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Dedication

There is nothing wrong with making a little money. People who
work hard should see the benefits of their individual efforts.
However, when profit is gained off the backs of others or at

the expense of our environment, then this is a problem. I was
once told that things in this world [energy and matter] can
neither be created nor destroyed, they can only be transformed
from one state to another. I hear people talk about “creating
wealth” in our society and it makes me think. It does not seem
that wealth can be created from nothing. Generating what
they call “new wealth” comes at the expense of something—
either at the expense of a person’s sweat and time (and thus
his life) or at the expense of depleting something in nature.

It seems that a few people make huge profits at the expense of
the hard work and lives of others who see only a very small
fraction of the benefit that their efforts produce. It seems that
these same few people also make huge profits off of the land and
other natural resources without care for replacing these natural
resources at a rate that matches the rate at which the resource
is being depleted. This is not “creation of wealth” but the abuse
of our fellow man and the abuse of our Earth. So, be aware as
you move forward and seek profit. Make sure that the profit that
you receive is commensurate with the work that you, yourself,
have done and that you are not profiting at the expense of the
lives of your neighbor or to the detriment of our planet.

Go forward and be a responsible, caring, and hard-working
citizen of the world, not just for the sake of yourself, your family,
and your people but for the benefit of mankind as a whole.



If you do this, then when you are an old man, I think you will look
back on your life and feel good—that you have done the right thing.
This is more important than any wealth that you may acquire.

This book is dedicated to Catarino Ceballos ( Odami/Tepehuano),
my grandfather, who left school at the age of thirteen to work in the
fields and then later on the Santa Fe railroad, so that he could buy

school uniforms for his younger sisters and who, on retiring from
the railroad, would enroll himself in Palomar College in San Marcos,

California, to finish, as a senior citizen, the education that he had

to leave behind as a young man. Both he and my grandmother,
Isabel, always provided unwavering support for their children
and grandchildren despite being of humble economic means.

As a descendant of both Sephardic and Native American ancestry
and an avid seeker of knowledge, he never lost sight of the need
for compassion for others nor the need to seek balance between

modern development and sustainable use of our natural resources.

Catarino Ceballos (1916-1999)
Isabel Ceballos (1916-2001)
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Preface

Research in alternative energy continues to be critical in science,
engineering, and economics. From 2011 to 2017, the world popula-
tion increased from an estimated 7.0-7.5 billion people. As the global
population charges toward 8 billion (and beyond), the demand for liquid
(or gas) fuel alternatives will exceed what is capable of being supplied
by fossil-based fuel resources. We have already seen signs of this stress
as fossil-fuel companies begin to extract crude oil using techniques such
as fracking even though detrimental impacts on subsurface structures are
obvious. Even more telling is the multitude of international and regional
conflicts, including open war that arises from efforts to control regions
with proven reservoirs of fossil fuel (i.e., crude oil). Although there are
potential solutions to the continuing fuel crisis, controlling supply allows
those who profit from fossil fuels to manipulate demand toward gener-
ating significant profit. Until this civilized world decides that this is no
longer acceptable, alternative fuels will continue to be suppressed and the
war and destruction of our natural resources will continue.

If at some point in human history, society decides that the loss of
human life and the destruction or depletion of our natural resources in an
unsustainable manner are unacceptable, a holistic approach that provides
a diverse array of liquid fuel options may be adopted. It is also essential
that production of alternative fuels should not produce detrimental side
effects on the environment. Liquid fuel must be produced and used with
limited and calculated impact on air quality, water quality and availabil-
ity, food crop lands, geological stability, and other factors that are essen-
tial for life on this planet.

Although bioethanol, particularly cellulosic ethanol, is only one of sev-
eral options to replace fossil-based liquid fuel, the potential to signifi-
cantly contribute to the need for additional fuel products is great given
that cellulosic biomass is widely abundant and often simply treated
as waste from other operations (i.e., corn, rice, sugarcane farming). A
relatively small group of researchers across the world quietly chug away
at developing novel technologies to access usable energy molecules from
lignocellulosic biomass.

xi
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The goal, of course, is to develop technologies and processes that
reduce the per-gallon cost of a bioethanol product, so that it may someday
reach the market in full force and genuinely compete with fossil-based
liquid fuel.

Our lab is one of many that are dedicated to finding new ways to
deconstruct lignocellulose in a cost-effective manner. We are a very small
group compared to larger labs across the world; however, the information
that we require to forward our technologies is the same as what anyone
in this field would need. As this field moves quickly with new discover-
ies happening almost daily, it was important to get this book to press in
a timely manner. There are likely corrections and additions that could be
incorporated into a subsequent edition. We welcome suggestions from the
community. It is hoped that this book will provide a somewhat compre-
hensive technical review of substrates, feedstocks, enzymes, approaches,
and technologies that are available on the quest to bring bioethanol to the
forefront of liquid fuel alternatives.
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Introduction

The unsustainable use of natural resources and an increasing demand
for energy are two major concerns that must be addressed on a global
scale if modern lifestyles are to be continued. With respect to these con-
cerns, dependency on fossil fuels is unsustainable due to an apparent
inability to discover new sources of nonrenewable substrates at a pace
that matches the increasing global consumption of energy products
(Ragheb, 2015). This situation has prompted research into alternative
energy products, which are considered sustainable and environmentally
friendly. Although advances in hydroelectric, solar, wind, and biomass
systems provide viable alternatives for electrical energy production,
substitutes for liquid fossil fuels have been problematic. Biofuels, which
are alternatives to liquid fossil fuels, or transportation fuels, can be made
from carbohydrate- or lipid-rich feedstocks that yield bioethanol and
biodiesel, respectively (Demirbas, 2008). The production and use of
bioethanol as a supplemental transportation fuel (and a partial substi-
tute) to gasoline is ongoing. Indeed, the alternative liquid fuels market
is a trillion dollar per year industry with ~15 billion gallons per year of
ethanol produced in the United States alone (U.S. Energy Information
Administration, 2015). Virtually all of this is corn-based ethanol, which
accounts for ~10% of the United States transportation fuel needs (Hill
et al., 2006). Sugarcane-based ethanol and smaller quantities of biodiesel
augment corn-based products to account for the majority of biofuel
produced worldwide. However, there are significant limitations in the
large-scale production of bioethanol that prevent it from becoming a
cost-competitive, bona fide substitute for liquid fossil fuels. Primary limi-
tations in bioethanol production include: (1) the inefficient conversion
of feedstock molecular substrates (i.e., cellulose and starch) to ferment-
able sugars such as glucose (Sukumaran and Pandey, 2009) and (2) the
inability to use cellulosic feedstocks as viable substitutes for corn and
sugarcane (Somma et al.,, 2010). Given that cellulose is the most abun-
dant biopolymer on Earth and that corn and sugarcane are needed for
global food supplies, it is reasonable to suggest that scientific research

Xvii
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and industrial interests should focus on overcoming these limitations,
so that cellulosic bioethanol may become a cost-competitive alternative
to liquid fossil fuels.

Of particular interest is the development of enzyme systems that can
reduce the cost of producing first-generation alternative fuel products (i.e.,
corn- and sugarcane-based ethanol) and facilitate the cost-effective pro-
duction of second-generation fuel (i.e., cellulosic ethanol). The evolution-
ary emergence of cellulose-degrading microbes provides opportunities
for development of ethanol production processes that utilize naturally
occurring enzymes. More recently, genetically engineered enzymes have
been employed to enhance enzymatic efficiency and lower the costs asso-
ciated with commercial bioethanol production processes (Mohanram
et al,, 2013). Both naturally derived and genetically engineered enzymes
are used in first-generation biofuels (FGBs) production processes. In
addition, several advances in enzyme system technology have paved the
way for cost-competitive production of second-generation biofuels (SGBs)
(Mitsuzawa et al., 2009).

The purpose of this book is to provide a comprehensive review of the
various enzymes that are used in bioethanol production, an explanation
of their respective modes of enzymatic action, and a description of the
various ways that these enzymes may be employed to facilitate efficient
reduction of complex biomolecular substrates to readily fermentable sug-
ars. This book begins with a description of various feedstock and pre-
treatment alternatives and addresses the advantages and disadvantages
of each feedstock and pretreatment alternative.

I begin with a review of the molecular substrates found in FGB and
SGB feedstocks that are important to ethanol production processes. This is
followed by a description (and comparison) of production potential, chem-
ical composition, and pretreatments of several high-yield FGB and SGB
feedstocks. Next, I introduce a series of enzymes involved in the break-
down of lignocellulosic materials with a particular focus on the mode of
action of each class of enzyme. Subsequently, the breakdown of substrates
by both natural and artificial multienzyme systems is addressed, includ-
ing a discussion of synergistic effects. This is followed by a discussion
of emerging technologies and engineered systems. Finally, I provide the
summarizing remarks.



chapter one

Molecular substrates of
ethanol feedstocks

Regardless of the type of feedstock, all bioethanol production processes
rely on isolating one or more molecular substrates that are used to generate
precursors for ethanol-producing reactions. These molecular substrates
include starch, sucrose, cellulose, hemicellulose, lignin, and pectin—
which may be further decomposed for use (or used directly) by yeast in
ethanol fermentation. Whereas the role of yeast in ethanol fermentation is
a well-studied component of the overall process, the conversion of these
molecular substrates to readily fermentable sugars (i.e., glucose) is a sub-
ject of ongoing research and is often considered a bottleneck in bioethanol
production. Indeed, the culturing of yeast and ethanol production are typ-
ically two tightly coupled processes used in fermentation via glycolysis,
the Embden—-Meyerhof-Parnas pathway (Madigan et al., 2000). Glycolysis
ultimately yields two pyruvate molecules for each molecule of glucose
that is processed. Under anaerobic conditions, pyruvate is subsequently
reduced to ethanol with a release of CO,. Thus, enhancing processes that
decompose complex molecular substrates to glucose or other fermentable
sugars is a key to increasing overall bioethanol production efficiency.

1.1  Starch and sucrose

Historically, the production of ethanol has relied almost exclusively on
two molecular substrates: starch and sucrose from corn (Zea mays L.)
and sugarcane (Saccharum L.), respectively. More broadly, starches from
corn and wheat and reducing sugars from sugarcane and sorghum are
extracted, typically via mechanical processes and serve as substrates
for subsequent ethanol fermentation steps (Nichols and Bothast, 2008;
Dias et al., 2009).

1.1.1 Starch

Corn is milled to extract starch. There are two types of corn milling in
the industry: wet and dry. During wet milling, the corn grain is pulver-
ized and then separated into its various components: starch, fiber, gluten,
and germ. On separating the starch as a solution from other components,
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it is typically treated with enzymes to generate simpler sugars that are
easily fermented by yeast. The remaining components of the wet-milling
process are often sold separately as coproducts. In wet milling, grains are
steeped in dilute sulfuric acid prior to separation of grain components.
However, in dry milling, whole grain meal is directly fermented to pro-
duce ethanol and by-products collectively called distiller’s dried grains
with solubles (DDGS), the latter of which may be used for animal feed or
extracted for oil, which in turn may be converted to biodiesel via trans-
esterfication (Singh and Cheryan, 1998; Bothast and Schlicher, 2005).

Although initial treatment of corn grain and the types of by-products
that are generated differ between the two processes, both wet and dry
milling ultimately break down starch via enzymatic processes, convert
sugar to ethanol releasing CO, using yeast, and refine/dehydrate the
resulting ethanol for use as fuel. In corn-based bioethanol production,
starch is an abundant and readily hydrolysable substrate. Indeed, starch
is the major chemical component within the corn kernel. It accounts
for ~72% of kernel weight with another ~2% consisting of sugars such
as glucose, sucrose, and fructose (Inglett, 1970). Cornstarch is generally
composed of two types of polymers: amylose and amylopectin. Amylose is
essentially a linear polymer of glucose. Amylopectin is a branched glu-
cose polymer.

Of the total starch content in corn kernel, about 20%-25% is amylose
and 75%—-80% is amylopectin (Schoch, 1942; Bates et al., 1943). However,
yeast is not generally capable of metabolizing starch (Stewart and
Russell, 1987; De Mot, 1990). Thus, amylose and amylopectin must be
hydrolyzed. Several enzymes, including thermostable c-amylases, are
used to break down starch into smaller molecules (i.e., dextrins), which
are then enzymatically converted to glucose (a.k.a., dextrose) by various
glucosidases (e.g., amyloglucosidase) in a process called saccharification
(Bothast and Schlicher, 2005). As over 90% of ethanol production in the
United States uses starch as a primary molecular substrate, the impor-
tance of thermostable and high-efficiency starch reducing enzymes is
understood.

1.1.2  Sucrose

In contrast to cornstarch, sucrose is the principal molecular substrate in
sugarcane-based bioethanol production. Sucrose is found in high concen-
trations in both cane juice and molasses (a by-product of sugar mills). It
is the only major ethanol substrate that does not require industrial enzy-
matic processing. In other words, yeast can directly metabolize sucrose
to produce ethanol. In this respect, sucrose has a major advantage as a
molecular substrate in ethanol production.
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Ethanol production using substrates from sugarcane begins with
cleaning the feedstock followed by mechanical extraction and separation
of juice, molasses, and bagasse. Sugarcane juice contains water, sucrose,
and other reducing sugars. It also contains impurities such as minerals,
salts, organic acids, dirt, and fiber particles, which must be removed before
fermentation (Dias et al., 2009). Clarification and crystallization steps can
be used to extract sugar crystals leaving behind molasses (Ensinas et al.,
2009). For a 3 b sugarcane stalk, approximately 0.3 Ib of sugar is gener-
ated, and 100 Ib of raw sugar yields about 3 gal of molasses. From each
gallon of molasses, 0.41 gal of ethanol can be produced. Although both
products can be used to produce ethanol, only the molasses is often used.
However, if both the raw sugar and molasses are converted to ethanol,
approximately 19.6 gal of ethanol can be produced per ton of harvested
sugarcane (Shapouri et al., 2006).

Most industrial strains of yeast express invertases (e.g., sucrases) that
convert sucrose to simple sugars (i.e., glucose and fructose), which are in
turn readily converted to ethanol (and CO,) (Berthelot, 1860; Dworschack
and Wickerham, 1961; Bowski et al., 1971). Thus, none of the early process-
ing (e.g., liquefaction) that is required for using cornstarch as a molecular
substrate is required for ethanol production that uses sucrose as the prin-
cipal substrate. This saves several steps in the ethanol production pro-
cess. The latter stages of fermentation and ethanol recovery are similar in
both sugarcane-based and corn-based bioethanol production. Distillation
and dehydration are used to purify the ethanol following fermentation by
yeast (Bothast and Schlicher, 2005; Ensinas et al., 2009), and the remain-
ing stillage from the distillation process can be recycled as fertilizer for
sugarcane fields. Although sucrose is a competitive molecular substrate
for bioethanol production, the feedstock from which it is derived (i.e., sug-
arcane) has production limitations as described in Section 2.1.

1.2 Cellulosic substrates

One of the most promising molecular substrates for bioethanol produc-
tion is lignocellulose. Cellulose is the most abundant biopolymer on the
planet. It accounts for approximately half of all biomass contained within
photosynthetic plant matter. However, lignocellulosic materials are often
bound in very recalcitrant matrices of cellulose, hemicellulose, lignin, and
other molecules such as pectin (Table 1.1), which together render these
materials unviable as competitive substrates due to the costs associated
with accessing and breaking down these components into fermentable
sugars. Nonetheless, emerging technologies that overcome this technical
problem may soon elevate lignocellulose to a major substrate for indus-
trial scale ethanol production.
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Table 1.1 Chemical composition of cellulosic
biomass (% composition)

Constituents Hardwood (%) Softwood (%)
Cellulose 40-50 40-50
Hemicellulose 25-35 25-30
Lignin 20-25 25-35
Pectin 1-2 1-2
Starch Trace Trace

Source: Miller, R.B., Structure of wood, in Wood Handbook: Wood
as an Engineering Material, USDA Forest Service, Forest
Products Laboratory, Madison, WI, 113, 1999.

1.2.1 Cellulose

Cellulose comprises at least 30%-50% of the total biomass in most
lignocellulosic materials (Wyman, 1994; Mielenz, 2001; Mood et al., 2013).
Cellulose is a linear, unbranched homopolysaccharide composed of B-p-
glucopyranose units linked by B-1,4 glycosidic bonds (Jorgenson, 1950;
Mark and Tobolsky, 1950; Hon, 1994). Chemically, cellulose is simply a
chain of glucose molecules. However, structurally, the repeating unit is
the disaccharide cellobiose (Staudinger, 1961). Individual cellulose chains
can contain 102 to 10* glucose units. These chains are tightly packed into
microfibrils with extensive hydrogen bonding as well as van der Waals
interactions within and between cellulose chains, which provides stabil-
ity to this high-order fibrous structure (Marchessault and Sarko, 1967;
Cousins and Brown, 1995; Nishiyam et al., 2010).

Depending on the source and conditions of formation, cellulose will
often form a crystalline structure; however, amorphous cellulose may
also form a crystalline structure. With respect to the former, there are six
distinct crystalline forms. Cellulose I (natural cellulose) and cellulose II
(regenerated and mercerized cellulose) have been the most extensively
studied (Habibi et al., 2010). Although crystalline cellulose can be dif-
ficult to degrade, amorphous cellulose tends to be more susceptible to
enzymatic degradation (Hall et al., 2010). In either form, natural materials
containing cellulose typically contain other polymers including hemicel-
lulose, lignin, and pectin, which complicate the deconstruction of cellu-
lose into glucose or other readily fermentable sugars.

