as change of substrate
properties and deactivation of enzyme due to environmental mechanisms, but neither was
found to contribute significantly to the slow kinetics and low yield. Inactivation due to
enzyme-substrate interactions was then proposed as a key factor. Results here show that
inactivation of adsorbed enzyme played the most significant role for the hydrolysis rate
reduction and low yield based on the following findings: (1) a kinetic model featuring
inactivation of adsorbed enzyme accurately accounted for experimental cellulose
hydrolysis data for two different types of substrates; the enzyme’s apparent maximum
reaction rate was found to decrease with a first order exponential decay function of time

due to inactivation of the adsorbed enzyme, which has historically always been



considered to remain constant. (2) comparison of relative extents of enzyme activity loss
due to environmental mechanisms (such as thermal and/or mechanical factors) with
inactivation due to enzyme-substrate interactions revealed that enzyme- substrate
interactions contributed more towards the overall activity loss than did environmental
mechanisms; (3) AFM imaging visualized crowding of Cellobiohydrolase 1 (CBH1) on
cellulose substrate surface and thereafter became inactivated; (4) desorption of inactive
CBHI1 was slower compared to desorption of active CBHI, implying that once
inactivated, CBHI cannot dissociate immediately to find another site on a substrate
surface to start another digestive cycle.

The overall conclusion is that inactivation of adsorbed enzyme is a primary
contributor to the hydrolysis rate reduction. Near complete conversion (99%) of cellulose
was predicted by the model to occur within 10~20 hours if inactivation of adsorbed
cellulase can be prevented, compared to 7-10 days or more to achieve a lower yield when
inactivation occurs. Finally, factors to consider when developing a cellulose hydrolysis
process were proposed based on the inactivation mechanism. One important strategy
proposed is to desorb inactive cellulases from the substrate, such as with the addition of
GdnHCI. Additionally, a technique for scaling-up separation of CBH1 was developed.
The technique allows for efficient purification of active CBH1 from commercial cellulase
cocktails at a cost of less than 10% compared to the conventional small-scale FPLC

method.
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CHAPTER 1

INTRODUCTION

1.1 Background

Biologically derived fuels have received increasing attention as an alternative to
fossil fuels used for transportation due to political, environmental, and economic
reasons. The ethanol industry in the United State has traditionally used corn as the
feedstock, which is considered a 1™ generation biofuel. However, corn is an important
food source for both humans and livestock. Increasing demands of corn from the ethanol
industry will drive up the price of corn as well as other products that depend on corn as
an intermediate feedstock. Therefore, efforts have focused on producing ethanol from
cellulosic substrates, such as corn stover, sawdust, bagasse, and other agricultural
products and residues, which can be hydrolyzed to produce fermentable sugars. Ethanol
derived from cellulosic substrates is considered to be a 2™ generation biofuel.

Public policy is driving most of the momentum towards the use of biofuels. The
Energy Policy Act of 2005 required the use of 7.5 billion gallons of renewable fuel by
2012. The Energy Independence and Security Act of 2007 increased this renewable fuels

standard to 36 billion gallons of annual renewable fuel use by 2022. Of this, 16 billion



gallons are required to come from cellulosic sources. A joint U.S. Department of Energy
(DOE)/U.S. Department of Agriculture (USDA) study found that 1.3 billion tons of
cellulosic feedstock could be produced for biofuels in the U.S. annually with only modest
changes in farming practices. This quantity of feedstock can be used to make enough
ethanol to satisfy about one third of current U.S. petroleum demand.

For cellulosic derived ethanol production, enzymatic hydrolysis is usually
employed to release fermentable sugars from cellulose. Other key steps in the process
include pretreatment prior to hydrolysis and fermentation following hydrolysis.
Pretreatment is performed to open up the substrate structure for cellulases to attack. After
cellulose is hydrolyzed, the hydroiysis product, glucose, is fermented to produce ethanol.
A simplified scheme is shown in Figure 1.1. Pretreatment time is on the order of minutes
and fermentation time is on the order of hours. However, enzymatic hydrolysis of
cellulose is on the order of several days. The slow kinetics of enzymatic hydrolysis is a
key technical and economic obstacle hindering the industrial development of ethanol
from cellulose.

The hydrolysis rate during enzymatic hydrolysis of cellulose is known to decrease
as the reaction proceeds and yield typically does not approach 100% (Dasari and Berson,
2007; Dasari et al., 2009; Dunaway et al., 2010; Nidetzky and Steiner, 1993; Valjamae et
al., 1998). The main cause for the rate reduction and low yield is not yet understood, and
determining the primary mechanism will have important implications in the optimal
design of an enzymatic hydrolysis process. Several possible reasons for the low rate and
yield have been suggested in the literature: change of reactivity (Nidetzky and Steiner,

1993; Zhang et al., 1999) and physical properties of substrate, such as crystallinity



(Betrabet and Paralikar, 1977; Ooshima et al., 1983); change of specific surface area
(SSA) during the reaction (Hong et al., 2007); deactivation of enzyme as a result of
mechanical mixing (Ganesh et al., 2000; Ghadge et al., 2005b; Kim et al., 1982; Reese
and Mandels, 1980); and inactivation of adsorbed enzymes (Jalak and Valjamae, 2010;

Ma et al., 2008; Valjamae et al., 1998; Xu and Ding, 2007).

Biomass

o~ >Enzymati;:‘ ~ Glucose Product
——l [
FIsireseT | Hydrolysis # Fermentatior]® | Recovery || Ethanol

Figure 1.1. A simplified scheme to produce ethanol from cellulosic substrate

Nidetzky and Steiner (1993) and Zhang et al. (1999) believed that the hydrolysis
rate slowed when the easily hydrolyzed part of the cellulose was consumed, and the
remaining part was less accessible to enzyme. However, this assumption is weakened by
the fact that accessibility of substrate to enzyme could not be related to any
physicochemical properties of the substrate, such as crystallinity, surface area, or degree
of polymerization (Nidetzky and Steiner, 1993). Moreover, this theory was contradicted
by Ooshima et al. (1991), Desai and Converse (1997), and Yang et al (2006), who all
found that the reactivity of substrate changed little during hydrolysis. Also, the two-types
of cellulose mechanism cannot explain the monophasic first-order reaction for some
substrates such as cotton and regenerated cellulose (Lenz et al., 1990; Schurz and Honel,
1989).

Effects of change in substrate crystallinity and SSA during the reaction are

controversial in the literature. Some studies reported that crystallinity increases over the



course of cellulose hydrolysis as a result of preferential reaction of amorphous cellulose
(Betrabet and Paralikar, 1977; Ooshima et al., 1983). However, Lenze et al. (1990),
Ohmine et al. (1983), Puls and Wood, (1991) found crystallinity did not increase during
enzymatic hydrolysis.

Mosier et al. (1999) found increasing SSA during Solka Floc hydrolysis, although
Hong et al. (2007) found that SSA decreased as the reaction proceeded when working
with the cellulose substrate Avicel. It is, therefore, desirable to further examine whether
or not the change of substrate properties such as crystallinity and SSA affect the cellulose
hydrolysis rate.

Activity loss of cellulases during the reaction, which is another possible reason
for the rate reduction and low yield, has traditionally been associated with mechanical
and/or thermal mechanisms (Kim et al., 1982; Zhang et al., 2010). However, several
studies showed that mechanical/thermal effects on enzyme deactivation were insufficient
to account for the reduction in the reaction velocity of cellulose hydrolysis (Eriksson et
al., 2002; Ooshima et al., 1991). Furthermore, Levine et al (2010) concluded that an
enzyme half-life much shorter than that reported for thermal deactivation would be
needed to account for the slow kinetics of cellulose hydrolysis. It is, therefore, necessary
to further examine to what extent the deactivation is caused by mechanical/thermal
mechanisms.

Product inhibition has been suggested as another reason for the rate reduction
(Gusakov and Sinitsyn, 1992; Howell and Stuck, 1975). However, Nidetzky and Steiner
(1993) reported that inhibition by glucose is weak. Additionally, the hydrolysis rate still

declined significantly when products were continuously removed in a membrane reactor



(Converse et al., 1988; Howell and Mangat, 1978). Viljamie et al. (1998) and Zhang et
al. (1999) also provided evidence against product inhibition affecting hydrolysis kinetics.

Since there is a lot of evidence against existing theories for the rate reduction, it is
desirable to explore an alternative mechanism that may offer a better explanation.
Attention is focused here on activity loss due to enzyme-substrate interactions,
particularly activity loss of adsorbed enzyme. Such activity loss has been reported to be
caused by: (1) the cellobiohydrolases becoming stuck on the substrate surface due to a
crystalline defect or when surrounding cellulose chains prevent further processive action
(Valjamae et al., 1998); (2) enzyme jamming on the substrate surface resulting in
hydrolysis rate reduction (Xu and Ding, 2007); (3) negligibly reversible cellulase binding
(Ma et al.,, 2008); or (4) non-productive binding of adsorbed cellulase (Jalak and
Valjamae, 2010). Evidence of inactivation of adsorbed cellobiohydrolase 1 (CBH1) was
presented in recent studies using atomic force microscopy (AFM) by Igarashi et al.
(2009; 2011). They observed that some CBH1 was inactivated on a substrate surface
while other active CBH1 could freely proceed along the substrate surface. Although these
individual factors have been studied, a kinetic model linking overall activity loss of
adsorbed enzyme to cellulose hydrolysis rates and yields has yet to be developed and
validated experimentally.