1.2.2  Hemicellulose

Hemicellulose comprises approximately 15%-35% of the total biomass
in lignocellulosic materials (Wyman, 1994; Girio et al., 2010; Mood
et al, 2013). Hemicellulose is a branched heteropolymer of hexose
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sugars, pentose sugars, and sugar acids. Of these constituent components,
D-mannose, D-glucose, and p-galactose are common hexoses; D-xylose and
L-arabinose are common pentoses; and D-glucuronic acid, p-galacturonic
acid, 4-O-methylglucaronic acid, and rhamnose are common sugar acids
found within hemicellulose. Sugars are linked by B-1,4 bonds and B-1,3
glycosidic bonds. The former dominates most hemicellulosic structures
with the main backbone typically composed of only one or two types of
sugar. For example, xylose, in the form of 1,4-B-p-xylopyranose structural
units, forms the homopolymeric backbone of structures called xylans.
As significant branching from this backbone occurs (typically consist-
ing of short chains of other sugars, acetyl groups, or phenolic groups),
most xylans are ultimately heteropolymers. Xylans can be classified as
linear xylans, heteroxylans, or xyloglucans (XGs). Linear xylans con-
sist of 1,4-B-p-xylopyranose units linked to form a polymeric backbone.
However, xylans often contain additional components including arabi-
nose, glucuronic acid, feruloyl acid, or coumaroyl acid side chains and
are thus heteroxylans. Based on backbone and branching motifs, heterox-
ylans can be subclassified as arabinoxylans, glucuronoxylans, and other
combinatory species, such as glucuronoarabinoxylans (GAXs) (Schulze,
1891; Scheller and Ulvskov, 2010). The frequency and composition of
branches depend upon the source of xylan (Gorbacheva and Rodionova,
1977; Aspinall, 1980; Fincher and Stone, 1981; Brice and Morrison, 1982;
Scheller and Ulvskov, 2010). In Figure 1.1, the heterogeneity of selected
xylan structures is shown.

GAX L-Arabionose

T
(a) () D-Galactose
XG

@]

@]

* D-Xylose

O Hydroxycinnamic acid

O Acetyl groups
© Mﬂ @ Methyl groups
Figure 1.1 Plant cell wall polysaccharides and structural heterogeneity. (a) Backbone
structure of heteroxylan, (b) Backbone structure of XG, and (c) Representative struc-

ture of a heteromannan molecule. (Adopted and modified from Burton, R.A. et al,,
Nat. Chem. Biol., 6, 724-732, 2010.)

L-Fucose

D-Glucuronic acid
D-Glucose (1,4-linked)

D-Mannose

(b)
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Acetyl groups and glucuronic acid moieties are found in hardwood
hemicellulose (Timell, 1960; Bouveng, 1961; Timell, 1967; Gabrielii et al.,
2000; Teleman et al., 2002). Arabinofuranosides and glucuronic acids are
found in hemicellulose of softwoods and grasses (Marchessault et al.,
1963; Timell, 1967; Shimizu et al., 1978; Wende and Fry, 1997; Verbruggen
etal., 1998b; Pastell et al., 2009; Peng et al., 2011; Escalante et al., 2012). These
heteroxylan (GAX) motifs are illustrated in Figure 1.1a. XG is a cellulosic
(1,4)-B-glucan backbone supporting o-p-xylose side chains with about 70%
occupancy of the backbone glucosyl residues linked at the glucose C-6
position. Triplet xylosyl substituents on three consecutive glucosyl resi-
dues are common along with additional side chain components such as
galactose, fucose, or arabinose (Stephen, 1989; Sims et al., 1996; Hoffman
et al., 2005; Tiné et al., 2006). A representative XG is shown in Figure 1.1a
(side chain arabinose not shown).

Although xylans are the major components of hemicellulose, the het-
erogeneity of hemicelluloses should not be understated. Hemicelluloses
are mixtures of polysaccharides and often include other components.
Although hardwoods, grasses, and many fruits feature a robust presence
of xylans, mannans play a major role in the hemicellulose found in soft-
woods and plant seed (Wilkie, 1979; Meier and Reid, 1982; Vierhuis et al.,
2000; Lundqvist et al., 2003; Girio et al., 2010). Mannans can be classified
as linear mannan (e.g., glucomannan) or heteromannan (i.e., galactoglu-
comannan [GGM]). Glucomannan are linear chains composed of ran-
domly arranged B-(1,4)-linked p-mannose with B-(1,4)-linked p-glucose.
The ratios of mannose and glucose depend on the origin of glucomannan
(Timell, 1967; Northcote, 1972; Popa and Spiridon, 1998; Hongshu et al,,
2002). Another form of linear mannan called galactomannan (GM) fea-
tures 1,6-linked o-p-galactopyranosyl side chains along the standard
1,4-linked B-p-mannopyranosyl main chain (Chaubey and Kapoor, 2001;
Prajapati et al., 2013).

Heteromannan, or GGM, incorporates the B-(1,4)-linked p-glucose
into the 14-linked B-p-mannopyranosyl main chain as well as the
1,6-linked o-p-galactopyranosyl and B-p-galactopyranosyl single-group
side chains (Aspinall et al.,, 1962; Popa and Spiridon, 1998; Willfor et al.,
2003; Hannuksela and du Penhoat, 2004). The galactose units are attached
to either mannose or both mannose and glucose residues in the backbone
(Aspinall et al,, 1962; Matheson, 1990; Popa and Spiridon, 1998; Willfor
et al.,, 2003; Hannuksela and du Penhoat, 2004). A representation of GGM
is illustrated in Figure 1.1c.

The presence of xylans and mannans in lignocellulosic feedstock
selection is important when considering feedstock pretreatment and
enzyme-mediated systems for substrate deconstruction. Whereas GGM is
a key component of softwood hemicelluloses, xylans such as glucuronox-
ylans are predominantly found in hardwood hemicelluloses (Timell, 1967;
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Sjostrom, 1993; Rowell et al.,, 2012). Unlike the crystalline structure of cel-
lulose, hemicellulose forms a gel-like consistency that results in an amor-
phous matrix within which rigid crystalline cellulose fibers are often
embedded. This facilitates the separation of fibers while adding flexion to
the cell wall (Fratzl et al., 2004). Moreover, hemicelluolose can be linked
to lignin yielding an even more complex composite with added structural
stability (Das et al., 1984).

1.2.3 Lignin

Lignin comprises approximately 15%—20% of the total biomass in lignocel-
lulosic materials (Wyman, 1994; Mood et al., 2013). Unlike cellulose and
hemicellulose, lignin is a noncarbohydrate aromatic heteropolymer formed
through oxidation and free-radical coupling of phenyl alcohol precursors
(Boerjan et al., 2003; Ralph et al., 2004). Lignin macromolecules are com-
prised of phenolic (10%-20%) and nonphenolic (80%—-90%) moieties with the
latter exhibiting highly recalcitrant properties (Adler, 1977). The hetero-
geneous three-dimensional network of linked phenolic and nonphenolic
structures formed by lignin within lignocellulosic materials may consist
of dimethoxylated (syringyl, S), monomethoxylated (guaiacyl, G), and non-
methoxylated (p-hydroxyphenyl, H) phenylpropanoid monomeric units
(a.k.a., monolignols) derived from associated p-hydroxycinnamyl alcohols.
These phenylpropanoid units are typically joined by nonhydrolyzable
linkages, including covalent ether and carbon-carbon bonds (Ralph et al.,
2004). Consistent with variations in the amount and type of lignin found in
different raw materials, proportions of the different monolignols also vary
between sources. For example, softwoods are known to contain a higher
percentage of lignin than hardwoods, and softwood lignin is dominated
by guaiacyl units, whereas hardwoods have approximately equal amounts
of guaiacyl and syringyl units (Sjostrom, 1993; Brunow, 2006; Santos et al.,,
2012; Normark et al., 2014). Thus, primary composition and structure of
lignin are determined by species-specific genetics. Moreover, variation in
amount and type of lignin is also observed between different tissues of
the same plant. In the context of biofuel feedstock selection, it should be
noted that the extraction method employed to isolate lignin from lignocel-
lulosic biomass may confound efforts to elucidate lignin composition and
structure in a natural living system (Gosselink et al., 2004).

Lignin is not water soluble, and the amorphous structure that it
forms lacks the stereoregularity characteristic of cellulose (Hatakeyama
and Hatakeyama, 1982). Indeed, within a composite lignocellulosic struc-
ture, lignin can often form bonds with both hemicellulose and cellulose
through covalent cross-linking (Bell and Wright, 1950; Gerasimowicz
et al., 1984; Balakshin et al., 2011). In contrast to hemicellulose and cel-
lulose, lignin is not susceptible to hydrolytic attack, which renders most
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lignocellulosic materials resistant to biodegradation (Li et al., 2008a;
Saritha and Lata, 2012). Lignin contributes to the structural support and
cell envelope impermeability that many plants require to be optimally
fit in their respective ecosystems. Lignin also contributes to a plant’s
resistance to microbial attack as well as oxidative stressors (liyama et al.,
1994). Collectively, the amorphous nature of lignin, its lack of solubil-
ity in water, and optical inactivity are ideal for plant survival; how-
ever, as a component in biofuel feedstocks, these same properties are
what make lignocellulosic materials difficult to degrade (Hatakeyama
and Hatakeyama, 1982, 2010; Ralph et al., 1999). It is generally accepted
that lignin depolymerization is the key to readily accessing cellulose
and hemicellulose for efficient enzymatic degradation of lignocellulosic
materials.

1.2.4 Pectin

Pectin comprises approximately <10% of the total biomass in selected lig-
nocellulosic materials (O'Neill and York, 2003). Pectin-rich biomass gener-
ated as waste products from industrial processing of fruits and vegetables
has low lignin and high pectin concentrations (Table 1.2), ranging from
12% to 35% of dry weight biomass (Edwards and Doran-Peterson, 2012)
(Figure 1.2). Pectins are a family of covalently linked galacturonic acid-
rich polysaccharides found in plant cell walls (Albersheim et al., 1996).
Galacturonic acid comprises at least 65% of pectin and typically features
high levels of methyl esterification (Phatak et al., 1988; Food & Agriculture
Organization of the United Nations, 2009; Yapo and Koffi, 2014). All pec-
tin polysaccharides contain galacturonic acid linkages at the O-1 and O-4
positions. Pectin polysaccharides are composed of four major subclasses:
homogalacturonan (HG), rhamnogalacturonan I (RG-I), rhamnogalactu-
ronan II (RG-II), and xylogalacturonan (XGA) (Yapo, 2011). HG is a simple
structured linear homopolymer of a-1,4-linked galacturonic acid residues
and comprises about 65% of pectin (Mohnen, 2008; Wang et al., 2012a).
Galacturonic acid residues within this backbone can be methyl esterified
at the carboxyl groups at the C-6 position (Gee et al., 1959; Mort et al., 1993;
Petersen et al., 2008) and/or O-acetylated at the hydroxyl groups at the
O-2 or O-3 positions (Perrone et al., 2002). The degree of methylation and
acetylation varies significantly between sources (Wang et al.,, 2012a; Wang
etal., 2014a). Other pectin polysaccharides are considerably more complex.
RG-I represents approximately 20%-35% of all pectin. It is composed of a
backbone of alternating rhamnose and galacturonic acid subunits that can
consist of more than 100 repeating subunits (McNeil et al., 1980; Mohnen,
2008). The rhamnose molecules are often substituted with a variety of side
chains mainly composed of arabinans, galactans, and arabinogalactans
(Tharanathan et al., 1994; Nakamura et al., 2002; @Bro et al., 2004).
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Figure 1.2 A comparison of the dry weight composition of pectin-rich biomass
to starches and other lignocellulosic biomasses. Pectin-rich biomass includes
apple pomace (AP), citrus waste (CW), and sugar beet pulp (SB). Corn kernel (CK),
Monterey pine (MP), and switchgrass (SG) are included in other lignocellulosic

biomasses. (Adopted from Edwards, M.C. and Doran-Peterson, J., Appl. Microbiol.
Biotechnol., 95, 565-575, 2012.)

The arabinogalactan polymeric forms can include side chains with
type I arabinogalactan (AGI) and type II arabinogalactan (AGII) (Clarke
et al.,, 1979). Feruloyl esters are attached to O-2 or O-6 of o-(1-5)-linked
arabinose residues of the arabinan side chains or B-(1—+4)-linked galactose
in the galactan side chains of pectin, respectively (Guillon and Thibault,
1989; Guillon et al., 1989; Colquhoun et al,, 1994; Ralet et al., 1994). RG-1I
is the most structurally complex pectic polysaccharide and accounts for
10% of all pectin. It consists of an HG backbone of at least 8 1,4-linked
o-D-galacturonic acid residues decorated with side branches consist-
ing of at least 12 different types of sugars (including rare sugars) that
are covalently bound using over 20 different types of covalent linkages
(O'Neill et al., 2004). XGA is an HG with a linked xylose at the O-3 position
(Bouveng, 1965). With less prevalence, a xylose may also be linked at the
O-4 position with an additional B-linked xylose (Zandleven et al., 2006).
The degree of xylosylation can vary between 25% in fruits such as Citrus
vulgaris (watermelon) and approximately 70% in Malus domestica (apples)
and pea hulls (Schols et al,, 1995; Yu and Mort, 1996; Goff et al., 2001).
General distribution of methyl esters is typically across the XGA back-
bone (Schols et al., 1995).
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1.2.5 Cross-linking: Hemicellulose

All plant-derived cellulosic materials in nature are a combination of
cellulose and hemicellulose with various amounts of lignin, pectin, and
other molecules contributing to the composite. Interestingly, the two
principal components—cellulose and hemicellulose—do not readily
associate via covalent bonding. Instead, cross-linking between cellulose
and hemicellulose is dominated by hydrogen bonding. For example, XG
will readily form hydrogen bonds with cellulose microfibrils in a man-
ner that resembles interactions between cellulose molecules (Keegstra
et al, 1973; Valent and Albersheim, 1974; Levy et al., 1997). Binding
strength between cellulose and hemicellulose varies considerably
(Jarvis, 2011). The range of binding strength is likely the result of varia-
tion in the degree to which hydrogen bonding occurs along the length
of a cellulose molecule and its hemicellulose binding partner. Most
hemicellulose chains are not bound to cellulose along the full length
of the molecules but instead are commonly tethered along segments in
fibril-fibril interactions (Bootten et al., 2004). For example, the repeating
unit structure of XG polysaccharides facilitates the tethering of XG mol-
ecules at intervals along the cellulose microfibrils promoting an orderly
cellulose network (Levy et al,, 1991). Although cellulose-hemicellulose
covalent links are less prevalent than association via hydrogen bonding,
strength in the matrix is significantly increased by cross-linking these
two core components via third party interactions—specifically, lignin or
pectin cross-linkages.

1.2.6  Cross-linking: Lignin

Lignin molecules can associate with other lignin molecules forming
three-dimensional cross-linked structures. Cell wall-associated enzymes
including peroxidases and laccases promote oxidative cross-linking
between monolignols (Fagerstedt et al., 2010; Berthet et al., 2011). Although
several types of lignin-lignin linkages can occur, B-O-4 aryl ether linkages
tend to be prevalent in such structures (Pearl, 1967; Adler, 1977). The self-
association of lignin molecules to form such networks provides strength
and stiffness to plant tissues and fibers (Voelker et al., 2011). Notably, lig-
nin also links to other cell polymers, which significantly enhances cell
wall rigidity. Lignin forms associations with hemicellulose, cellulose,
pectin, and other cell wall molecules (e.g., protein) via a complex system
of covalent cross-linking. General types of cross-linking include ether
and ester bond between lignin and polysaccharides. Direct ester link-
ages often occur between hydroxyl groups on lignin surfaces and uronic
acids such as glucuronoxylans or rhamnogalacturonans. As cross-linking
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Figure 1.3 Schematic diagram showing possible covalent cross-links between
polysaccharides and lignin in walls. O, PCA; e, FA; e—e, dehydrodiferulic acid. (a)
Direct ester-linkage, (b) direct ether-linkage, (c) hydroxycinnamic acid esterified
to polysaccharides, (d) hydroxycinnainic acid esterified to lignin, (e) hydroxycin-
namic acid etherified to lignin, (f) FA ester-ether bridge, (g) dehydrodiferulic acid
diester bridge, and (h) dehydrodiferulic acid diester-ether bridge. (Adapted from
liyama, K. et al., Plant Physiol., 104, 315-320, 1994.)

between cellulose and hemicellulose is generally noncovalent in nature,
lignin cross-linking is a key to cell wall stability (liyama et al., 1994). There
are three main mechanisms by which lignin is covalently linked to hemi-
cellulose in plants (Figure 1.3). First, ester—ether bridges involving ferulic
acid cross-link lignin and hemicellulose molecules (Scalbert et al., 1985;
Lam et al., 1992a).

Ferulic acid, a hydroxycinnamic acid produced via the phenylpro-
panoid synthesis pathway, will link to lignin via ether bonds while
simultaneously forming ester linkages to sugar residues within hemi-
cellulose (Gubler et al., 1985; liyama et al.,, 1994; Sun et al., 2002). Its
esters attach to residues of xylans, such as arabinofuranosyl or xylopy-
ranosyl residues (Ishii and Hiroi, 1990; Levigne et al., 2004). Esters of
ferulic acid may form dimeric complexes that cross-link arabinoxylan
chains. It has been suggested that dehydrodiferuloyl dimers containing
diester linkages between polysaccharides can cross-link to lignin via
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ether bonds (Hartley et al., 1990; Lam et al., 1992b). Other esters, linked
with lignin, are present in cell wall including esters of p-coumaric acid;
however, these do not cross-link lignin and hemicellulose as ferulic
acid (FA) does (Lam et al., 1992a, 1994; Sun et al., 2002). Similar to feru-
lic acid, p-coumaric acid is also a hydroxycinnamic acid synthesized
via the phenylpropanoid biosynthetic pathway. A second way lignin
associates with hemicellulose is via lignin alcohol ether bonds with
OH groups of polysaccharides (Watanabe et al.,, 1989). For example,
a study using woody material from gymnosperms and angiosperms
showed that glucose and mannose residues form ether linkages with
lignin alcohols (Lam et al., 1990). The third way in which lignin inter-
acts with hemicellulose in the cell wall structure involves uronyl ester
bonds between the hydroxyl groups of lignin alcohols and uronic acid
on 4-O-methyl-p-glucuronic acid residues in hemicellulose (Das et al.,
1984; Watanabe and Koshijima, 1988).