If adsorbed enzyme became inactive, it would necessarily return to the bulk
solution more slowly (if at all) and be unable to find a new binding site to start another
hydrolysis cycle immediately. This underlying phenomenon would support the adsorbed
enzyme inactivation theory, but this has not been examined so far either. Since cellulases

are composed of several different enzyme species, and different enzymes have different



binding characteristics, it is necessary to separate a sufficient amount of a representative
component to perform mechanistic studies. CBH1 is the most abundant species and is an
important processive cellobiohydrolase that hydrolyzes crystalline cellulose. It is
desirable to first develop a process for separating large amounts of this enzyme from a
typical cellulase cocktail, and then characterize its deactivation and desorption
characteristics under reduced activity.

A mechanism for the rate reduction, which considers inactivation of adsorbed
cellualses, has been developed and experimentally validated here. Using these results,
factors to consider when developing a cellulose hydrolysis process were then proposed.
The specific objectives of this dissertation are summarized below.

1.2 Objectives

1. Examine whether change of substrate properties or deactivation of enzyme due to
environmental mechanisms is more responsible for the rate reduction during enzymatic
hydrolysis of cellulose.

2. Develop a mathematical model to describe cellulose hydrolysis that considers activity
loss of adsorbed enzyme and validate the model experimentally.

3. Develop a scaled-up process for separating CBHI from a commercial cellulase
cocktail.

4. Study deactivation (due to environmental mechanisms) of individual cellulase
components, such as endo- and exo- glucanases.

S. Examine desorption of CBH1 under reduced activity conditions.

6. Propose factors to consider when developing a cellulose hydrolysis process.



CHAPTER 11

LITERATURE REVIEW

2.1 Structure of Cellulose

Cellulose is glucan linked by B-glycosidic bonds (Figure 2.1). The B-glycosidic
linkage (the bonds joining the simple sugars together) is above the plane of the rings. The
cellobiose unit cell of crystalline cellulose has a length of 1.03nm. Cellobiose units are
assembled in bundles of three. About 36 cellulose chains are associated to compose an
elementary fibril with a diameter of 3.5nm. These elementary fibrils are assembled into
microfibrils with a diameter varying from 10 to 30nm. The microfibrils form macrofibrils
that range from 60 to 360nm in diameter (Lee et al., 2000).

Cellulose has ~200-300 glucose units per chain while starch exhibits branches
every 17 to 26 glucose units (Bertoldo and Antranikian, 2002). Therefore, cellulose has a
smaller frequency of chain ends and, therefore, a lower fraction of accessible external

bonds for enzyme than starch.
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Figure 2.1. Structure of cellulose.



2.2 Sources of Various Cellulose Substrates

Common cellulose model substrates include Solka Floc, Avicel, filter paper,
cotton fiber, bacterium microcrystalline cellulose (BMCC) and phosphoric acid swollen
cellulose (PASC). Solka Floc, Avicel and filter paper, which are derived from bleached
wood pulp, are a blend of amorphous and crystalline forms. Particularly, Solka Floc is
cellulose with 0.2%-0.4% lignin and 2.3% pentosans (Lee and Fan, 1982), while the other
two substrates are pure cellulose. Dewaxed cotton fibers are one of the purest sources of
cellulose and BMCC was prepared from cultures of Acefobacter xylinum. These two
substrates are considered high crystalline cellulose. PASC is prepared by acid swollen of
Avicel, which usually is regarded as amorphous cellulose.
2.3 Types of Crystalline Cellulose

There are three types of crystalline cellulose. Most native cellulose is a mixture of
the Io and IP structures, with the Ia form being prevalent in cellulose that is produced by
algae and bacteria, whereas If is dominant in higher plants (Wada et al., 2004). a
cellulose is resistant tb 17.5% and 9.45% sodium hydroxide solution, while  cellulose is
soluble and re-precipitated on acidification of the solution. Cellulose II was produced by
treating native cellulose I from flax with 23% NaOH, followed by rinsing and drying.
Cellulose II can also be prepared by precipitation from solution, as in the manufacture of
rayon, and by bacteria that are either mutants or at low temperature. Cellulose III, results
from treatment with amines that are subsequently evaporated or rinsed off (Wada et al.,
2004). Cellulose III has a much larger portion of hydrophobic surface than cellulose I

(Igarashi et al. 2011).



2.4 Effect of Enzyme Deactivation due to Environmental Mechanisms on Cellulose
Hydrolysis

The reaction rate in enzymatic hydrolysis of cellulose is known to decrease
significantly as the reaction proceeds (Dasari and Berson, 2007; Dasari et al., 2009;
Dunaway et al., 2010; Nidetzky and Steiner, 1993; Valjamae et al., 1998). The leading
cause of this effect has traditionally been associated with enzyme deactivation due to
thermal/ mechanical mechanisms or variation of substrate properties.

Zhang et al. (2010) proposed cellulase deactivation due to the reaction
environment, which includes thermal and mechanical mechanisms, to be one possible
reason for the slow kinetics of cellulose hydrolysis. However, the thermal stability of
cellulases is usually good (Ooshima et al., 1991). Deactivation of cellulases due to
mechanical shear was found to be considerable at high shear rate but only in the presence
of a gas-liquid interface (Kim et al 1981). These findings suggest that deactivation due to
thermal/mechanical alone is not likely a universal reason for the hydrolysis rate reduction,
although more significant thermal/mechanical deactivation of some cellulase was found
by Reese and Mandels (1980), or due to mechanical mixing in a stirred tank . Therefore,
it must still be determined whether deactivation due to thermal/mechanical mechanisms
can account for rate reduction in cellulose hydrolysis.

2.5 Effect of Substrate Properties on Cellulose Hydrolysis
Variation of substrate properties during the reaction is another factor that may

affect cellulose hydrolysis. Important substrate properties affecting cellulose hydrolysis

include: crystallinity, specific surface area (SSA), average size of pore.



The role of crystallinity in impacting hydrolysis is controversial so far. Cellulose
hydrolysis rates mediated by fungal cellulases are typically 3-30 times faster for
amorphous cellulose as compared to high crystalline cellulose (Lynd et al., 2002), and the
increase of crystallinity during the reaction after amorphous cellulose was depleted
(Betrabet and Paralikar, 1977; Ooshima et al., 1983) might be one reason for the
significant rate reduction in hydrolysis. However, Lenze et al. (1990), Ohmine et al.
(1983), Puls and Wood (1991) found crystallinity did not increase during enzymatic
hydrolysis. Furthermore, Jalak and Valjamae (2010) found that a common apparent
hydrolysis rate constant existed for several different substrates such as lignocellulose,
Avicel, and amorphous cellulose when they were hydrolyzed with a cellobiohydrolase.
Therefore, it must still be determined whether crystallinity change and variations of
initial crystallinity affect cellulose hydrolysis.

Besides crystallinity, surface area is another important physical feature that may
affect cellulose hydrolysis, as it reflects the capability of substrate to adsorb enzyme.
Higher surface adsorption of enzyme is expected to yield faster hydrolysis rate. Pore
volume and average pore size, which indicate the degree of openness of structure
attacked by enzyme, are also key structures that may affect hydrolysis (Choi et al., 2007).
It is therefore desired to know whether these features change during the reaction and
affect cellulose hydrolysis.

2.6 Effect of Activity Loss of Adsorbed Enzyme on Cellulose Hydrolysis

Due to inconclusive or contradictory results reported in the literature regarding

these previous two mechanisms, it is desirable to explore a new mechanism that is more

likely to explain the rate reduction. In the recent decade or so, activity loss of adsorbed
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enzyme has been proposed as a possible reason for this. Adsorbed enzyme can become
deactivated due to the following possible reasons: (1) the cellobiohydrolases become
stuck on the substrate surface due to a crystalline defect, or when surrounding cellulose
chains prevent further processive action (Valjamae et al., 1998); (2) enzymes jam on the
substrate ‘surface resulting in hydrolyéis rate reduction (Xu and Ding, 2007); (3)
negligibly reversible cellulase binding (Ma et al., 2008) ; or (4) non-productive binding
of adsorbed cellulase (Jalak and Valjamae, 2010) . Recently, real-time AFM imaging
revealed that a significant portion of adsorbed Cellobiohydrolase 1 (CBHI1) got stuck on
the substrate surface and became inactivated thereafter (Igarashi et al., 2009). Any of
these events that cause inactivation of adsorbed cellulases can result in significant
hydrolysis rate reduction. Igarashi et al. (2011) further found that enzyme jamming
contributed significantly to the hydrolysis rate reduction.
2.7 Product Inhibition and Mass Transfer Limitation