1.2.7  Cross-linking: Pectin

Plant cell wall properties are also enhanced by the cross-linking of pec-
tic polysaccharides to other cell wall components. Pectin cross-links not
only provide additional structural complexity but also influence function
mainly by impacting cell wall porosity (Baron-Epel et al.,, 1988; Willats
et al., 2001) and plant morphogenesis (Derksen et al., 2011). Pectin polysac-
charides are cross-linked through two different mechanisms. First, a non-
covalent calcium—pectin cross-link may arise from an association of Ca?*
cations with a negatively charged pocket formed between the carboxyl
groups of two galacturonic acid residues in HG chain lacking ester groups
(Braccini et al., 1999; Willats et al., 2001). Runs of at least seven unesterfied
galacturonic acid residues are required for calcium-pectin cross-linking
(Powell et al.,, 1982). Second, covalent cross-linking via ester linkages
with phenolic compounds is a common pectin cross-linking mechanism
(Zaidel and Meyer, 2012). For example, ferulate and p-coumarate cross-link
to pectic polysaccharides via ester bonds in spinach cell wall structures
(Fry, 1979, 1983). Furthermore, borate diester bonds are involved in the
dimerization of RG-II molecules (Zaidel and Meyer, 2012). Apiofuranosyl
residues on side chains of RG-II participate in this cross-linking (Ishii
et al.,, 1999). It has also been suggested that transesterification reactions
mediated by methyltransferases can form uronyl ester linkages between
methyl-esterified HG chains (acting as donors) and other HG molecules
(Zaidel and Meyer, 2012).

In addition to intraspecies linkages, it has been further proposed
that covalent cross-linking is common between the four main types
of pectic polysaccharides (Figure 14)—HG, RG-I, RG-II, and/or XGA
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Figure 1.4 Schematic representative structures of the constituent polysaccharides
of pectin. (a) HG, (b) XGA, (c¢) RG-1I, (d) RG-I, (e) AGI, (f) arabinan, and (g) AGIL
The predominant linkage types are indicated in the text. (Adapted from Vincken,
J.P. et al., Plant Physiol., 132, 1781-1789, 2003.)

(Yapo, 2011). The traditional model for such interspecies linkages suggests
that pectin structure is composed of alternate smooth regions (HGs)
and hairy regions (branched RG-Is and XGA, if present) (Aspinall, 1969;
Talmadge et al.,, 1973; De Vries et al., 1982; Prade et al., 1999; Coenen et al.,
2007). It has also been suggested that RG-I serves as a scaffold to which
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pectic polysaccharides such as HG, which contains RG-II elements, and
XGA may attach as side chains (Vincken et al., 2003). In addition, a recent
hypothetical model has been proposed in which two unbranched HG
blocks and one RG-I core connected to one another could act as a scaffold.
The latter is decorated with side chains such as XGA (Yapo, 2011). Ample
evidence indicates that pectic polysaccharides can cross-link to nonpec-
tin molecules in the cell wall. For example, it has been shown that pectin
cross-links with hemicellulose. Specifically, HG can cross-link with XG
molecules via glycosidic bonds (Thompson and Fry, 2000; Marcus et al.,
2008). It has also been shown that the neutral side chains of RG-I (i.e., ara-
binan) can interact with the XG network (Fu and Mort, 1997; Popper and
Fry, 2005, 2008). Pectin—-XG complex formation facilitates retention of XG in
the cell wall (Popper and Fry, 2008). HG and RG-I neutral side chains also
interact with cellulose presumably via hydrogen bonding (Selvendran and
Ryden, 1990; Iwai et al., 2001; Zykwinska et al., 2005; Wang et al., 2012c).

Pectin cross-linking between pectic polysaccharides; different pectic
polysaccharides; and between pectin and molecules such as hemicellu-
lose, cellulose, lignin, and protein illustrates the complex molecular net-
works and intermolecular associations within the cell walls of plants. It
also provides a map to aid in the development of strategies for degrading
plant biomass. Hydrolyzing pectin is desirable because it impacts accessi-
bility to other cell wall components, which are targets for enzymatic deg-
radation. The properties of plant cell walls, which are often described as a
cellulose-hemicellulose network embedded in a pectin (or lignin) matrix,
suggest that pectins may mask cellulose and /or hemicellulose, preventing
degradative enzyme access (Varner and Lin, 1989; Cosgrove, 2001; Marcus
et al., 2008; Dick-Perez et al., 2011).

Equally important are the sugars contained within the pectin itself,
which represent a secondary source of fermentable sugar. Therefore, to
efficiently produce biofuels from pectin-rich feedstocks, optimization of
methods for pectin extraction and degradation is also necessary. Similar to
starch, pectins are largely water soluble and are relatively easy to degrade
when compared to other wall components. As pectins are abundant in
waste residues of fruits and vegetables, pectin-rich biomass is a viable
alternative feedstock for ethanol production. In order to employ pectin-
rich materials as bioenergy feedstock, saccharification and fermentation
methods that are optimized for the type of sugars contained within the
feedstock will be required. Efforts are already ongoing to develop micro-
bial bioprocessing strains and biomass deconstruction strategies that are
specifically suited for the use of these materials (Edwards et al., 2011).
Pectin-rich biomass such as citrus waste (Angel Siles Lopez et al., 2010;
Pourbafrani et al., 2010), sugar beet pulp (Rorick et al., 2011), and apple
pomace (Canteri-Schemin et al., 2005) has been analyzed as potential
bioenergy feedstock.
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1.3 Summary: Molecular substrates

The development of suitable feedstock for alternative liquid fuel pro-
duction is heavily dependent on the molecular composition of the
biomass from which convertible substrates will be extracted. Whether
considering feedstock options for biodiesel or bioethanol, the percent
composition of convertible substrates is a principal consideration in
feedstock selection. Notably, the ease with which molecular substrates
can be extracted from raw feedstock biomass is equally important. In
corn- and sugarcane-based ethanol production, percent composition of
starch and sucrose, respectively, provides an indication of the amount of
energy that can be generated per unit weight of raw biomass. However,
for lignocellulosic-based ethanol, the percent composition of cellulose,
hemicellulose, lignin, and pectin is only a first step in the feedstock selec-
tion process. The nature of the lignocellulosic matrix is also a critical
factor. The percent composition of convertible substrate (e.g., cellulose)
provides only a rough estimate of net energy yield. Ultimately, it is the
composition and structure of the matrix that determines the effective
energy yield per unit weight of raw biomass and thus the economic
viability of the candidate feedstock.

This is due to the fact that the structure impacts accessibility to con-
vertible substrates (Figure 1.5) and determines the cost of extracting key
molecular components (e.g., cellulose and hemicellulose), which are then
used to generate final end-product substrates (e.g., glucose) through a
series of chemical processes and enzymatic reactions. For first-generation
biofuel (FGB) feedstock, this is less of a concern because starch and
sucrose are readily extracted and converted. For second-generation bio-
fuel (SGB) feedstock, the composition and structure of lignocellulose
are often the determining factors in determining whether a feedstock is
viable. Furthermore, cellulosic biomass contains secondary components
including organic compounds such as terpenes, fatty acids, waxes, phe-
nols, tannins, and flavonoids and inorganic compounds, many of which
turn to ash upon combustion (Vassilev et al., 2012). Despite the apparent
complexity involved in developing SGB versus FGB feedstock, the abun-
dance of lignocellulosic biomass and the ability to avoid the food-versus-
fuel dilemma justify efforts to develop viable SGB feedstock.

In Chapter 2, both FGB and SGB feedstock are considered in terms of
abundance (i.e., global availability) and composition. For SGB feedstock,
percent composition for key molecules—cellulose, hemicellulose, pectin,
and lignin—will be addressed. Whereas cellulose, hemicellulose, and
pectin can be converted to fermentable substrates (i.e., simple sugar),
lignin drives the recalcitrant nature of cellulosic materials impacting
access to convertible substrates.
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Figure 1.5 Haworth representation of the main substrates for bioethanol.
(a) B-p-glucose, (b) a-p-glucose, (c) fructose, (d) sucrose, (e) cellulose, (f) xylan,
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chapter two

First-generation biofuel
and second-generation

biofuel feedstocks

Biofuel potential and processing

Molecular substrates for first-generation biofuel (FGB) and second-
generation biofuel (SGB) are derived from natural feedstocks. All biofuel
feedstocks require some degree of processing to extract core substrates.
Both the extraction efficiency and the ease (or difficulty) with which
such substrates are decomposed to fermentable sugars are, in part, what
determines the commercial competitiveness of a particular feedstock.
Agricultural inputs, land utilization, and trade-offs between food crop
versus fuel crop production are also determinants of feedstock com-
mercial competitiveness (Sanchez and Cardona, 2008). Ultimately, the
potential of any feedstock is tested by the market. Therefore, maximizing
substrate extraction and reduction while minimizing processing steps and
their associated energy inputs is the key to developing a viable alternative
solution for meeting global liquid fuel demands. Each of the major FGB
and SGB feedstocks has unique advantages (and disadvantages) in terms
of processing.

2.1 Corn and sugarcane

Presently, bioethanol is produced almost exclusively from FGB mono-
culture crops including corn, sugarcane, sugar beet, and sweet sorghum
(International Energy Agency, 2011; Nigam and Singh, 2011). In 2013, about
85% of the global bioethanol supply is produced by the United States and
Brazil with corn (Zea mays L.) and sugarcane (Saccharum L.) serving as the
primary feedstocks, respectively (Renewable Fuels Association, 2014).
Corn, more appropriately called maize, comes in many varieties with
similar composition (Table 2.1).

19
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Table 2.1 Composition of common maize types (% composition)

Maize type Moisture Ash Protein Crude fiber Ether extract Carbohydrate

Salpor 12.2 1.2 5.8 0.8 4.1 75.9
Crystalline 10.5 1.7 10.3 2.2 5.0 70.3
Floury 9.6 1.7 10.7 2.2 5.4 70.4
Starchy 11.2 2.9 9.1 1.8 22 72.8
Sweet 9.5 1.5 12.9 2.9 3.9 69.3
Pop 10.4 1.7 13.7 2.5 5.7 66.0
Black 12.3 1.2 5.2 1.0 4.4 75.9

Source: Food & Agriculture Organization of the United Nations, Gross chemical compo-
sition, in Maize in Human Nutrition, David Lubin Memorial Library, Rome, Italy,
25,1992.

211 Corn

Corn grain is one of the two main feedstocks for which infrastructure and
production technology exists to effectively extract substrate (i.e., starch) to
produce marketable (i.e., cost-competitive) bioethanol. There are approxi-
mately 200 major bioethanol plants in the United States that produce an
estimated 13.3 billion gal (bg) of corn-based ethanol in 2013 (Renewable
Fuels Association, 2014). Corn-based ethanol accounts for about 10% of the
nation’s transportation fuel needs (Hill et al., 2006). In spite of the success
of the corn-based ethanol industry, ethanol cannot be currently produced
neither at a low enough cost per gallon nor in sufficient quantities to serve
as a complete substitute for traditional fossil fuel-based products. It has
been argued that this is partially a consequence of the fact that corn-based
fuel products compete with corn-based food products. Whether for fuel or
for food, fertile soils are required to produce corn. This results in so-called
the food-versus-fuel dilemma (Runge and Senauer, 2007). Large-scale com-
mitments to corn ethanol production require either increasing the farm
land development, which impacts land use and biodiversity, or diverting
the harvested grain to ethanol production (rather than food production),
which can cause food shortages and fluctuation in food prices (Landis
et al., 2008; McDonald et al., 2009; Reijnders and Huijbregts, 2009; Sala
et al., 2009).

The impact of higher corn prices on corn-based food products for
direct human consumption (e.g., breakfast cereal) may be modest; how-
ever, indirect effects such as an increase in the price of corn-based live-
stock feed, which, in turn, influence the prices of meat and dairy products,
result in a significant net impact. Although estimates vary, food prices
could readily increase by 1%-10% with a significant increase in demand
for corn ethanol (Perrin, 2008).
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Despite the food-versus-fuel dilemma, the land and water require-
ments, the agricultural inputs (e.g., fertilizers), and the fact that ethanol
greenhouse gas (GHG) emissions do not appear to be significantly less
than GHG emissions from gasoline combustion, the corn ethanol indus-
try appears to have carved out a niche in the trillion dollar per year alter-
native fuel market that is sustainable over the long term. Moreover, there
is a potential to further reduce the per-gallon production costs with new
and emerging technologies.

2.1.2  Sugarcane

The second most lucrative feedstock in bioethanol production is sugar-
cane, and Brazil represents the largest producer of sugarcane-based etha-
nol with ~79% derived from sugarcane juice and the remaining volume
produced from residual molasses (Wilkie et al., 2000; Food and Agriculture
Organization of the United Nations, 2008). Ethanol production from sug-
arcane proceeds by cleaning raw feedstock, mechanically extracting the
sugars, concentrating the juice, fermentation, distillation, and dehydration
(Dias et al., 2011). Extraction of sugarcane juice, which contains sucrose and
other simple sugars (Table 2.2), requires only mechanical pressing with no
need for high temperature, chemical, or enzyme pretreatments. With such
advantages, it would seem that sucrose is the ideal molecular substrate, and
sugarcane is the ideal feedstock for ethanol production. However, there are
several important factors that limit sugarcane-based ethanol production.
First, sugar from sugarcane is a global commodity. Therefore, the
diversion of sugar production to fuel production is carefully monitored
as a component of the food-versus-fuel dilemma. Producers can strike a
balance by extracting sugar and then producing ethanol from molasses.
Indeed, many ethanol plants in Brazil produce ethanol from molasses A,
which is the residual product following a single crystallization step for
sugar removal (Ensinas et al., 2009). Fermentation of molasses A typically
yields a ~9% v/v ethanol concentration. As the molasses is naturally low in
free nitrogen treatments such as urea supplementation, it is incorporated

Table 2.2 Chemical composition of sugarcane (% composition)

Major Minor

components Percent dry wt. components Percent dry wt.
Water 71.57 Aconitic acid 1.79
Sucrose 13.30 Glucose 0.62
Cellulose 4.77 Dirt 0.60
Hemicellulose 4.53 K,0 0.20
Lignin 2.62

Source: Furlan, EF. et al., Comput. Chem. Eng., 43, 1-9, 2012.
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into the process to ensure that yeast-based fermentation is efficient. Other
nutrients such as phosphorus, biotin, pantothenic acid, and inositol may
also be added (Piggot, 2003). Although employing an initial crystalliza-
tion step allows the production of both sugar for food and molasses for
fuel, this is not a solution for food-versus-fuel because subsequent crystal-
lization from molasses A generates additional sugar.

Second, high-yield sugarcane is most efficiently grown in tropical and
subtropical regions. Large-scale sugarcane cultivation for ethanol production
that meets world liquid fuel demands would require the clearing and devel-
opment of new plantations in countries such as Brazil. Clearing hectares of
rain forest to cultivate sugarcane reduces biodiversity and may contribute to
global warming or other ecological detriment (Reijnders and Huijbregts, 2009;
Delucchi, 2010). Again, as with any FGB feedstock, the benefits of producing
sugarcane for ethanol must be considered holistically with factors such as
freshwater use, land requirements, and ecological impacts (Delucchi, 2010).

2.2 Lignocellulosic biomass

In terms of contribution to current ethanol supplies, the least developed
feedstock class is lignocellulosic biomass. Still, lignocellulosic feedstocks
are arguably the most promising resource for commercial ethanol pro-
duction primarily due to abundance and renewability with annual
global productivity estimated between 10 and 50 billion tons per year
(Goldstein, 1981; Lutzen et al., 1983). Collectively referred to as second-
generation feedstocks, lignocellulosic materials may be obtained from
multiple sources including energy crops, agricultural residues, forestry
wastes, and municipal solid wastes (MSW; Lynd et al., 1991).

As described in Section 2.2, cellulosic biomass typically consists of cel-
lulose, hemicellulose, lignin, pectin, and trace amounts of starch. Percent
composition of each component varies depending upon the feedstock type
(Table 2.3). Unlike corn and sugarcane ethanol, cellulosic ethanol is cur-
rently not commercially competitive. Despite the availability of numerous
feedstocks (most of which do not compete with food crops), less than 10% of
commercially available bioethanol is produced from lignocellulosic mate-
rials. The recalcitrant structure, or matrix, formed by the main components
of lignocellulosic biomass (i.e., cellulose, hemicellulose, and lignin) inhib-
its the transformation of these materials to readily fermentable sugar
(Himmel et al., 2007). Present technology requires the use of physical and
chemical pretreatments as well as enzymatic processes to break down these
complex lignocellulosic structures (Chundawat et al., 2011). Economic via-
bility of cellulosic ethanol at an industrial scale has been hindered by the
costs of such pretreatments and enzymatic processes, which are required
to access key polysaccharides and convert substrate to a refined ethanol
product (Wooley et al., 1999; Aden et al., 2002; Yang and Wyman, 2008).
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Table 2.3 Composition of selected cellulosic feedstocks

Cellulose Hemicellulose Lignin
Feedstock (% dry wt.) (% dry wt.) (% dry wt.)
Bamboo? 49-50 18-20 23
Corncob® 35 35-42 5-15
Corn stover® 39-42 19-25 15-18
Cotton seed hairs, flax® 85-95 5-20 0
Cotton stalk® 31 11 30
Coffee pulp? 33.7-36.9 44.2-475 15.6-19.1
Douglas fir? 35-48 20-22 15-21
Eucalyptus® 45-51 11-18 29
HardwoodP 45-47 25-40 20-55
Rice straw® 32-47 15-27 5-24
Rice hulls? 24-36 12-19 11-19
Wheat straw® 3049 20-50 8-20
Wheat bran? 10.5-14.8 35.5-39.2 8.3-12.5
Grasses? 25-40 25-50 10-30
Newspaper® 40-55 25-40 18-20
Sugarcane bagasse*? 25-45 24-32 12-25
Sugarcane tops? 35 32 14
Pine? 42-49 13-25 23-29
Poplar® 42-49 16-23 21-29
Olive trees biomass? 25.2 15.8 19.1
Jute fibers? 45-53 18-21 21-26
Switchgrass® 30-50 10-40 5-20
GrassesP 25-40 25-50 10-30
Rye straw® 30.9 21.5 25.3
Oilseed rape? 27.3 20.5 14.2
SoftwoodP 40-45 25-29 30-60
Oat straw? 31-35 20-26 10-15
Nut shells? 25-30 22-28 30-40
Sorghum straw? 32-35 24-27 15-21
Tamarind kernel powder? 10-15 55-65 -
Water hyacinth? 18.2-22.1 48.7-50.1 35-5.4

@ Menon, V. and Rao, M., Prog. Energy Combust. Sci., 38, 522-550, 2012.

b Paulovd, L. et al., Production of 2nd generation of liquid biofuels, in Liquid, Gaseous and
Solid Biofuels—Conversion Techniques, Z. Fang (Ed.), InTech, 2013.