Nidetzky and Steiner (1993) reported that inhibition by glucose is weak, although
Howell and Mangat (1975) and Gusakov and Sinitsyn (1992) reported that product
inhibition may be a potential reason for the rate reduction. Furthermore, it was found the
hydrolysis rate still declined significantly when continuously removing products in a
membrane reactor, (Howell and Mangat, 1978; Converse et al., 1987). Therefore, product
inhibition cannot be the reason for the decrease of hydrolysis rate, as also pointed out by
Valjamae et al. (1998) and Zhang et al. (1999). It was shown that the initial hydrolysis
rate decreased about 84% when the cellobiose product reached a concentration of 60 uM,;

however, with the presence of 60 uM initial cellobiose, the hydrolysis rate only decreased
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less than 10% compared to a control experiment in the absence of initial cellobiose
(Valjamae et al. 1998).

For mass transfer in cellulose hydrolysis, Philippidis et al. (1992) reported that
products such as cellobiose and glucose are small molecules with high diffusivity and
their diffusion should not be rate limiting step. Furthermore, it was reported that enzyme
diffusion is relatively rapid compared to hydrolysis at substrate loading of 5% (w/v) or
less (Lee and Fan, 1982), although at high solid loading, mass transfer may be the
limiting step in cellulose hydrolysis (Dasari et al., 2009).

2.8 Kinetic Modeling Considering Inactivation of Adsorbed Enzyme to Account for
Cellulose Hydrolysis

One methodology to model cellulose hydrolysis is based on empirical equations,
such as the Response Surface Methodology (Ferreira et al., 2009; Qi et al., 2009), and
this does not provide any insight into the mechanistic details of the process and cannot be
applied outside the conditions under which they were developed. As a result, mechanistic
models which reveal rate limiting steps will be more helpful for optimization and
understanding the process (Bansal et al., 2009; Zhang et al., 2010).

Nidetzky and Steiner (1993) proposed a kinetic model considering heterogeneity
of substrate as the main reason responsible for slow cellulose hydrolysis, which described
a slow down of the hydrolysis rate when the easily hydrolyzed part of the cellulose was
consumed and the less accessible part remained. However, this assumption is weakened
by the fact that they cannot find any different accessibility of substrate to enzyme related
to physicochemical properties of substrate, such as crystallinity, surface area, or degree of

polymerization. Moreover, the assumption of two kinds of cellulose present in substrate
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was contradicted by Ooshima et al. (1991), Desai and Converse (1997), and Yang et al
(2006). It was found that the reactivity of substrate did not change during hydrolysis.
Meanwhile, the assumption of two kinds of cellulose in substrate cannot explain the
monophasic first-order reaction for some substrates such as cotton and regenerated
cellulose (Schurz and Honel, 1989; Lenz et al.,, 1990). Therefore, it is desirable to
develop a model considering change of enzyme activity during the reaction that can
account for cellulose hydrolysis.

Kinetic modeling validated by experimental evidence can help resolve possible
mechanisms. Although previously both Howell and Mangat (1978) and Converse et al.
(1988) had developed mathematical models to account for the slow kinetics of cellulose
hydrolysis by considering deactivation of the adsorbed cellulase, there are some common
limitations in both of their models. First, Howell and Mangat (1978) proposed a model
based on the Michaelis—-Menten kinetics, which is not appropriate for heterogeneous
cellulose hydrolysis (Lynd et al., 2002). The model developed by Converse et al. (1988)
assumed adsorption of cellulases to substrate is proportional to the second order of
substrate concentration, although it has not been validated by experiments. Second, initial
guesses required for their model are critical since multi-optima occur. These are the two
disadvantages that new kinetic models should overcome.

Shen and Agblevor (2008) further pointed out that some drawbacks in previous
modeling, such as Fan and Lee (1983) and Gan et al. (2003), were: (1) the models
consisted of several ordinary differential equations which were too complicated to solve

analytically; (2) too many parameters could not be uniquely determined in the ODE’s;
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and (3) the values of some parameters were arbitrarily chosen rather than from a fitting
process based on experiments.
2.9 Cellulase Structure and Function