¢ Sannigrahi, P. et al., Biofuels Bioprod. Biorefin., 4, 209-226, 2010.
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Furthermore, processes that employ ethanologenic microorganisms for
degrading cellulosic materials (and releasing sugars) are not as efficient
as the microbial systems (e.g., yeast systems) used for conversion in corn-
and sugarcane-based processes, because most conventional ethanologenic
microorganisms are not able to fermenting all the sugars released during
the processing of biomass into ethanol (Barnett, 1976). Nonetheless, the
potential of large-scale production of cellulosic ethanol is generally recog-
nized. Price spikes in petroleum-based liquid fuels, increased demand for
corn- or sugarcane-based ethanol, and emerging technologies that over-
come current production challenges position the cellulosic ethanol as the
preeminent liquid fuel product of the future.

In addition to benefiting from a diverse selection of abundantly avail-
able high-yield feedstocks, cellulosic ethanol offers significant reductions in
GHG emissions (Michael et al., 2012). Lignocellulosic ethanol generates 91%
less GHG than fossil-based petrol or diesel in transport applications. As a
comparison, reduction in GHG emissions for corn ethanol compared to fossil
fuel is 22% (United States Environment Protection Agency, 2007). Although
cellulosic feedstocks still require land and water resources, there is no direct
food-versus-fuel dilemma with cellulosic ethanol production since the feed-
stocks are not generally consumed as food. Thus, there are social and envi-
ronmental benefits to cellulosic ethanol production that are not realized with
either petroleum-based or corn- and sugarcane-based liquid fuel products.

The carbon footprint of cellulosic ethanol production is significantly lower
than petroleum-based fuels and corn-based ethanol. Cellulosic ethanol has
the additional advantage that most of the by-products generated during cel-
lulosic ethanol production can also be utilized. A wide spectrum of chemi-
cals and materials can be generated from lignocellulosic biomass. Effective
planning and design (or retooling) of cellulosic-based refineries could pro-
vide a sustainable source of commercializable organic compounds, synthetic
polymers, pharmaceuticals, household products, and other coproducts gen-
erated from cellulosic ethanol production (Patton, 2010).

Alternatively, lignin-rich residues generated from cellulosic ethanol
production can be burned to produce electricity. This electricity can either
be used for power production or be diverted back to the power grid and
sold (Kim and Dale, 2004). From an economic standpoint, it has been esti-
mated that the development of bioenergy production technologies could
result in 9.7 million new jobs by 2030 (International Renewable Energy
Agency, 2013). Many of those jobs could either be directly or indirectly
associated with cellulosic ethanol production.

Thus, the question begs: If there is an abundance of high-yield
cellulosic materials, a reduction in GHG emissions, a reduced car-
bon footprint, a reduced competition with food crops, the potential
for producing valuable coproducts, the potential for new employment
opportunities and thus general economic and social benefit, then why
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is cellulosic ethanol not a major fuel commodity? As mentioned earlier,
the answer to this question lies in the recalcitrant nature of the ligno-
cellulosic matrix. Ultimately, the key substrates for cellulosic ethanol
production are cellulose and hemicellulose. These long chain carbo-
hydrates must be hydrolyzed to produce simpler fermentable sugars.
Although hemicellulose has a lower molecular weight than cellulose,
its short lateral side chains comprised of various sugar moieties result
in a more complex degradation profile than cellulose. As a simple poly-
mer of glucose units is organized in oligomeric subunits within the
chain, linear chains of cellulose are readily hydrolyzed releasing glu-
cose oligomers and monomers. However, accessing cellulose within
the lignocellulosic matrix of various feedstocks has proven to be a
formidable challenge for those who aspire to produce competitively
priced cellulosic ethanol products. Specifically, enzymatic hydrolysis is
inhibited by the complex entanglement and dense structure resulting
from covalent cross-linking between cellulose, hemicellulose, lignin,
pectin, and other molecular constituents within the matrix. Indeed,
many lignocellulosic structures are often compared to a fiberglass-
resin matrix in which long chains of cellulose are shielded by strands of
hemicellulose and are bound in lignin glue. In nature, this association
provides the mechanical strength and physical protection that plants
require for proper growth and resistance to predators and pathogens.
Moreover, each feedstock is unique in both its content and composi-
tion of these molecules, making a single solution for use of multiple
feedstocks in a single production process near impossible (with cur-
rent technology). In short, the association of hemicellulose, lignin, and
cellulose produces sturdy plant cell walls—an evolutionary benefit for
living plants and a problem leading to higher production costs for cel-
lulosic ethanol producers (Zhang, 2008). Still, there are some cellulosic
ethanol products that are making it to market, and new technologies
are emerging to deal with feedstock breakdown issues. Some feed-
stocks have proven particularly promising. These include corn stover,
bagasse, crop straw, grasses, woody energy crops, forestry wastes,
municipal wastes, as well as several other cellulosic materials, which
are abundant and that can be deconstructed to yield readily ferment-
able sugar. As biofuel technology progresses, several such feedstocks
could play a central role in supplementing liquid fuel demands and in
offsetting some of the deleterious impacts of reliance on fossil fuels.

2.2.1 Corn stover

Corn stover is an abundant waste product comprised of stems, leaves,
and cobs resulting from corn production. In the United States, corn sto-
ver is one of the most abundant agricultural waste products generated at
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approximately 196 million tons available annually (Graham et al., 2007).
Dry corn stover can be as much as ~40% cellulose by weight with rela-
tively low lignin content. Hemicellulose content in corn stover can be as
high as ~25% by dry weight (Paulova et al., 2013). Rich in cellulose and
hemicellulose and relatively low in lignin, corn stover is a prime feed-
stock for cellulosic ethanol. In spite of a relatively low lignin content (when
compared to other feedstock options), per pound of dry weight, lignin in
stover is present at a comparable percent composition to hemicellulose.
Although hydrogen bonding between cellulose and hemicellulose is dis-
rupted with relative ease, cross-linking of lignin to these polysaccharides
renders corn stover recalcitrant to sugar reduction. In other words, the
lignin content results in reduced access to cellulose and hemicellulose, the
two key substrates for producing readily fermentable sugar. Still, given
its vast availability (especially in the Midwestern United States), corn sto-
ver is considered one of the more economically promising cellulosic feed-
stocks, and significant research has been focused on deconstructing its
lignocellulosic matrix. All of the more effective protocols require some
type of pretreatment of the stover to disrupt the matrix prior to enzymatic
treatments, which are in turn designed to release and reduce cellulose
(and hemicellulose) from the matrix (Section 2.3). With 196 million tons
(~400 billion Ib) of corn stover generated per year in the United States and
with a theoretical yield of ~113 gal of ethanol per ton of stover (~18 b corn
stover/gal ethanol), as much as 21.8 billion gal of stover-based ethanol
could be produced per year.

2.2.2  Bagasse

Bagasse is the residual fibrous material that remains after juice is
extracted from sugarcane stalk. Bagasse is rich in cellulose, hemicellu-
lose, and lignin. Cellulose content of bagasse varies widely but typically
ranges from 25% to 45% of total dry weight (Menon and Rao, 2012; Paulova
et al., 2013). Percent composition of hemicellulose in bagasse is similar
to what is found in corn stover. However, lignin content in bagasse is
higher (on average) than what is present in corn stover. The moderately
high lignin content in bagasse is the factor that makes it a challenging
feedstock for bioethanol production. As bagasse has no food value, it
does not directly contribute to the food-versus-fuel dilemma and may be
used as a high-yield feedstock for ethanol production. However, current
industrial trends exploit the availability of bagasse to produce heat and
steam via combustion for evaporating water during the crystallization
process of sugar production and to distill the ethanol (Siddhartha Bhatt
and Rajkumar, 2001).

After juicing, ~0.3 Ib of wet bagasse is produced (with approximately
50% moisture content) from each pound of wet sugarcane (Shapouri et al.,
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2006). With the annual global production of sugarcane at 4 trillion Ib (esti-
mated from sugar production at 175 million metric tons per year), over
1.2 trillion Ib of bagasse is available annually (USDA Foreign Agricultural
Service, 2014). (Note: In a pound of sugarcane, ~85% is juice by weight,
and 11% of the juice is sugar by weight). It takes approximately 18 Ib of
raw bagasse to produce a gallon of bagasse-based bioethanol. Therefore,
~70 billion gal per year of ethanol could be produced if all bagasse was
used to produce ethanol. Due to high abundance, bagasse could serve as
another primary alternative source for liquid fuel in the future.

2.2.3  Crop straw

Upon removing the grain (and chaff) of cereal plants, a residual stalk
or straw remains. Although straw is a by-product of cereal crop produc-
tion and stalk biomass varies depending upon the specific crop species
harvested, on average ~1.5 Ib of straw is generated per pound of grain
(1.3 kg straw/kg grain) (Peterson, 1988). Yield not only varies depend-
ing upon species but is also impacted by agronomic and climatic fac-
tors. With regard to chemical composition, straw predominantly consists
of cellulose (32%-47%), hemicellulose (19%-27%), and lignin (5%—24%)
(Maiorella, 1983; Zamora and Sanchez Crispin, 1995; Garrote et al., 2002;
Saha, 2003a). Pentoses dominate the hemicellulose with xylose being the
most abundant sugar (14.8%—20.2%) (Maiorella, 1985; Roberto et al., 2003).
The most abundant sugars are rice and wheat straw. Annual production
of rice straw across Africa, Asia, Europe, and America is ~731 million tons
(Kim and Dale, 2004). At least an equivalent amount of straw is generated
for each pound of rice grain harvested, and in some cases straw mass
can exceed grain by a factor of 1.5 (Maiorella, 1985). In terms of biomass-
to-ethanol yield, rice straw is comparable to stover and bagasse; in that,
approximately 18 Ib of rice straw is required to produce a single gallon of
bioethanol. Considering an annual global production of 731 million tons,
(~1.5 trillion Ib), it is estimated that ~55 billion gal/year of ethanol could
be produced using rice straw (Kim and Dale, 2004). Rice straw has several
characteristics that make it a high potential ethanol feedstock including
a high cellulose and hemicellulose content with relatively low total alkali
content (Baxter et al., 1996; Paulova et al., 2013). The major polysaccharides
are readily hydrolyzed into fermentable sugars, especially in strains that
exhibit low lignin content. In strains with high lignin content and the pres-
ence of high ash and silica content (~15% and 75%, respectively) do pres-
ent challenges in using rice straw for bioethanol production (Zevenhoven,
2000). However, as a highly abundant renewable resource, it remains a
viable feedstock option (Kim and Dale, 2004).

Second only to rice straw, wheat straw is also an abundant and viable
feedstock for bioethanol. In Europe and United States, wheat straw is the



28 Bioethanol and Natural Resources

most abundant straw-based agricultural waste product. Wheat straw
generally contains less ash on an average (~9%) than rice straw (~12%)
(Lee, 1997; Peiji et al., 1997; Karimia et al., 2006).

However, the ash tends to contain high levels of silica (up to 55%)
and alkali content (>25%), which must be considered during feedstock
deconstruction and substrate conversion processes (Baxter et al., 1996;
Zevenhoven, 2000). Feedstock with high alkali content is less susceptible
to enzymatic degradation, a key process in deconstructing cellulosics
(Dhillon and Khanna, 2000). Wheat straw is generally of 30%—49% cel-
lulose, 20%-50% hemicellulose, and 8%-20% lignin by mass (Paulova
et al., 2013). Depending on the processing methods, ethanol yield from
wheat straw may be as high as 84%. Beyond feedstock pretreatment,
other factors can influence ethanol yield including enzyme selection
and loading, growth conditions (which impact biomass composition),
and the yeast used (Detroy et al., 1982; Delgenes et al., 1990; Nigam,
2001; Saha and Cotta, 2006; Kim et al., 2009b). At least an equivalent
amount of straw is generated for each pound of wheat grain harvested.
In some cases, straw mass can exceed grain by a factor of 1.3 (Peterson,
1988). In the United States alone, ~86 million tons (~172 billion Ib) of
wheat straw are produced annually. Adding production from other
parts of the globe, total annual wheat straw production is approxi-
mately ~744 million tons/year (~1.5 trillion lb). It is estimated that
~30 1Ib of wheat straw is required to produce a single gallon of ethanol.
Wheat straw-based ethanol could top 50 billion gal per year. Together
Asia and Europe could potentially provide over 60% of the worldwide
straw-based ethanol supply (Table 2.4).

Table 2.4 Regional potential bioethanol production from
rice straw and wheat straw

Potential bioethanol Rice straw Wheat straw
production GLl/y (bgy)? GL/yr (bgy)?
Africa 5.86 (1,548) 1.57 (415)
Asia 186.8 (49,347) 42.6 (11,254)
Europe 1.10 (291) 38.9 (10,276)
North America 3.06 (808) 14.7 (3,883)
Central America 0.77 (203) 0.82 (217)
Oceania 0.47 (124) 2.51 (663)
South America 6.58 (1,738) 2.87 (758)
World 204.64 (54,060) 103.97 (27,466)

Source: Kim, S. and Dale, B.E. Biomass Bioenergy., 26, 361-375, 2004.
2 GL/yr, gigaliters per year; bgy, billion gallons per year (rounded).
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2.2.4  Grasses (perennial energy crops)

Perennial energy crops (PECs) are low-cost/low-maintenance crops (typi-
cally grasses) that are used as cellulosic feedstock for ethanol production.
As alternative to low net carbon feedstock, high-yield PECs may be grown on
marginal lands that are not suitable for growing food crops. With reduced
water requirements (when compared to food crops) and minimal main-
tenance, PECs can be grown with minimal environmental impact while
avoiding food-versus-fuel issues (Schmer et al, 2008; Dominguez-Faus
et al, 2009; Cai et al., 2011). Herbaceous PECs represent a viable source of
carbohydrates for bioethanol (Dien et al., 2005, 2008). Indeed, lignocellulose
from perennial species, especially C4 grasses, is possibly better suited over
grain or sugar from annuals for renewable energy production in temperate
zones (Carruthers et al., 1991; Cherney et al., 1991). The economic viability of
PECs is supported by the fact that when compared to grain crops, there are
lower production costs and energy inputs (e.g., less fertilizer and pesticide)
as well as there is an improvement of soil quality of marginal crop lands
(Cherney et al., 1991; Vadas et al.,, 2008). Species of the genus Miscanthus and
switchgrass (Panicum virgatum L.) are two C4 plants that have been exten-
sively studied as potential energy crops for European and American biofuel
markets (Lewandowski et al., 2000; Schmer et al., 2008). Miscanthus spp. are
rhizomatous perennial grasses, which have been shown to be exceptionally
tolerant to cold climates (Beale and Long, 1995; Beale et al., 1996; Naidu and
Long, 2004; Spence et al., 2014). Evolutionarily, it is proposed that Miscanthus
is originated in tropical regions of East or Southeast Asia. However, it is
found globally and grows across a broad geographic and climatic range
extending from the Pacific Islands to the mountainous regions of Japan
(Singh et al., 1983; Clifton-Brown et al., 2008). Interestingly, it is a naturally
occurring sterile triploid hybrid, M. x giganteus, derived from the crossing of
M. sacchariflorus and M. sinensis that has attracted the attention of scientists
due to its ability to grow rapidly, low maintenance requirements, and its
high ethanol yield profile (Lewandowski et al., 2000; Hodkinson et al., 2002).
Under experimental conditions, it has been demonstrated that this hybrid
can produce 2.6 times more ethanol per unit land area, while requiring sig-
nificantly fewer inputs, than corn grain (Heaton et al., 2008).

Switchgrass is a member of the Paniceae tribe of grasses and is a
member of the family Poaceae. Similar to Miscanthus, switchgrass is also
a perennial C4 grass that grows robustly on lands that are considered
unsuitable for common agricultural crops. Switchgrass roots deeper than
many other grasses and grows from central Mexico up into more northern
climates to about 55°N latitude (Weaver, 1968; Stubbendieck et al., 1991).
Its high cellulose content renders it a viable candidate crop for ethanol
(and butanol) production (Paulova et al., 2013). Specifically, the fact that
switchgrass is a perennial C4 grass, which can be stored either wet or dry,
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and that its cultivation is compatible with conventional farming methods,
makes it a prime candidate as a high-yield biofuel feedstock—especially
along the midsouthern eastern region of the United States (McLaughlin
et al, 1999; Sokhansanj et al., 2009).

2.2.5 Bamboo

In addition to Miscanthus and switchgrass, a fast growing woody grass
of the family Poaceae may soon become a major feedstock in the pro-
duction of second-generation bioethanol. Bamboo, a set of large woody
grasses of the subfamily Bambusoideae, is one of the most prolific and
sustainable plants in the world. It is naturally distributed across the
tropics and subtropics but also grows well in temperate climates. It is
found globally (except in Europe) at latitudes from 46°N to 47°S and alti-
tudes from 0 to 4,000 m (Soderstrom and Calderon, 1979; Williams et al.,
1991; Ohrnberger, 1999). The ability of bamboo to grow in nutrient-poor
soil, its minimal requirements for silviculture, the ease with which it
can be harvested, the fast growth and other advantageous properties
make bamboo a viable candidate as an energy crop (Huberman, 1959;
Fernandez et al., 2003; NL Agency, 2013). Moreover, higher annual bio-
mass yield and environmental benefits such as erosion control and
carbon sequestration make bamboo cultivation sustainable and may
make it one of the more economically viable feedstocks (He et al., 2014).
Indeed, bamboo is often considered more sustainable than other energy
crops (Guarnetti, 2007). Once established, there is no need for replant-
ing. Harvested culms are replaced by new shoots that emerge from the
underground rhizome system. This enables sustainable, regular har-
vesting of culms (and thus stable income for producers) with minimal
investment (NL Agency, 2013). Bamboo matures within 5-7 years; how-
ever, some species can reach full height within 60 days. Rapid growth
rate, low ash content, low alkali index, and high-energy content endow
bamboo with key properties that are characteristic of other viable energy
crops (Scurlock et al., 2000). Bamboo is already cultivated in the north-
eastern regions of Brazil as a dedicated energy crop and is considered
to be the second (only to sugarcane) in terms of annual energy potential
(30.8 TWh) (Anselmo Filho and Badr, 2004).

In bamboo, cellulose content is approximately 50%; hemicellulose
ranges from 18% to 20%; and on average approximately 23% is lignin
(Menon and Rao, 2012). It has also been reported that bamboo possesses
25%-30% of lignin, placing bamboo at the high end of the 11%-27% range
for other nonwoody feedstock, and more closely resemble values found in
the softwoods (24%-37%) and the hardwoods (17%-30%) (Bagby et al., 1971;
Fengel and Wegener, 1984; Dence, 1992). Bai suggests that bamboo would
be an economically viable fiber resource if lignin and its derivatives could
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be either removed or converted to added-value coproducts, which can be
used as substitutes for selected synthetic compounds that are currently
derived from oil (Bai et al., 2013). However, as with other feedstock types,
the complex physical and chemical interactions between cellulose, hemi-
cellulose, and lignin in bamboo prevent commercial enzymes from read-
ily accessing microfibrillar cellulose. Thus, mechanical and/or chemical
pretreatments are required to deconstruct the lignocellulosic matrix and
to expose cell wall sugars to reducing enzymes, which are employed to
hydrolyze the complex carbohydrates to reduced, readily fermentable
sugars (McMillan, 1994; Himmel et al.,, 2007; Jorgensen et al., 2007; Zhao
et al., 2012).

Although bamboo maintains a higher percent composition of hexoses
compared to some other low-lignin species such as napiegrass, ethanol yields
from bamboo can be comparatively low (Yasuda et al,, 2013). This is likely
due to poor accessibility of reducing enzymes to cellulosic components of
bamboo. However, advanced pretreatment regimens (Section 2.3) can expose
cellulose and hemicellulose and can increase the efficiency of deconstruction
enzymes. Under such conditions, it is possible to produce up to 247 L ethanol/
dry ton of giant bamboo. Yield increases up to 292 L ethanol/dry ton of giant
bamboo have been obtained when pretreatment resistant microorganisms
are employed, and when maximum sugar yields (combined severity factor
(CSF) = 2.25) are obtained (Garcfa-Aparicio et al., 2011).

2.2.6  Woody energy crops and forestry waste

Beyond straws, grasses, corn stover, and bagasse, hardwood crops and
waste materials from forestry activities are also considered as a potential
feedstock for commercial biofuel production. Woody energy crops (WEC)
including single-stem hardwoods such as hybrid poplars, cottonwoods,
eucalyptus, and sycamore trees have been studied and used for fiber and
energy since the late 1960s (Dawson, 1972; Debell et al., 1972; Johnson, 1972).
In 1981, the U.S. Department of Energy along with scientists at the Oak
Ridge National Laboratory (ORNL) developed the Short-Rotation Woody
Crops Program (SRWCP) to further investigate the potential role of WECs
to fill gaps in energy needs (Ranney et al., 1987). SRWCP was the first sys-
tematic large-scale study of WECs for biofuel production undertaken in the
United States. As a favorite source of pulp for the paper industry, breeding
programs for poplar were initiated in the United States in the 1920s and in
other developing countries in the 1920s and 1930s (Stout and Schreiner, 1933;
Richardson et al., 2007). Due to favorable characteristics including growth
throughout a broad range of geographic latitudes, rapid growth, drought
tolerance, resistance to predators and pathogens, and chemical content (i.e.,
favorable cellulose and hemicellulose-to-lignin composition), poplars in
particular are considered a viable WEC feedstock. As poplars have been



32 Bioethanol and Natural Resources

used as feedstock for nearly a century for producing a variety of products
including paper, chemicals, and adhesives, hybrids and, more recently,
genetically enhanced varieties of this fast-growing short-rotation WEC
have been developed (Polle et al., 2013). Cellulose content ranges between
42% and 49%; hemicellulose content ranges from 16% to 23%; and lignin
ranges from 21% to 29%. Indeed, poplar has greater cellulose content than
corn stover or switchgrass, making it a suitable feedstock for bioethanol
production; however, it does have the undesirable property of higher lig-
nin content (Sannigrahi et al., 2010b; Paulovd et al., 2013). In terms of ash
content (another undesirable factor), hybrid poplar often exhibits a higher
content than the softwoods but is still substantially lower in ash when
compared to corn stover, switchgrass, wheat straw, and other feedstocks
(Brown, 2003).

Species of cottonwoods, aspens, balsam poplars, white poplars, and
hybrids exhibit rapid growth. Many are native to Europe, North America,
Asia, and northern Africa. In the United States alone, logging and other
development activities generate ~176 million m? of residue per year (Smith
et al,, 2009). Although primary forest operations generate the majority of
this residue via delimbing, topping, and bucking operations (Balckwelder
et al.,, 2008), dead, rough, and rotten trees as well as small trees and non-
commercial trees contribute to this total residual biomass, which is com-
monly not used and simply left on-site as waste. Currently, removal and
use of logging residue and woody waste (from clearing and develop-
ment activity) for use as energy feedstock are not considered profitable.
Interestingly, successful fire suppression has resulted in forest growth
and overgrowth, providing another potential source of woody feedstock
because thinning operations are employed to reduce the risks of severe
fires that threaten commercial areas, residential areas, and protected
parks. Rising fossil fuel prices and growth in alternative liquid fuel mar-
kets may soon provide economic justification for extracting large quanti-
ties of forest residues for bioenergy production. WECs, forestry wastes,
and woody waste from municipal sources together provide a substantial
source of biomass for energy generation. Although it is difficult to esti-
mate global annual yields due to uncertainties in the extent of forestry
waste, woody waste from MSW, and construction and demolition waste,
over the past 30 years in the United States, wood-based products were
produced in an average of 143.3 million tons annually (Howard, 2012).

2.2.7  Municipal waste

Woody components of municipal waste constitute only a fraction of total
MSW that is generated worldwide. MSW consists of a variety of items
ranging from organic food scraps to discarded furniture, packaging mate-
rials, textiles, batteries, appliances, and other materials including yard
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trimmings. MSW production is particularly high in developed countries.
In 2012, ~251 million tons of MSW was generated in the United States
(~4.38 Ib/person/day) (United States Environmental Protection Agency,
2014). Despite this significant quantity of residual biomass, the energy
potential of MSW has received relatively little attention. Shi et al. (2009b)
conducted an analysis of the potential to convert selected fractions of
MSW to ethanol and determined that glucans and xylans may be recov-
ered in significant quantities. Li and Khraisheh (2008) determined that
selected fractions of MSW could hold up to 90% glucose per gram dry
weight. When used to produce ethanol, it was demonstrated that ~60%
of the theoretical recovery could be achieved (Ballesteros et al., 2010).
The composition of municipal waste varies from country to country and
changes significantly with time. In the United States, paper and cardboard
are the largest components of MSW. Organic materials comprise the sec-
ond largest component. Yard trimmings account for the third largest com-
ponent (Figure 2.1). In Europe and in many countries around the globe,
MSW plays a significant role for urban centers as a source of energy via
waste incineration, which generally features high conversion efficiency
(Themelis, 2003).

' Yarfl Food waste
trimmings 14.5% Other 3.4%
13.5%
Wood
6.3%

Rubber, leather
and textiles
8.7%

Paper and paperboard
27.4%

Plastics
12.7%

Figure 2.1 Total MSW generation (by material), 2012—251 million tons (before
recycling). (Adopted from United States Environmental Protection Agency,
Municipal solid waste generation, recycling, and disposal in the United States:
facts and figures for 2012, 2014.)
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As rural areas have low MSW density, MSW-based energy production
and its use are often limited to urban settings (Tyson et al.,, 1996). Many
sources of MSW are particularly appealing as feedstock for ethanol produc-
tion because cellulosic components comprised of paper, wood, or yard waste
account for 40%-70% of MSW dry weight (Li et al., 2012). As urban popula-
tions increase worldwide, management of MSW becomes more challenging
because the common approaches of landfill and incineration of waste can
result in adverse environmental consequences (Lisk, 1988; Lou and Nair,
2009). Effective MSW management strategies could address not only the
increasing urban waste volumes but also could contribute toward diversify-
ing feedstock sources for bioethanol production. Theoretical annual ethanol
yields from waste paper alone have been estimated at ~83 billion liters (Shi
et al., 2009a). Both developed and developing countries could contribute to
MSW-based ethanol production (Figure 2.2). Collection systems for MSW
are well established. Furthermore, fees are charged by landfills to receive
waste. These tipping fees can range from $15 to $100 per ton (Sakamoto, 2004).
Therefore, MSW as a feedstock could be available at no cost (or, even at nega-
tive cost). This makes MSW a highly cost-effective, economically attractive
feedstock for ethanol production (Joshi et al.,, 2005). Commercialization of
MSW-based bioethanol has been piloted and implemented by a variety of
companies that realize the potential of this feedstock (Smith, 2013; Fiberright
LLC, 2015). It has been estimated that if the waste paper component of MSW
alone was diverted from landfills to cellulosic ethanol processing systems,
then approximately 5.36% of global gasoline demand could be met (Shi et al,,
2009a). However, for MSW to become a viable feedstock for alternative liquid
fuel, management strategies would need to be streamlined to separate out
usable MSW components. Furthermore, pretreatment and processing meth-
ods would need to be employed to accommodate mixed MSW biomass. Still,
MSW provides another alternative feedstock that could contribute signifi-
cantly to the production of large quantities of cellulosic ethanol.

2.2.8  Cellulosic feedstock: A prospectus

According to estimates from the U.S. Energy Information Administration,
approximately 230 billion gal (5.5 billion barrels) per year of petroleum-
based liquid fuel will be needed in 2014-2016 in the United States alone
(Energy Information Administration, 2004). Although cellulosic etha-
nol via a single feedstock source is not enough to fulfill future energy
demands, it is quite clear that utilization of multiple feedstocks—corn
stover, bagasse, crop straw, perennial energy crops (e.g., grasses), bam-
boo, woody energy crops, forestry waste, MSW, and others—could indeed
supply enough cellulosic ethanol to significantly reduce global depen-
dency on fossil liquid fuel. Many of these alternative feedstock options
are considered very sustainable (not just renewable). Reasons why the full
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potential of cellulosic biomass has not been realized for liquid fuel pro-
duction are multiple. Apart from the upfront capital required for devel-
oping new processing facilities or retooling current corn-based ethanol
plants, several technical questions remain unanswered regarding the
cost-effective breakdown of raw cellulosic biomass into secondary macro-
molecular substrates (i.e., cellulose and hemicellulose), which can in turn
be hydrolyzed into readily fermentable simpler carbohydrates.

The deconstruction of raw material is a two-step process in which
(1) unnecessary components of the biomass are separated from cellulosic
substrates; followed by, (2) reduction of complex carbohydrates into sim-
ple, fermentable sugars. The former is often performed via physical and/
or chemical feedstock pretreatment processes. The latter is typically done
using enzymatic processes. It is the efficacy of these two deconstruction
steps that determines whether cellulosic ethanol is economically competi-
tive. Process efficiency and costs associated with feedstock pretreatments
and enzymatic hydrolysis determine production costs and impact the price
per gallon of cellulosic ethanol regardless of the feedstock being used.

2.3 Feedstock pretreatments

Numerous pretreatments have been developed with the aim of effec-
tively releasing complex carbohydrates from raw cellulosic feedstock.
Pretreatments are commonly grouped into four general categories: chemi-
cal, physical, physicochemical, and biological. Many pretreatments facilitate
sugar release from raw biomass and induce the solubilization of cell wall
components. Selectively removing hemicellulose and lignin while reduc-
ing crystallinity and increasing biomass surface area can expose cellulose
to reducing enzymes, which in turn degrade these larger carbohydrates
to readily fermentable mono- and disaccharides (Brodeur et al.,, 2011).
Without pretreatment, the recalcitrant nature of lignocellulose severely
limits the ability of hydrolytic enzymes to access the complex carbohy-
drates thereby reducing production efficiency. Several factors are reported
to contribute to the recalcitrant nature of lignocellulosic biomass. These
include substrate accessibility, the nature (i.e., amorphous or crystalline),
and degree of cellulose polymerization; particle size; porosity; and the
percent composition and types of interactions between cellulose, hemicel-
lulose, and lignin (Zhang and Lynd, 2004; Chandra et al., 2007, Himmel
et al, 2007). In particular, substrate accessibility is the feature with the
most influence in the overall enzymatic efficiency (Zhang and Lynd, 2006;
Hong et al., 2007; Arantes and Saddler, 2010; Rollin et al., 2011; Wang et al.,
2012b; Luterbacher et al., 2013). Pretreatment alters the cell wall structure
by targeting one or more of these factors and serves as an essential step
in rendering the cellulose component of the matrix more susceptible to
enzymatic action (Figure 2.3).
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Figure 2.3 Schematic representation of the matrix of polymers in which cellu-
lose exists. Pretreatment of biomass by different methods removes hemicellulose
and lignin from this matrix before hydrolysis. (Adopted from Brodeur, G. et al.,
Enzyme Res., 2011, 787532, 2011.)

Pretreatment

Along with enzymatic efficiency, biomass pretreatment efficacy is
considered a principal driver in the per-gallon cost of cellulosic ethanol.
Pretreatment efficacy impacts all subsequent processing steps, includ-
ing enzyme-mediated hydrolysis and fermentation operations (Mosier
et al,, 2005b). Indeed, approximately 30% of the total cost of converting
lignocellulosic biomass to ethanol may be associated with pretreatment
operations (Lynd et al., 1996). Therefore, improving pretreatment efficacy
is a major focus of biofuel research. The most effective pretreatments ulti-
mately reduce the amount of enzyme required in subsequent hydrolysis
steps and reduce the energy costs associated with neutralizing batch (or
inline) slurries to temperatures or pH values that optimize the catalytic
efficiency of hydrolyzing enzymes.

Pretreatments may be considered as either traditional pretreatments
or advanced pretreatments. Traditional pretreatments for cellulosic biomass
include physical or chemical pretreatments, combinational pretreatments,
and biological pretreatments (Maurya et al,, 2015). With traditional pretreat-
ments, the general goal remains the same, namely disrupting lignin and
hemicellulose to improve enzyme access to cellulose for efficient hydro-
lysis (Pingali et al., 2010). In addition, some pretreatments can decrease
the crystalline structure and degree of polymerization of the cellulose in
the matrix. Currently, pretreatment options that employ (often hazardous)
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chemicals are the most efficient (Bensah and Mensah, 2013). However, sev-
eral novel advanced pretreatments, generally called lignocellulose frac-
tionation pretreatments, may provide new opportunities for efficiently
deconstructing cellulosic feedstock. The advanced pretreatment approach
can be divided into acid-based fractionation and ionic liquid-based frac-
tionation (ILF)—options. Fractionation methods employ cellulose-specific
solvents that not only loosen up or dissolve the matrix but also separate
macromolecular components into recoverable fractions (Sathitsuksanoh
et al,, 2013). Although advanced pretreatment technology is considered as
one of the top two targets for reducing bioethanol production costs (Mosier
et al,, 2003a, 2003b), at present, traditional pretreatments are almost exclu-
sively employed for commercial cellulosic ethanol production.

2.3.1 Traditional pretreatments for lignocellulosic biomass

Traditional pretreatment as a first step in deconstructing lignocellulose
generally employs physical, chemical, combination (physicochemical), or
biological processes.

2.3.1.1 Physical pretreatments

Physical pretreatments do not include chemical agents. The main goal
with physical pretreatment is to increase the surface area as well as the size
of pores of the biomass. Often physical pretreatments will also decrease
cellulose crystallinity and level of polymerization. Physical pretreatment
methods include mechanical comminution (reduction of particle size),
irradiation, and extrusion (whereby the materials are subjected to heating,
mixing, and shearing). Alone, physical pretreatment is not comparatively
effective to other methods, and costs are high (Millett et al., 1976, 1979;
Horton et al., 1980; Tassinari et al., 1980, 1982; Gracheck et al., 1981; Khan
et al., 1987, Rivers and Emert, 1987). Utilization of physical pretreatments
is typically conducted in combination with chemical pretreatments to
improve deconstruction efficiency.

Mechanical comminution of lignocellulosic materials via chipping,
grinding, shredding, milling, or similar processes has been used to
enhance the digestibility of lignocellulosic biomass. Mechanical commi-
nution can be effective in decreasing cellulose crystallinity and the degree
of polymerization, thereby increasing the available surface area of cellu-
losic biomass so that the substrate is more susceptible to subsequent enzy-
matic hydrolysis. Despite these advantages, mechanical comminution
is time consuming, energy intensive, expensive, and less effective than
chemical pretreatments. Furthermore, it does not remove lignin, which
restricts enzymes from accessing cellulose.

Irradiation with high-energy radiation such as yrays (Yang et al., 2008;
Yoon et al., 2012), ultrasonic radiation (Yang et al,, 2012; Subhedar et al,,
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2015), focused electron beams (Shin and Sung, 2010; Bak, 2014), pulsed
electrical fields (Kumar et al., 2011b), UV (Dunlap and Chiang, 1980), and
microwaves (Choudhary et al., 2012; Ninomiya et al.,, 2014) have all been
used as another form of physical pretreatment for degrading lignocellu-
losic biomass. Irradiation can increase the specific surface area, decrease
cellulose crystallinity and polymerization, hydrolyze hemicellulose, and
polymerize lignin. However, irradiation is typically a slow process that
is both energy intensive and expensive (Chang et al., 1981). Furthermore,
irradiation methods are substrate specific (Dunlap and Chiang, 1980).
Ultimately, high-energy radiation methods are not cost-effective.

Extrusion, however, is a more recent form of physical pretreatment
whereby the biomass is subjected to continuous heating, mixing, and
shearing. Upon passing through an extruder, the resulting physical and
chemical modifications to the lignocellulosic biomass increase accessibil-
ity of carbohydrates to enzymatic action (Zhan et al., 2006). Several fea-
tures of extrusion methods make it an effective and promising form of
pretreatment. For example, process temperatures during extrusion are
lower than those used in steam explosion (193°C-230°C) reducing prema-
ture degradation of complex carbohydrates and oxidation of lignin, which
can generate inhibitors to fermentation, or the possibility of continuous
operation (de Vrije et al., 2002).