Cellulose hydrolysis usually involves cellulases from 7. reesei and some other
bacteria or fungi. T. reesei cellulases have three major components: endoglucanases
(EG1~5), exoglucanases or cellobiohydrolases (CBH1~2) and B-glucosidase, which have
different structures, hydrolysis mechanisms and substrate specificities. The structure of
CBHI1, CBH2, and EG1 features a catalytic domain and a cellulose-binding domain
connected by a glycolysated peptide linker (Zhang and Lynd, 2004). The structure of
intact CBHI determined by small-angle X-ray scattering is a tadpole shaped enzyme
18nm long and 4nm wide. Structural determination by X-ray diffraction defined the
dimensions of the catalytic core to be 6 x 5 x 4nm, containing the substrate binding site
that was found to be a tunnel 4nm long, with binding sites for 7 glucose units (Lee et al.,
2000). The catalytic domain structures of CBH! and CBH2 are entirely different but both
feature tunnel-shaped structures (Divne et al., 1994). Cellobiose is the primary product of
hydrolysis mediated by CBH1 and CBH2. The T. reesei CBH1 and CBH2 can cleave
several bonds following a single adsorption event before the dissociation of the enzyme
substrate complex (Imai et al., 1998). EG1 and CBHI have significant homology (45%
identity) and belong to the same family (Cel7). However, the active site of EG1 is a
groove rather than a tunnel, allowing glucan chains to be cleaved randomly to two shorter
chains (Divne et al., 1994),

Therefore, endoglucanases decrease the degree of polymerization (DP) of

substrate by cleaving the substrate at internal sites, whereas exoglucanases release
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cellobiose from ends of the substrate thus gradually decreasing the length of the cellulose.
B-glucosidase hydrolyzes cellobiose to two molecules of glucose. In order to study
specific hydrolysis mechanisms of some representative component in more detail, it is
necessary to separate it from other cellulase components.

2.10 Separating CBH1 from a Commercial Cellulase Mixture

The relative abundance of the three major cellulases in T. reesei is as follows:
CBHI1 ~ 60%, CBH2 ~ 20%, EG2 ~12% (Zhang and Lynd, 2004). CBH1 is the most
abundant and important cellulase in hydrolysis of crystalline cellulose. The kinetics of
purified CBHI reacting with cellulosic substrate have been extensively studied (Valjamae
et al., 1998; Xu and Ding, 2007), as have hydrolysis from reducing or non-reducing ends
(Imai et al., 1998; Stahlberg et al., 1993), binding reversibility (Bothwell et al., 1997,
Kyriacou et al., 1989; Ma et al., 2008; Nidetzky et al., 1994), synergism effects with
other cellulase components (Irwin et al., 1993; Mansfield et al., 1999; Walker et al.,
1992), processivity (Kipper et al., 2005; Medve et al., 1998a) and shear deactivation of
exoglucanase (Gunjikar et al., 2001).

Pure CBHI can be separated from cultured 7. reesei (Nidetzky et al., 1994;
Walker et al., 1992), but a good separation of CBH1 from other cellulase components is a
complex multistep process, involving a combination of ammonium sulfate precipitation,
affinity chromatography, and ion-exchange chromatography processes. Medve et al.
(1998b) reported a one step separation of CBH1 from Novozyme cellulases by ion-
exchange chromatography which relies on different pls of cellulases using fast protein
liquid chromatography (FPLC) and has greatly simplified the separation procedure for

CBH1.
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2.11 Scaled-up Separation of CBH1 from a Commercial Cellulase Mixture

Since specific activities of cellobiohydrolases are lower than other enzyme
components (Den Haan et al., 2007),> it is desirable to obtain large amounts of CBHI to
study hydrolysis mechanisms.

One way to obtain a large amount of purified CBH1 is to express the gene in other
bacteria or fungi (Den Haan et al., 2007; Godbole et al., 1999; Takashima et al., 1996).
However, it is uncertain whether the recombinant enzymes behave differently from the
native ones due to a possibly different glycosylation (Godbole et al., 1999; Reinikainen et
al., 1992; Takashima et al., 1998). Medve et al. (1998b) reported a scaled-up separation
(50 ml sample compared to a 3 ml sample in their small-scale separation) performed with
-a Pharmacia XK 26/20 column (26 mm LD, length of 20 cm) that was developed based
on their small-scale separation.