2.3.1.2  Chemical pretreatments

Chemical pretreatments are generally designed to disrupt and remove lignin
and/or hemicellulose from the matrix. Some chemical treatments can dis-
rupt the crystalline structure of cellulose; however, this is not generally
the case. Chemical pretreatments include acid, alkali, oxidative delignifi-
cation, and organic acid (organosolvation)—methods. In general, chemi-
cal pretreatments are highly selective for specific feedstock types. In most
cases, chemical pretreatments are efficient but they often involve harsh reac-
tion conditions, which may have negative effects on downstream process-
ing and require special disposal procedures for processing by-products.

Acid wash is the oldest and most common pretreatment. It involves
washing or soaking feedstock with concentrated or dilute acid (or
sequences of acid washes) at temperatures from 130°C to 210°C. This dis-
rupts the structural integrity of most lignocellulosic materials. One of the
principal actions of acid pretreatment is to degrade hemicellulose espe-
cially, xylans. The breakdown of hemicellulose results in two favorable
outcomes. First, breaking down hemicellulose releases cellulose, making
it more accessible to cellulases and other cellulose degrading enzymes
(Pedersen et al., 2011). Second, hemicellulose itself is composed of glucose
and other fermentable sugars that may be released via acid wash. The most
commonly used acid for such pretreatments is dilute sulfuric acid (H,SO,),
which has been used in commercial operations for the pretreatment of a
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broad type of lignocellulosic material (Wyman et al., 2009; Digman et al.,
2010; Du et al., 2010; Shuai et al., 2010; Jung et al., 2013). However, several
other acids have also been tried, including hydrochloric acid (HCI) (Wang
et al., 2010), nitric acid (HNO;) (Kim et al,, 2015a), and phosphoric acid
(H;PO,) (Isholaa et al., 2014). Concentrated acid is not typically used in
ethanol production because of its toxicity, corrosive properties, the high
costs associated with recovery, degradation of monosaccharides, and the
production of fermentation inhibitors (Sivers and Zacchi, 1995; Pedersen
et al, 2010). Thus, the high operational and maintenance costs negate
any advantages gained by using concentrated acid pretreatments on
a commercial scale (Wyman, 1996). In the end, the use of concentrated
acid pretreatment is simply not feasible economically (Sivers and Zacchi,
1995). Dilute acid pretreatments, however, can produce desirable results
without the severity of concern regarding acid storage, recovery, and
disposal. Dilute acid pretreatments can successfully be employed to break
down hemicellulose either as a stand-alone process or in conjunction
with other operations as part of a fractionation procedure (Diedericks
et al,, 2012). Often, an acid pretreatment, which degrades hemicellulose,
is followed by alkaline pretreatment, which removes lignin to produce a
fairly pure cellulose product (Kim et al., 2012).

Alkaline pretreatment, which is also commonly used, involves soak-
ing the lignocellulosic biomass in alkaline solutions such as sodium,
potassium, calcium, or ammonium hydroxides, and mixing it at normal
temperature and pressures for a defined period of time. The main effect
of this pretreatment is lignin degradation. However, cellulose swelling can
also occur resulting in: an increase in internal surface area of the matrix, a
decrease in the degree of polymerization and crystallinity, and the sepa-
ration of linkages between lignin and carbohydrates (Fan et al., 1982).

Alkaline pretreatment can also induce partial dissolution of hemicel-
lulose because the process removes acetyl and uronic acid groups present
in hemicellulose (Chang and Holtzapple, 2000; Monlau et al., 2013). The
most commonly used alkaline pretreatments employ calcium hydroxide
(lime) washes or sodium hydroxide washes. Reaction conditions during
alkaline pretreatments are usually milder (lower temperatures, pressures,
and residence times) than other pretreatment methods, and the degree
is directly dependent on the nature of the biomass feedstock, in particu-
lar its lignin content (McMillan, 1994; Mirahmadi et al., 2010). Mild reac-
tion conditions reduce unwanted breakdown of desired sugars (Sharma
et al., 2013b). The mild reaction conditions also prevent condensation of
lignin, which leads to increased lignin solubility (and more effective lig-
nin removal). Alkaline pretreatments can be combined with air or oxy-
gen input, which improves the lignin degradations process (Chang and
Holtzapple, 2000). Lime pretreatment has been shown to disrupt amor-
phous elements of the matrix, such as lignin. This prepares the material
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for enzymatic breakdown by reducing nonproductive adsorption sites to
which enzymes may bind and increase cellulose accessibility (Kim and
Lee, 2006). Lime pretreatment also enhances the efficiency of subsequent
enzymatic processes by probably reducing steric interference through the
removal of acetyl groups, thereby improving hemicellulose and cellulose
digestibility (Chang and Holtzapple, 2000). Sodium hydroxide (NaOH)
pretreatment swells or loosens the matrix, thereby increasing the internal
surface area of the cellulose structure, decreasing polymerization, reduc-
ing cellulose crystallinity, and disrupting lignin interactions and structure
(Fan et al., 1982, 1987). Ammonia pretreatment is a special form of alkaline
pretreatment that uses aqueous ammonia at elevated temperatures. As
seen with other pretreatments, ammonia pretreatment targets lignin; how-
ever, hemicellulose and crystallinity within the cellulose structure are also
disrupted. Lignocellulosic materials with lower lignin content respond
favorably to ammonia pretreatment. The two major drawbacks of using
ammonia are the cost and the environmental concerns. Ammonia pre-
treatments include three types of procedures: soaking in aqueous ammo-
nia (SAA) (Kang et al, 2012), ammonia recycle percolation (ARP) (Kim
et al,, 2003), and the ammonia fiber explosion method, commonly referred
to as, AFEX (Teymouri et al., 2005). SAA pretreatment is performed at low
temperatures and efficiently removes lignin from the matrix by disrupt-
ing interactions between lignin and hemicellulose (Qin et al., 2013). Using
SAA, hemicellulose is retained as a solid and is easily removed. This is
advantageous because it averts a separate recovery step to remove xylose
from the slurry (Kim and Lee, 2005a). ARP pretreatment employs a flow-
through column reactor, and the ammonia is recovered from the wash.
Specifically, the aqueous ammonia (5-15 wt %) at elevated temperatures
(150°C-180°C) is passed through a reactor column packed with biomass
at 1-5 mL/min for 10-90 min (Kim et al., 2003; Kim and Lee, 2005b, 2006;
Ramirez et al., 2013). ARP hydrolyzes hemicellulose and destroys lignin by
ammonolysis. ARP pretreatment also breaks hydrogen bonds that disrupt
the crystalline structure of cellulose, making cellulose more susceptible to
enzymatic action (Schuerch, 1963; Mittal et al., 2011).

The conventional AFEX pretreatment consists of treating lignocel-
lulosic biomass with liquid anhydrous ammonia (0.3-2 g NH,/g dry bio-
mass) at elevated temperature (40°C-180°C) and pressure (250-300 psi) for
5-60 min, then rapidly reducing the pressure to facilitate expansion of the
ammonia gas (Balan et al,, 2009). This induces swelling in lignocellulosic
matrix, disruption in the lignin—carbohydrate linkage, hemicellulose and
lignin hydrolysis, ammonolysis of glucuronic cross-linked bonds, and cel-
lulose decrystallization (Laureano-Perez et al., 2005; Chundawat et al., 2007).
Although lignin is not robustly affected during the process, it has been
reported that close to 100% of the cellulose obtained after AFEX pretreat-
ment can be converted to fermentable sugars via enzymatic action (Teymouri
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et al., 2005; Balan et al., 2008). Moreover, ~100% of the ammonia can be recov-
ered or removed, and AFEX does not result in the formation of downstream
inhibitors to subsequent biological processes (e.g., fermentation) (Dale and
Moreira, 1983; Srebotnik et al., 1988). However, the more outstanding results
from AFEX may be limited to feedstock that is derived from agricultural
residues and herbaceous crops. Efficacy is limited on materials with high
lignin (McMillan, 1994). Both AFEX and ARP have only been reported in
lab-scale use. AFEX used in conjunction with other methods may also be
considered an advanced pretreatment technology (Section 2.3.2).

Oxidative delignification pretreatment involves the addition of an oxi-
dizing compound such as hydrogen peroxide, ozone (ozonolysis), oxygen,
or air (wet oxidation) to the biomass slurry (Hammel et al., 2002; Arvaniti
et al., 2012; Li et al., 2015). Despite the favorable matrix deconstruction out-
comes, oxidative delignification is a costly process and generates simpler
acids, which have to be neutralized or removed because they inhibit fer-
mentation. Hemicellulose may also be degraded becoming unavailable for
fermentation (Ghedalia and Miron, 1981; Li et al., 2015). Hydrogen peroxide
(H,O,) is the most common oxidizing agent used in oxidative delignification.
H,0O, reacts with iron via the Fenton reaction to generate hydroxyl radicals,
which degrades lignin, producing low molecular weight products (Hammel
etal.,, 2002). As mentioned earlier, removal of lignin from lignocellulose leads
to greater exposure of cellulose and hemicellulose to enzymes, resulting in
improved hydrolysis (Ding et al., 2012). Reducing sugar yields can be as high
as 90% when H,0, is combined with NaOH pretreatment (Cao et al., 2012).
Alternatively, ozone (O;) may be used to induce ozonolysis. Ozone is a pow-
erful oxidant that breaks down lignin by attacking aromatic rings structures
or the side chains of the hydroxycinnamyl alcohols. Ozonolysis reduces lig-
nin content in lignocellulosic biomass and hemicellulose while leaving cel-
lulose nearly intact (Linder et al., 2005; Li et al., 2015). This has been shown to
be an effective method for deconstructing biomass feedstock such as wheat
straw, sugarcane bagasse, maize stover, and energy grasses (Binder et al.,
1980; Garcia-Cubero et al., 2009; de Barros et al., 2013; Travaini et al., 2013;
Panneerselvam et al., 2013a, 2013b; Li et al., 2015). Ozonolysis is most robust
when used with other pretreatment processes (de Barros et al., 2013). This
approach does not generate inhibitory compounds; however it requires large
amount of ozone, which makes the process economically unviable for large-
scale commercial applications (Alvira et al., 2010).

Wet oxidation uses oxygen or air in combination with water at elevated
temperature and pressure (McGinnis et al,, 1983; Arvaniti et al., 2012). The
mechanism implies autocatalyzing by formed organic acids from hydro-
lytic processes and oxidative reactions (McGinnis et al., 1983). Wet oxidation
decrystallizes cellulose and solubilizes hemicellulose and lignin (McGinnis
et al,, 1983; Martin et al., 2007; Banerjee et al., 2009). Hemicellulose is solu-
bilized, and lignin is degraded into carbon dioxide, water, and carboxylic
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acids such as glycolic acid, formic acid, isobutyric acid, and acetic acid
(Bjerre et al., 1996). Wet oxidation pretreatment can result in reducing sugar
yields up to 70% (Banerjee et al., 2009). The primary disadvantage of wet
oxidation pretreatment is that it requires high temperature, high pressure,
oxygen, and catalysts that limit its economic viability.

Organosolvation pretreatment uses a variety of organic or aqueous
solvent mixtures, which may include methanol, ethanol, acetone, and/or
ethylene glycol to solubilize lignin and hemicellulose (Zhao et al., 2009).
Organosolvation pretreatment (a.k.a.,, Organosolv) may be performed
with or without a catalyst (Quesada-Medina et al., 2010; Amiria et al,,
2014). When used with a catalyst, the degradation of hemicellulose and
the overall digestibility of the cellulosic biomass are enhanced (Chum
etal., 1988). Normal operating temperatures for organosolv are between
150°C and 200°C (Rajendran and Taherzadeh, 2014) (Figure 2.4). For more

Solvent
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Preconditioned Modified Solvent and Coproducts
X N Colored L
lignocellulosic solvent-based N by-product e.g., acetic acid
. liquor
biomass pretreatment recovery furfurals

Pretreated SHE Residual
lid j—3=| SSE SSCF, biomass and
*° CBP, or DMC lignin

Figure 2.4 A schematic outline of a multiproduct biorefinery platform based on
a modified solvent-based pretreatment capable of selectively purifying cellulose,
solubilizing hemicelluloses, and precipitating lignin; for example, organosolv
pretreatment. SHF, separate hydrolysis and fermentation; SSF, simultaneous sac-
charification and fermentation; SSCF, simultaneous saccharification and cofer-
mentation; CBP, consolidated bioprocessing; DMC, direct microbial conversion.
Dotted arrow represents potential power generation options available to plants
producing excess amounts of biofuels and residual biomass that can be used to
generate power to run the plant. (Adopted from Agbor, V.B. et al., Biotechnol. Adv.,
29, 675-685, 2011.)
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recalcitrant materials, organosolv can be used in conjunction with other
pretreatment methods to obtain a more digestible end product ready
for enzyme-mediated sugar reduction (Rughani and McGinnis, 1989;
Itoh et al,, 2003; Hongzhang and Liying, 2007). Organosolvation tech-
niques have several advantages. First, organosolv generates a fairly
pure lignin by-product (Cybulska et al., 2012). Second, organosolva-
tion requires less energy compared to other pretreatment methods.
For example, it does not require extensive biomass particle size reduc-
tion (Pan et al., 2005; Silverstein et al., 2007; Zhu et al., 2009a). Despite
the advantages, organosolv is costly and generates by-products that
can significantly inhibit enzyme action and fermentation. The sol-
vents used during the process must be removed and recovered via
evaporation and condensation procedures (Zhao et al., 2009). Still,
this technology has been used for various lignocellulosic feedstocks
including softwoods, hardwoods, agroenergy crops, and agricultural
residues (Pan et al., 2006, 2008; Brosse et al., 2009; Hallac et al., 2010;
Sannigrahi et al., 2010a).

2.3.1.3  Physicochemical pretreatments
Physicochemical pretreatments feature conditions and compounds that
target both physical and chemical properties of biomass. They include
steam explosion, liquid hot water, microwave irradiation, and CO, explo-
sion pretreatments. ARP and AFEX can be incorporated into these pre-
treatments (Alvira et al., 2010; Brodeur et al., 2011).

Steam pretreatment is the most widely studied and the most fre-
quently employed physicochemical method for any lignocellulosic mate-
rial (Chandra et al, 2007; Balat, 2011, Wanderleya et al., 2013; Singha
et al,, 2015). It involves heating the biomass at high temperatures and
pressures followed by either a quick decrease in pressure (explosion) or
a slow decrease in pressure (no explosion) (Brownell and Saddler, 1987;
Shamsudin et al., 2012; Shafiei et al.,, 2015). In particular, steam explosion
pretreatment employs high pressure (0.7-4.8 MPa) saturated steam for
30 s to 20 min at temperatures of 160°C-260°C followed by a sudden reduc-
tion in pressure (Agbor et al., 2011). It was originally thought that steam
explosion pretreatment worked via mechanical force and chemical effects;
however, it is now known that the chemical effects are the principal mode
of action.

Although separation of fibers may occur in limited fashion as a result
of the explosive decompression, it is the chemical modifications within
lignocellulose that have the greatest impact on the material (Brownell
and Saddler, 1987). Specifically, steam explosion pretreatment solubilizes
hemicellulose by autohydrolysis (if no exogeneous acid catalyst is added)
via the conversion of acetyl groups to acetic acid. Other acids may also be
generated, ultimately leading to hemicellulose hydrolysis (Ramos, 2003).
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The major change during steam explosion pretreatment is the hydroly-
sis of hemicelluloses. However, other changes such as modification and
degradation of the lignin, increasing the crystallinity, and decreasing the
polymerization of cellulose are also reported (Jeoh, 1998; Ramos, 2003;
Garmakhany et al., 2013). Steam explosion pretreatment can be enhanced
by adding H,SO,, CO,, or SO, as a catalyst. The addition of catalyst
decreases the temperature and time to improve enzymatic hydrolysis,
reduces the production of compounds that inhibit downstream processes,
and leads to more complete removal of hemicellulose (Stenberg et al.,
1998). Steam explosion pretreatment, when acid catalyst is not used, is an
environment-friendly method because it does not use chemical reagents
(Egliés et al., 2012). Unlike some pretreatments, there is a limited use of
industrial chemicals, low energy requirements, and low capital invest-
ment while achieving a robust sugar yield (Avellar and Glasser, 1998;
Sawada and Nakamura, 2001; Conde-Mejia et al., 2012; Egiiés et al., 2012).
Disadvantages of steam explosion pretreatments include partial xylan
and lignin degradation, incomplete disruption of the lignin-carbohydrate
matrix, lignin redistribution on the cellulose surface, and the generation
of toxic compounds that affect enzymatic hydrolysis and fermentation
(Mackie et al., 1985; Ramos et al., 1992; Ramos and Saddler, 1994; Emmel
et al, 2003; Zhang et al., 2013).

Liquid hot water pretreatment is similar to steam explosion pretreat-
ment. However, instead of using steam and rapid decompression, con-
stant high pressure (>5 MPa) is used to maintain water in the liquid state
at elevated temperatures (170°C-230°C) (Sanchez and Cardona, 2008).
Liquid hot water pretreatment solubilizes most of hemicellulose, and lig-
nin, enhancing cellulose accessibility while avoiding the generation of
inhibitors to fermentation (Kohlmann et al., 1995; Weil et al., 1998; Yang
and Wyman, 2004; Mosier et al., 2005a). With liquid hot water pretreat-
ment, there is no need for costly reactors. Acids are liberated from bio-
mass by the cut of hemiacetal linkages by the hot water, which break
the ether linkages in biomass (Antal Jr., 1996). Generally, pretreatment
with hot water is inexpensive compared to other pretreatment options.
The low-corrosion potential and the fact that neither final washing nor
slurry neutralization steps are required make this type of pretreatment
attractive. Furthermore, there are few to nil by-products that serve as
inhibitors to subsequent biological processes and no chemicals are gen-
erally required (Mosier et al.,, 2005a; Kim et al., 2009a; Xu et al., 2010;
Li et al,, 2014). Despite such advantages, liquid hot water pretreatment
does require large amounts of water. There is also a significant energy
demand associated with maintaining high-pressure environments for
long periods of time. This pretreatment has shown promise on a lab scale,
and pH-controlled hot water pretreatment has been applied to large-scale
pretreatment of corn fiber (Mosier et al., 2005¢).
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Microwave irradiation has also been employed as a pretreatment of
lignocellulosic biomass (Ooshima et al, 1984; Choudhary et al.,, 2012).
Microwaves are electromagnetic radiation with wavelengths ranging
from 1 m to 1 mm and with frequencies ranging between 300 MHz and
300 GHz. As previously mentioned, microwaves can have a physical
impact on cellulosic biomass. At selective wavelengths and pulse frequen-
cies, matrix chemistry can be more readily altered resulting in physical
and chemical modifications to lignocellulose. Physical effects arise in part
from the generation of internal heat within the biomass via polar bond
vibrations resulting from microwave irradiation (Watkins, 1983; Neas and
Collins, 1988; Mingos and Baghurst, 1991). This internal heating effect dis-
rupts the physical structure of lignocellulose, loosening the matrix and
enhancing exposure of cellulose and hemicellulose to enzymatic hydroly-
sis (Hu and Wen, 2008). Chemical changes occur as a result of thermally
treating lignocellulose in an aqueous medium. This results in the release
of acetic acid and provides an acidic environment where autohydrolysis
occurs (Lora and Wayman, 1978). Microwave irradiation pretreatment
results in alteration of the ultrastructure of cellulose, removal of lignin
and hemicellulose in lignocellulose, and enhancement of the enzymatic
susceptibility of lignocellulosic materials (Azuma et al., 1984; Xiong et al.,
2000; Hu and Wen, 2008). Reducing sugar yields after microwave irradia-
tion is considered reasonable for industrial application with ranges from
~40% to ~60% (Verma et al., 2011b). Still, the capital costs required to pur-
chase and operate a large microwave reactors make this pretreatment
costly for large-scale operations (Martin, 2009). Furthermore, the high
temperatures involved often result in a heating effect on the biomass that
is not uniform, which can confound efficiency expectations. Microwave
pretreatment can also result in the formation of inhibitors to fermentation
processes (Jackowiak et al., 2011). These disadvantages limit the use of
microwave irradiation in large-scale bioethanol production facilities.

CO, explosion pretreatment employs carbon dioxide (CO,) as a super-
critical fluid (supercritical fluid refers to a fluid that exists under select
conditions as either a liquid or gas). Above the critical temperature and
pressure (e.g., at the critical point) in which gas and liquid coexist, super-
critical CO, permeates the biomass in a high-pressure vessel (Kim and
Hong, 2001). In some processes, high pressures (1000-4000 psi) and ele-
vated temperatures (up to 200°C) can be alternately applied for a defined
time period to achieve maximum CO, penetration (Puri and Mamers,
1983; Zheng et al., 1995). Upon dissolving the treated cellulosic biomass in
water, carbonic acid is produced, which specially facilitates the hydroly-
sis of hemicellulose (Puri and Mamers, 1983; Puri, 1984; Meyssami et al.,
1992; Kim and Hong, 2001; van Walsum and Shi, 2004). Upon reduction
of pressurization with CO,, the structure of the biomass is altered such
that there is a significant increase in the accessible surface area and in
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some cases a reduction in the degree of cellulosic crystallinity, a desirable
outcome for subsequent enzymatic hydrolysis (Zheng et al., 1995, 1998;
Narayanaswamy et al., 2011).

Compared to other chemical pretreatments, CO, explosion pretreat-
ment is a low cost alternative method because the carbon dioxide solvent
is readily available and inexpensive. Moreover, CO, explosion does not
generate strong inhibitors to subsequent biological processes (Srinivasan
and Ju, 2010; Islam et al., 2014). The use of low temperatures and high solid
capacity makes this approach reasonable from an energy expenditure
perspective. However, the cost of the equipment required for commercial
scale production has prevented the wide-scale adoption of this technique.

2.3.1.4 Biological pretreatments
Beyond standard (and experimental) physical, chemical, and physico-
chemical pretreatments, several biological pretreatment methods have
been tested. Most of these biological pretreatments employ wood degrad-
ing microorganisms to modify the chemical composition and/or structure
of thelignocellulosic feedstock. This canbe a precursor to using one or more
of the other aforementioned pretreatments or, in some cases, can be used
as a stand-alone pretreatment option. Microorganisms used for biological
pretreatment include white-rot fungi, brown-rot fungi, soft-rot fungi, and
bacteria that express lignocellulose-degrading enzymes (Schurz, 1978;
Kurakake et al., 2007). The general approach is to utilize these microbes
to initiate the breakdown of the matrix so that subsequent enzymatic
hydrolysis of cellulose proceeds with greater efficiency. However, each
microbe is selective for different components of the matrix. For example,
brown-rot fungi selectively deconstruct cellulose and hemicellulose with
virtually no modification of lignin. White-rot fungi act actively on lignin,
along with cellulose and hemicellulose. Soft fungi act on polysaccharides
and may also degrade lignin (Hatakka and Hammel, 2010). Interestingly,
it appears that white-rot fungi are the most effective microorganisms
in biological pretreatment (Fan et al., 1987; Yu et al., 2009). However,
new biological pretreatments, which employ novel or genetically modi-
fied microbes may prove effective as such pretreatment technologies are
further developed. In general, biological pretreatments feature low cap-
ital costs, low energy input, no hazardous chemical requirements, and
mild environmental conditions. However, the slow rates of hydrolysis
and thus requirements for long pretreatment times are major drawbacks
for this technology (Maurya et al., 2015). Furthermore, each biological
pretreatment type is feedstock specific; there is no general biological
pretreatment that works efficiently on all types of lignocellulosic mate-
rial. Current research and development in biological pretreatment is
focused on combining microbial degradation as a pre-pretreatment to
other commonly used pretreatments (Ma et al., 2010; Wang et al., 2012d).
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More advanced studies are focused on discovering novel lignocellulose-
degrading microbes or on producing genetically modified microorgan-
isms with an ability to selectively disrupt lignin and to release usable
carbohydrates (Canam et al., 2011; Zambare et al., 2011).

2.3.2  Advanced pretreatments for lignocellulosic biomass

Pretreating lignocellulosic biomass to enhance the efficiency of subsequent
enzymatic hydrolysis and fermentation processes is the key to ensuring
the economic viability of cellulosic ethanol. Clearly, there is not a single
technology that maximizes end product yields with every feedstock. Each
method currently in use or under development has distinct advantages
and disadvantages on selected feedstock types. Therefore, new methods
are constantly being developed to maximize cellulose accessibility, to gen-
erate convertible products from hemicellulose, and to remove lignin. As
described earlier, common pretreatment alternatives include acid wash
(Jung et al., 2013), alkaline wash (Sharma et al., 2013b), high temperature
steam explosion (Garmakhany et al., 2013), and mixed washes including
AFEX with dilute acid. Until recently, AFEX was considered an advanced
pretreatment. Indeed, AFEX with dilute acid is one of the leading alka-
line pretreatment technologies currently used in industry due to its abil-
ity to enhance enzyme-mediated cellulose reduction without the need
for procedures that physically remove hemicellulose and lignin from the
feedstock. The key to AFEX is that it reduces the competitive binding of
cellulases to xylan (and xylooligomers) from hemicellulose, enhancing
the enzymatic reduction of cellulose (Qing and Wyman, 2011). (Recall that
hemicellulose not only stabilizes the lignocellulosic matrix but that the
xylan within hemicellulose can also serve as a competitive binding site for
cellulose degradation enzymes.)

More recently, efforts have been undertaken to minimize costs in cel-
lulosic ethanol production by fractionating the lignocellulosic biomass in
a manner that produces value-added coproducts (de Jong et al., 2012). A
newer class of advanced pretreatments collectively called lignocellulose
fractionation pretreatment is based on this idea. The aim of these new
pretreatment methods is to employ cellulose solvents not only to improve
cellulose accessibility for subsequent enzymatic hydrolysis but also to sep-
arate the principal constituents of cellulosic materials (i.e., cellulose, hemi-
cellulose, and lignin) to produce value-added coproducts (Sathitsuksanoh
et al., 2013). Specialized cellulose solvents are designed to increase
cellulose accessibility by dissolving lignocellulose biomass so that sub-
sequent enzymatic treatments are effective at low enzyme loading levels.
Furthermore, solvents are developed to facilitate fractionation of the pri-
mary components (i.e., cellulose, hemicellulose, and lignin) under modest
reaction conditions such as atmospheric pressure and 50°C (Ladisch et al.,
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1978; Zhang et al., 2007). The most effective solvents deconstruct lignocel-
lulose, selectively separate primary components, and generate high yields
of quality coproducts while minimizing overall costs of processing (Van
Heiningen, 2006; Wising and Stuart, 2006). Cellulose solvent-based ligno-
cellulose fractionation (CSLF) is a set of cutting-edge technologies that
are more efficient than traditional biomass pretreatments such as steam
explosion (Garmakhany et al., 2013), AFEX (Shao et al., 2011), SAA (Kang
et al, 2012), dilute acid pretreatment (Zhu et al., 2009b), or organosolv
(Amiria et al., 2014).

For most CSLF methods, hydrolysis rates and digestibility of pretreated
biomass are improved. Furthermore, the amount of enzyme required in
subsequent enzymatic hydrolysis steps is decreased, and multiple feed-
stock types may be treated (Sathitsuksanoh et al., 2009, 2010, 2012).

Two general approaches to CSLF have been developed: (a) acid-
mediated fractionation and (b) ILF. Each has selective advantages for
treating common lignocellulosic feedstock.

2.3.2.1 Acid-mediated fractionation
Cellulose solvent and organic solvent lignocellulose fractionation (COSLF)
technology has separated lignocellulose components using cellulose
solvent such as phosphoric acid and an organic solvent (e.g., acetone or
ethanol) under modest reaction conditions (1 atm, 50°C) (Ladisch et al.,
1978; Zhang et al.,, 2007; Rollin et al., 2011). The successful fractionation of
lignocellulosic biomass depends upon the solubility characteristics of cel-
lulose, hemicellulose, and lignin in the cellulose solvent, organic solvent,
and water, respectively (Zhang et al., 2007). Concentrated phosphoric acid
disrupts the linkage among cellulose, hemicellulose, and lignin (Moxley
et al., 2008); dissolves cellulose fibers disrupting the highly ordered
hydrogen bonds of the cellulose crystalline structure (Zhang et al., 2006a;
Sathitsuksanoh et al., 2011); and significantly increases enzyme access to
cellulose fibers (Zhu et al.,, 2009b; Rollin et al., 2011). Generally, the cel-
lulose solvent can be recovered/recycled as a part of the process due to
the difference in volatility with the organic solvents (Zhang et al., 2007).
Strategic sequencing and timing of cellulose solvent, organic solvent,
and water treatments have resulted in significant decreases of crystallin-
ity (Zhang et al., 2006a, 2007); removal of lignin and hemicellulose from
the cellulose fraction, which reduces substrate obstacles and competitive
binding sites; reduction of unwanted sugar degradation; reduction of the
inhibitors production to subsequent biological processes; and reduction
of utility consumption and capital investment (Zhang et al., 2007). COSLF
has been shown to efficiently pretreat different types of lignocellulosic
biomass such as bamboo (Sathitsuksanoh et al., 2010), common reed (Li
et al,, 2009; Sathitsuksanoh et al., 2009), hemp hurd (Moxley et al., 2008),
corn stover (Zhu et al.,, 2009b), bermudagrass (Li et al., 2009), switchgrass
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(Sathitsuksanoh et al., 2011), gamagrass (Ge et al.,, 2012), giant reed, ele-
phant grass, and sugarcane (Ge et al., 2011). Although design of novel cel-
lulose solvent solutions and optimization of wash times and sequencing
can be a challenge, no major disadvantages have been identified in using
COSLF as a commercial-scale lignocellulosic biomass pretreatment.

2.3.2.2 lonic liquid-based fractionation
ILF is another type of advanced pretreatment based on CSLF. Ionic lig-
uids (ILs) have also been shown to dissolve carbohydrates and lignins
(Zakrzewska et al., 2010; Hossain and Aldous, 2012). ILs can be used for
fractionation of lignocellulosic biomass to obtain specific, purified, and
unaltered polymeric raw materials that can readily be separated and used
as valuable coproducts (Lee et al., 2009). Typically, ILs are salt solutions
composed of large organic cations and small or inorganic anions, which
exist as liquid at relatively low temperatures such as room temperature
(Wasserscheid and Keim, 2000; Rogers and Seddon, 2003). ILs are consid-
ered as green solvents because of environmentally friendly properties such
as low vapor pressure and high thermal stability (Paulechka et al., 2003;
Kabo et al., 2004; Domanska and Bogel-Lukasik, 2005). This differs from
the properties of classical volatile solvents. ILs are also tunable. Properties
such as hydrophobicity, polarity, and solvent power can all be adjusted to
meet specific process needs (Huddleston et al., 2001; Vasiltsova et al., 2004;
Chiappe and Pieraccini, 2005). Similar to COSLF, IL pretreatment disrupts
interactions between lignin—carbohydrate complex, thereby enhancing
the general accessibility of the material for enzymatic hydrolysis (Singh
et al.,, 2009). After dissolution, a regeneration and fractionation step is per-
formed. Regeneration of solute is done by precipitating in the presence
of an antisolvent such as water, acetone, dichloromethane, or acetonitrile
(Fort et al., 2007). Regeneration is a result of preferential solute displace-
ment. With some antisolvents, up to 80% of lignin and hemicellulose can
be fractionated (Sun et al., 2009; Li et al., 2010, 2011). The regenerated frac-
tion is essentially composed of carbohydrates; however, lignin can be par-
tially extracted in the ionic solvent/antisolvent mixture (Lee et al., 2009;
Sun et al., 2009). Antisolvent is separated from the ionic liquid, and they
both can be reused (Dadi et al., 2006; Zhu et al., 2006). ILs inhibit enzymes
(Turner et al,, 2003; Docherty and Kulpa, 2005; Murugesan et al., 2006;
Engel et al., 2010; Salvador et al., 2010). Complete removal of the IL is not
economically viable; therefore, design of IL-tolerant enzymes is a current
research focus (Datta et al., 2010; Bose et al., 2012). In addition, the use
of high pressure during enzymatic reactions could improve enzymatic
activities in the presence of ionic liquids (Salvador et al., 2010). Overall
efficiency of IL pretreatment is determined by the properties of the IL,
lignocellulosic biomass properties (type, moisture content, partial size,
and load), temperature, time of pretreatment, and the properties of the
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antisolvent used (da Costa Lopes et al., 2013). IL pretreatment offers sev-
eral advantages over traditional lignocellulose pretreatments, including
significant alteration in the physicochemical properties of the biomass,
such as a major reduction of lignin and cellulose crystallinity (Lee et al,,
2009; Doherty et al., 2010); extraction of specific matrix components, such
as isolation of lignin (Tan et al., 2009) and cellulose (Abe et al., 2010); flex-
ibility in the application of different fractionation strategies after the dis-
solution of biomass in the IL (Dibble et al., 2011; Lan et al., 2011; Yang et al.,
2013); low energy demands; and ease of operation (Zhang et al., 2007; Yoon
etal., 2011). In addition, it was widely believed that IL was an environmen-
tally friendly process; however, recent evidence suggests that this may not
be the case (Plechkova and Seddon, 2006; Bubalo et al., 2014).

Although technically viable, the IL pretreatment approach is still
expensive. Further research is required to optimize IL pretreatments so
that they are economically viable and applicable at larger scales.

2.4 Summary: Feedstocks and processing

Simple sugars such as glucose and sucrose are the primary substrates
for microbial-based (i.e., yeast) fermentation processes. By fermenta-
tion, these simple carbohydrates are converted to ethanol. Fermentation
methods have been employed for millennia to produce beer, wine, and
other alcoholic beverages. In modern times, ethanol production has been
considered a viable alternative liquid fuel that may reduce global depen-
dency on fossil-based fuels such as gasoline. Although there is a natural
feedstock from which primary substrate may be extracted, most of these
sources (e.g., corn and sugarcane) are used for food creating a food-
versus-fuel dilemma. Feedstocks, such as corn and sugarcane, from which
primary substrates are readily extracted for bioethanol are considered as
first-generation feedstocks. Efforts to identify alternative feedstocks that
do not compete with food supplies and that minimize land and water use
have led to the development of second-generation feedstocks such as corn
stover, bagasse, woody biomass, grasses, crop straws, and other lignocel-
lulosic materials that do not compete with food crops. Ethanol derived
from these feedstocks is called cellulosic ethanol. As lignocellulosic bio-
mass is the most abundant natural material on the planet, significant
effort has been placed on developing methods to produce cellulosic etha-
nol in a cost-competitive manner as a supplement or substitute for liquid
fossil fuels. However, second-generation feedstock sources do not readily
provide simple fermentable sugars. Secondary substrates, mainly cellu-
lose and hemicellulose, are the carbohydrate source from which simpler,
fermentable sugars are produced. Conversion of long-chain carbohydrates
requires hydrolysis, generally enzyme-mediated hydrolysis, to break
down these secondary substrates into primary substrates (e.g., glucose)
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for fermentation. Unfortunately, cellulose and hemicellulose are tightly
bound with lignin (and often pectin) in a recalcitrant lignocellulosic
matrix, which is found virtually in all plant cell walls.

In order to provide sugar reducing enzymes, such as cellulases and
xylanases, access to the lignin-bound cellulose and hemicellulose, pre-
treatments are typically required to loosen up the matrix. This includes
breaking interactions between cellulose, hemicellulose, and lignin;
increasing the exposed surface area of the cellulose network within
the biomass; and optimizing conditions for efficient enzyme action.
Traditional pretreatments strategies include washing feedstock in acidic
solutions and/or alkaline solutions; physically swelling or expanding
the material by steam or high-temperature liquid water perfusions;
irradiating feedstock with microwaves, gamma rays, or other electro-
magnetic radiation; applying special solvents or ionic solutions; and
other methods to separate and expose cellulose (and hemicellulose) to
enzyme. Unfortunately, along with the selected advantages, each pre-
treatment strategy features disadvantages, which ultimately render the
process either inefficient or economically unviable for commercial scale
cellulosic ethanol production.