2.12 Investigation of Enzyme-Substrate Interactions Using AFM

Recently, AFM has been used during the investigation of enzyme-substrate
interactions. Liu et al. (2009) used AFM and found that CBH1 bound to the hydrophobic
surface of crystalline cellulose. Igarashi et al. (2009) recorded video of the processive
movement of CBHI on a cellulose surface. More recently, Igarashi et al. (2011) reported
that traffic jams reduce hydrolytic efficiency of cellulase on a cellulose surface. All these
results, especially the result by Igarashi et al. (2011), are breakthrough findings that
provide direct evidence of cellulase functions, such as binding and processive movement.
They also showed that inactivation of adsorbed enzyme directly affects cellulose

hydrolysis rate reduction.
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2.13 Processivity of Cellobiohydrolase

Processivity of cellulases has been thoroughly discussed on a structural basis
(Divne et al., 1994). Kipper et al. (2004) reported that hydrolysis of fluorescence-labeled
celluloses revealed processivity values of 88+10, 42+10 and 34+2.0 cellobiose units for
CBHI on bacterial cellulose, bacterial microcrystalline cellulose and endoglucanase-
pretreated bacterial cellulose substrate, respectively. Using the ratio of produced
cellobiose to that of the sum of glucose and cellotriose as a measure of processivity,
Medve et al. (1998a) found the processivity for CBHI to be approximate 5—10 cellobiose
units on Avicel. Using the same algorithm, a rough estimate of processivity of
23 cellobiose units was reported for CBH1 acting on BMCC (Von Ossowski I et al.,
2003). Recently, processive movement of CBH1 on substrate was directly observed using
AFM (Igarashi et al., 2009), with a rate of 7.1 nm/s (Igarashi et al., 2011).
2.14 Enzyme Adsorption

Cellulase adsorption is most frequently modeled with the Langmuir adsorption
equation (Kumar and Wyman, 2008; Kyriacou et al., 1988; Nidetzky et al., 1994; Tu et
al., 2007), although the assumptions for the Langmuir adsorption, such as each binding is
equivalent and there is no interaction between adsorbed molecule on adjacent sites, may
not be valid in some cases. Two site adsorption models (Linder et al., 1996; Medve et al.,
1997) and Freundlich isotherms (Medve et al., 1997) are, therefore, sometimes employed

for those considerations.
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2.15 Binding Reversibility

There is currently a lot of controversy concerning the binding of cellulsase to
cellulose. Direct measurement of the dissociation rate constant has not been reported
(Jalak and Valjamae, 2010). A study by Kipper et al. (2005) implied that at the beginning
of hydrolysis the dissociation rate of CBH1 is about 0.003 s' by studying steady-state
release of the end-label from the reducing-endlabeled cellulose and assuming that binding
is fast and recruitment of CBH is limited by the dissociation rate.

However, cellulase adsorption is reported to be neglibly reversible in many
studies (Jung et al., 2003; Nidetzky et al., 1993; Kyriacou et al., 1989). Contradict to this,
evidence has also been presented that CBHI is reversibly bound with cellulose by
experiments showing the exchange of cellulase on the substrate surface (Bothwell et al.,
1997). In addition, Linder and Teeri (1996) also found that the CBD (cellulose-binding
domain) of CBHI exhibits reversible adsorption. However, interestingly, Carrard and
Linder (1999) reported that the CBD of CBHII is initially bound to substrate reversibly,
but eventually the reversible binding becomes irreversible or negligibly reversible.

2.16 Deactivation of Individual Cellulase Components

Deactivation of cellulase mixtures have been well studied, however deactivation
extents of individual cellulase components and how they affect total deactivation have
not yet been studied. 7. reesei cellulases have three major components: endoglucanases
(EG1~5), exoglucanases or cellobiohydrolases (CBH1, CBH2), and B-glucosidase, which
have different substrate specificities. In - previous studies, deactivation of
cellobiohydrolases was mostly studied indirectly using total cellulase mixtures on the

substrate Avicel, rather than by using purified CBH1 directly. Hydrolysis of cellulose
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always involves activity of several different enzymes working in synergy. For example,
endoglucanases and cellobiohydrolases show a degree of synergism (DS) of 1.4-4.9
during the hydrolysis of Avicel (Zhang and Lynd, 2004). Therefore, the loss of Avicelase
activity may not represent the deactivation extent of just cellobiohydrolase, and it is
unknown whether the deactivation of endoglucanase would affect the measured
Avicelase activity due to a synergistic effect.

2.17 Synergism

When the activity exhibited by mixtures of components is greater than the sum of
the activity of these components evaluated separately, synergism of different components
occur. If the degree of synergism (DS) is defined equal to the ratio of the activity
exhibited by mixtures of components divided by the sum of the activities of separate
components, the highest DS values are on Bacterium Cellulose (5-10) and cotton (3.9-
7.6) for the synergism between endoglucanases and exoglucanases. Less pronounced but
still significant synergism is exhibited on Avicel (DS 1.4-4.9), while the smallest
synergistic effects (DS 0.7-1.8) have been reported on phosphoric acid-swollen and other
acid-treated amorphous celluloses (Zhang and Lynd, 2004).

Synergism between endoglucanases and exoglucanases is the most widely studied
type of synergy and is among the most quantitatively important for hydrolysis of
crystalline cellulose. Other types of synergism proposed in the cellulose hydrolysis
includé: 1) exoglucanase and exoglucanase 2) endoglucanase and endoglucanase 3)
exoglucanase or endoglucanase and f -glucosidase, which reduces inhibition by

cellobiose (Zhang and Lynd, 2004).
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CHAPTER III

EXPERIMENTAL

3.1 Experimental Plan

In the work presented here, some traditional factors considered to affect cellulose
hydrolysis, such as enzyme deactivation due to the reaction environment and variation of
substrate properties, were examined. Deactivation extents of total cellulase mixture were
studied on several substrates, such as Sigmacell, filter paper and cotton fiber which differ
in crystallinity and morphology, to examine whether enzyme deactivation due to
themal/mechanical mechanisms is a universal reason that can explain significant rate
reduction in cellulose hydrolysis. Also examined were effects of variation of substrate
properties such as crystallinity, specific surface area and average size of pore on the
cellulose hydrolysis. Substrates in powdered form, such as Sigmacell, Cellulose,
microcrystalline, and Solka Floc, which can be conveniently loaded into an X-ray
diffractometer and adsorption apparatus to measure physical properties, were used.

In order to study inactivation of adsorbed enzyme, a kinetic model describing
inactivation of adsorbed enzyme as the main effect for the rate reduction of cellulose
hydrolysis was developed. The modeling was first applied to account for glucose release
rates and yields from Solka Floc, a regenerated cellulose containing minor xylan
contamination, and then the same procedure was applied to Sigmacell Type 20, a

microcrystalline cellulose, to examine whether the derived parameters were valid for
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substrates with different properties. The relative crystalline indices measured by acid
hydrolysis for Sigmacell Type 20 (~90%) are much greater than Solka Floc (~45-65%)
(Weimer and Weston, 1985). Other properties such as degree of polymerization and area
accessible to enzyme differ among these substrates as well. Then, the relative extent of
enzyme activity loss from (1) enzyme-substrate interactions and (2) deactivation due to
thermal/mechanical mechanisms were quantified.

To study hydrolysis mechanism of individual cellulase, CBH1 was separated by
modification made to the protocol reported by Medve et al. (1998b). A vacuum manifold
system was used to provide a steady flow through parallel columns to achieve scaled-up
quantities of CBH1 from Spezyme CP cellulases. This manifold system used step elution
in place of the continuous gradient. The modification here employed a straightforward
way to scale up the process by maintaining the same column length while increasing the
effective cross-sectional area by operating multiple columns in parallel. To test the
feasibility of this scale-up method, the purity and specific p-nitrophenyl-B-D-cellobioside
(pNPC) activity of CBH1 were examined and compared to CBHI separated
conventionally with a FPLC system. Stability was also tested, and adsorption and
hydrolysis of bacterial microcrystalline cellulose (BMCC) were performed with the
CBHI separated from the scaled-up process.

Deactivation extents of cellobiohydrolase, endoglucanase, and a total cellulase
mixture were studied independently as functions of incubating time (a form of thermal
deactivation) and mixing intensity. Cellobiohydrolase 1 (CBH1) was separated from a
commercial cellulase mixture (Spezyme CP) and then used to study specific (CBHl

activity loss towards p-nitrophenyl-B-D-cellobioside (pNPC). Endoglucanase activity was
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studied by using total cellulase on Carboxymethyl cellulose sodium salt (CMCNa)
(CBH‘l and B-glucosidase have very little activity towards CMCNa) (Takashima et al.,
1998). Activity of the total cellulase mixture was studied on phosphoric acid swollen
cellulose (PASC). Meanwhile, computational fluid dynamics (CFD) was used to quantify
the shear in a rotating Erlenmeyer flask at different mixing intensity and investigate
whether there is any correlation between the shear stress in orbiting flask and cellulase
deactivation.

If adsorbed enzyme becomes inactive, it would necessarily return to the bulk
solution more slowly (if at all) and be unable to find a new binding site to start another
hydrolysis cycle immediately. However, this underlying phenomenon has not been
examined so far. Directly quantifying desorption of inactive enzyme is difficult since the
structure of inactive enzyme may be similar to that of active enzyme following
desorption, making it hard to distinguish inactive enzyme from active enzyme in the bulk
solution. Alternatively, an indirect method can be used whereby activity is intentionall