Despite these challenges, new pretreatment techniques collectively
referred to as cellulose solvent-based liquid fractionation may provide a
cost-effective way to produce bioethanol from lignocellulosic biomass in
a manner that is cost competitive with fossil-based liquid fuels. Advances
in pretreatment technologies may open the market to feedstock options
that have been considered economically unsuitable for cellulosic ethanol
production. Efficient pretreatment strategies along with a broader selec-
tion of lignocellulosic feedstock will position cellulosic ethanol to a more
favorable market position. However, in addition to new, more efficient
pretreatment methods and a broader selection of feedstock options, there
is another major step within the bioethanol production process that can
contribute to producing a cost-competitive ethanol product.

Significant room for improvement exists in the post-pretreatment
enzymatic hydrolysis step of the ethanol production process. Optimizing
enzymatic action, discovering novel high-efficiency enzymes, designing
genetically engineered enzymes, and using engineered platforms are all
areas of scientific investigation underway to further lower the per-gallon
cost of bioethanol. In Chapter 3, enzymes and enzymatic action on ligno-
cellulosic biomass will be addressed with a focus on synergistic action of
multienzyme complements and their ability to further break down lignin
and convert cellulose (and hemicellulose) to fermentable sugars.



chapter three

Natural enzymes used to
convert feedstock to substrate

3.1 Mode of action of primary
lignocellulolytic enzymes

To use cellulosic material as feedstock for bioethanol production, chipped
or ground biomass is typically pretreated to facilitate enzyme access to
long-chain carbohydrates (e.g., cellulose), which are the macromolecules
that are reduced to fermentable sugar for conversion to ethanol. Given the
heterogeneous nature of lignocellulose, it is highly recalcitrant even with
pretreatment. Numerous methods have been developed for degrading lig-
nocellulose to expose polysaccharides. These include soaking feedstock in
acidic or alkaline solution and mechanical disruption. Numerous methods
have also been developed to reduce these polysaccharides to simple sugars.
Methods that rely on cellulolytic enzymes that are derived from microor-
ganisms can be highly efficient. Both multidomain enzymes and enzyme
complexes (e.g., minicellulosomes) have been applied. One useful feature of
many lignocellulolytic enzymes (and their complexes) is innate modularity.
In addition to a catalytic core region, many cellulolytic enzymes possess
noncatalytic domains. Two notable domains include carbohydrate-binding
modules (CBMs) and dockerin domains. CBMs facilitate interactions
between enzymes and their respective carbohydrate substrates (Tomme
et al., 1988a, 1998b; Boraston et al., 1999; Gilbert et al., 2013). Various studies
have demonstrated that CBMs enhance enzymatic activity against recal-
citrant substrates (Black et al., 1996; Bolam et al., 1998; Carrard et al., 2000;
Mello and Polikarpov, 2014). Although three-dimensional structures and
specific modes of action may vary between CMBs from different species, in
general, CMBs facilitate binding between large enzymatic complexes and
substrates so that the probability of enzymatic action (i.e., substrate cleav-
age) is increased. Dockerin domains on cellulolytic enzymes from some
species of microorganisms mediate cohesin—-dockerin interactions, asso-
ciating the enzymes with larger macromolecular complexes. These com-
plexes, or cellulosomes, are found naturally in the cell membrane and cell
wall structure of many cellulolytic microorganisms (Fontes and Gilbert,
2010). Cellulosome structure and function can vary between microorgan-
isms expressing cohesin and dockerin-based complexes; however, a general
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feature of most cellulosomes is the ability to alter the enzyme comple-
ment within the complex depending on the type of substrate available in
the environment. Microorganisms will have characteristic repertoires of
lignocellulolytic enzymes that may be expressed at different levels and
incorporated into the cellulosome depending on the environmental condi-
tions and the metabolic needs. Lignocellulolytic enzymes are categorized
as cellulases, hemicellulases, ligninolytic enzymes, and pectinases. In this
section, a review of primary cellulolytic enzymes and their respective func-
tions within natural cellulosomes is provided.

3.1.1 Cellulases

Cellulases are glycosyl hydrolases (GHs) that catalyze cellulolysis—the
cleaving of glycosidic bonds in cellulose. The enzyme-mediated cleavage
of B-1,4-glycosidic bonds in cellulose occurs via acid hydrolysis, using a
proton donor and a nucleophile or base. The products of acid hydrolysis
either result in an inversion or retention through single or double replace-
ment, respectively, of the anomeric configuration of the carbon-1 (C-1) at
the substrate-reducing end (Koshland, 1953; Vocadlo and Davies, 2008). In
macromolecular complexes, such as in naturally occurring cellulosomes,
a complement of cellulolytic enzymes typically acts in a synergistic
manner (Wood and McCrae, 1979; Lamed et al., 1983b; Fierobe et al., 2001).
Cellulolytic enzyme synergism can be measured qualitatively and quan-
titatively; however, predicting synergistic effects of novel combinations of
enzymes either free in solution or bound in an artificial cellulosome has
proven challenging and is the subject of intense investigation. According
to the studies on fungi (Selby and Maitland, 1967; Wood and McCrae,
1972, 1978; Berghem et al., 1976; Mandels and Reese, 1999), bioconversion
of polysaccharide substrates into simple fermentable sugars requires syn-
ergistic interactions of at least three types of enzymes: endoglucanases,
cellobiohydrolase, and B-glucosidases. Most of these components are gly-
coproteins, and each presents isoenzymes in natural systems (Wood and
McCrae, 1972; Gilkes et al., 1984; Mihoc and Kluepfel, 1990; Jimenéz-Zurdo
et al, 1996; Igual et al,, 2001; Wei et al, 2005, Begum and Absar, 2009;
Khalili et al., 2011). Functionally, cellulases may be generally categorized
into three groups based on the type of reaction that they catalyze: car-
bohydrases (including, endoglucanases, exoglucanases, and cellobiases),
oxidative cellulases (e.g., cellobiose dehydrogenase [CDH]) and phosphor-
ylases (i.e., cellobiose phosphorylase and cellodextrin phosphorylase).

3.1.1.1 Carbohydrases
Carbohydrases are glycosyl hydrolases that hydrolyze the 3-1,4-glycosidic
bonds of cellulose or cellooligosaccharides, leading to the formation of
short cellodextrins and molecules of glucose (Lombard et al., 2014; CAZy,
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Figure 3.1 Schematic graphic of cellulose structure and mode of action of cellulo-
lytic enzymes EX, EG, and G, leading to the formation of p-glucose. (Adopted from
van den Brink, J. and de Vries, R.P, Appl. Microbiol. Biotechnol., 91, 1477-1492, 2011.)

2015). There are three types of carbohydrases: endoglucanases or endocel-
Iulases (EGs), exoglucanases or exocellulases (EXs), and B-glucosidases (BGs)
also referred to as B-p-glucoside glucohydrolases or cellobiases.

EGs (e.g, EC 3.2.14) are 1,4-B-p-glucan-4-glucanhydrolases that dis-
rupt bonds at random internal sites in the cellulose polysaccharide chain,
producing oligosaccharides of various lengths. More generally referred to
as endocellulases, the EGs produce new chain ends (Figure 3.1). EGs that
do not feature CBMs hydrolyze at amorphous internal sites within the
cellulose chain (Rabinovich et al., 1982; Stahlberg et al., 1988; Henriksson
et al.,, 1999; Karlsson et al., 2002). EGs featuring CBMs can also hydrolyze
cellulose chains at crystalline internal regions (Tilbeurgh et al., 1986;
Gilkes et al., 1988; Tomme et al., 1988a; Wang et al., 2012f). Furthermore, EG
cellulolysis generates new chain ends for cellobiohydrolase (CBH) activ-
ity (Wood and McCrae, 1972; Berghem and Pettersson, 1973; Henrissat
et al., 1985). When an enzyme does not readily release a large molecular
substrate and catalyzes multiple reactions before dissociating from the
substrate, it is considered to be processive. Although processivity is typi-
cal of CBHs, some EGs also hydrolyze cellulose processively (Reverbel-
Leroy et al., 1997; Irwin et al., 1998; Gilad et al.,, 2003; Cohen et al., 2005;
Zverlov et al., 2005b; Zheng and Ding, 2013). EGs belong to GH families
56,79 12, 44, 45, 48, 51, 74, and 124 (Lombard et al,, 2014; CAZy, 2015).
All well-studied processive endocellulases are part of the GH9 family,
which includes most plant cellulases, some animal cellulases, and many
bacterial cellulases. Surprisingly, very few fungal cellulases are included
within the GH9 family of endocellulases. Processive endoglucanases from
GH9 family feature CBMs of the family 3c. These endoglucanase CBMs
are positioned at the C terminus of the enzyme’s catalytic domain (Sakon
et al., 1997). They are required and responsible for processivity in this
class of enzyme (Irwin et al., 1998; Gilad et al., 2003). A novel processive
endoglucanase has been reported recently that belongs to the GH5 family
(Cohen et al., 2005; Watson et al., 2009; Zheng and Ding, 2013).

EXs hydrolyze 1,4-B-p-glycosidic linkages in cello-oligosaccharides.
Specifically, they cleave from the reducing or nonreducing ends of
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chains formed by EG activity. These exocellulases are processive and
have their active sites in a tunnel (Rouvinen et al., 1990; Divne et al.,,
1994; Parsiegla et al., 1998). Several studies indicate that selected EXs,
such as CBH, also cleave internal glycosidic bonds (Stahlberg et al., 1993;
Armand et al., 1997; Boisset et al., 2000). There are two main groups of
EXs: cellodextrinases and cellobiohydrolases (CBHs). Cellodextrinases
(e.g., EC 3.2.1.74), also referred to as 1,4-B-p-glucan glucanohydrolases
and exo-1,4-B-glucosidase, liberate p-glucose from cellodextrins and cel-
lulose (Barras et al., 1969). Cellodextrinases belong to GH families 1, 3,
5, and 9 (Lombard et al, 2014; CAZy, 2015). CBHs (i.e., 1,4-B-p-glucan
cellobiohydrolases) liberate p-cellobiose from cellulose chain ends pro-
duced by EGs and from crystalline cellulose (Kleman-Leyer et al., 1996;
Igarashi et al,, 2009; Liu et al., 2011), whereas CBHII (EC 3.2.1.91) also
releases D-cellobiose from amorphous cellulose (Koivula et al., 1998)
(Figure 3.1). CBHI (EC 3.2.1.176) works processively from the reducing
end of cellulose, and CBHII works processively from the nonreducing
end of cellulose (Fiagerstam and Pettersson, 1980; Arai et al., 1989; Barr
et al., 1996; Saharay et al., 2010). CBHIIs are grouped into GH families
5,6, and 9. Most CBHIs belong to GH families 7 and 48 (Lombard et al,,
2014; CAZy, 2015). Due to processivity and adsorption to insoluble cel-
lulose substrates, CBH kinetics deviate from Michaelis—-Menten model
kinetics and exhibit fractal and local jamming effects (Xu and Ding, 2007
Igarashi et al,, 2011; Kamat et al., 2013).

BGs (e.g., EC 3.2.1.21) hydrolyze the B-1,4-p-glycosidic bonds at the
nonreducing ends of soluble cellooligosaccharides (e.g., cellodextrin)
and cellobiose to release monomeric B-glucose (Freer, 1993). Unlike
other carbohydrases, BGs generally lack distinct CBMs. Therefore,
they do not have a modular architecture. Unlike the majority of biomass-
degrading enzymes, BGs can be studied using traditional kinetic models
(e.g., Michaelis—Menten) primarily due the fact that they act by binding
to soluble substrate (Kempton and Withers, 1992; Chauve et al., 2010).
BGs serve a critical role in multienzyme systems adding to synergis-
tic effects by breaking down cellobiose, which produces glucose and
minimizes the inhibition of cellulose activity by cellobiose (Berlin et al.,
2005; Chir et al., 2011). Indeed, cellobiose is a strong inhibitor of CBH
and EG (Holtzapple et al., 1990; Gusakov and Sinitsyn, 1992; Zhao et al.,
2004; Andric¢ et al., 2010; Teugjas and Valjamae, 2013). Studies show that
cellobiose inhibits cellulases 14 times more than glucose (Holtzapple
et al., 1984).

The BGs belong to glycoside hydrolase (GH) families 1, 3, 5, 9, 30,
and 116 (Lombard et al.,, 2014; CAZy, 2015). Different EGs possess differ-
ent mechanisms of enzymatic activity (inverting for GH6, 9, 45, and 48
EGs; retaining for GH5, 7, and 12 EGs). Retaining will conserve the stereo-
chemistry around the anomeric carbon atom from substrate to product.
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Inverting will result in an axial to equatorial realignment of the anomeric
carbon atom from substrate to product. The side activity of EGs on hemi-
cellulose during a reaction may account for this ability to use more than
one mechanism to catalyze reactions during the deconstruction of com-
plex lignocellulose materials (Vlasenko et al., 2010). This may also serve in
synergistic activity between processive and conventional EGs (Tuka et al.,
1992; Qi et al., 2007).

3.1.1.2 Oxidoreductive cellulases

A nonhydrolytic factor that renders biomass less recalcitrant and more
amenable to enzymatic action has been suspected for decades (Reese et al.,
1950). An oxidative mechanism that could initiate cellulose degradation
was suggested in the 1970s (Eriksson et al., 1974). It was later demonstrated
that cellulose oxidases can disrupt cellulose structure via oxidation in a
manner that results in an increased access to cellulose (Forsberg et al.,
2011; Quinlan et al,, 2011). Although cellulose oxidases occur in relatively
low concentrations in natural systems, they play a central role in the cel-
lulase systems of both aerobic fungi and bacteria that degrade cellulose
(Harris et al,, 2010; Forsberg et al., 2011). To date, cellulose oxidases have
not been found in anaerobic cellulase complexes.

CDH, cellobiose quinone oxidoreductase (CBQOR), lactonase, glucose
oxidase, and/or polysaccharide monooxygenases (PMOs) are commonly
present in oxidoreductive enzyme systems (Figure 3.2).
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Figure 3.2 Schematic representation of the enzymatic degradation of cellulose,
involving CBH, BG, EG, Type 1 PMOs (PMO1), Type 2 PMOs (PMO2), and CDH.
(Adopted and modified from Dimarogona, M. et al., Comput. Struct. Biotechnol. ].,
2,1-8,2012.)
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CDH (EC 1.1.99.18), also called cellobiose oxidoreductase (CBOR) or
cellobiose oxidase (CBO), was originally named CBQOR (Westermark
and Eriksson, 1974a, 1974b). One heme and one flavin adenine dinu-
cleotide (FAD) serve as prosthetic groups for CDH (Ayers et al., 1978;
Morpeth, 1985). As a streamline to the nomenclature, CBQOR is now
used to refer to the catalytic active fragment of CDH, which lacks the
heme group. CBQOR is produced by a posttranslational proteolytic
cleavage and exhibits catalytic properties similar to CDH (Henriksson
et al,, 1991; Samejima and Eriksson, 1992; Wood and Wood, 1992; Raices
et al.,, 2002). Many wood-degrading fungi express CDH, and it is the
only known example of a secreted flavocytochrome (Zamocky et al.,
2006). CDH catalyzes the reducing end oxidation of cellobiose, cello-
dextrin, lactose, and maltodextrin and other oligosaccharides to the
corresponding lactones using a host of electron acceptors, including
quinones, phenoxyradicals, Fe**, Cu?, and triiodide (Henriksson et al.,
2000). Spontaneous conversion or lactonase-mediated hydrolysis may
then convert the lactones to aldonic acids (Brodie and Lipmann, 1955;
Beeson et al., 2011).

Although CDH is reported to participate in the deconstruction of
lignocellulose by generating hydroxyl radicals, its biological role is not
fully understood. What is known is that CDH will reduce Fe’* to Fe?*,
and in the presence of hydrogen peroxide, hydroxyl radicals are gener-
ated via Fenton’s reaction (H,O, + Fe** — Fe** + OH" + OH") (Kremer and
Wood, 1992a, 1992b). Furthermore, CDH will reduce cellulose inhibition
by removing cellobiose (Ayers et al., 1978; Igarashi et al., 1998). Recent evi-
dence also suggests the participation of CDH in the transfer of electrons
to polysaccharide monooxygenases (PMOs), which results in the oxidative
breakup of plant biomass (Phillips et al., 2011; Sygmund et al,, 2012; Vu
et al.,, 2014). CDHs belong to auxiliary activity family 3 (Lombard et al.,
2014; CAZy, 2015).

Lactonase (EC 3.1.1.17), also called p-glucono-1,5-lactone lactono-
hydrolase, aldonolactonase, or gluconolactonase, catalyzes the hydro-
lysis of different types of hexose-1,5-lactones to their corresponding
aldonic acids (Brodie and Lipmann, 1955; Beeson et al., 2011). Lactonase
is found in commercial preparations of enzymes (e.g., Novozyme 188)
from Trichoderma reesei and Aspergillus niger (Bruchmann et al., 1987).
As a side effect, lactonase can facilitate cellulolysis as it removes
lactones, which also inhibit cellulases (Bruchmann et al., 1987, Rouyi
et al., 2014).

Glucose oxidase (EC 1.1.3.4), also known as notatin, is an oxidoreduc-
tase that mainly catalyzes the oxidation of glucose to hydrogen peroxide
and p-glucono-8-lactone, the latter of which hydrolyzes spontaneously to
gluconic acid (Miiller, 1928; Bentley and Neuberger, 1949). Glucose oxidase
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is also considered as an integral component of many cellulose systems
because it acts to reduce the inhibition of cellulases by glucose (Holtzapple
et al.,, 1984, 1990; Stutzenberger, 1986; Xiao et al., 2004; Andri¢ et al., 2010;
Hsieh et al, 2014). Glucose oxidase belongs to the auxiliary activity
family 3 (Lombard et al., 2014; CAZy, 2015).

Polysaccharide monooxygenases (PMOs) are copper-dependent
metalloenzymes that oxidatively cleave glycosidic bonds at the surface
of recalcitrant cellulose structures (Vaaje-Kolstad et al., 2010; Forsberg
et al,, 2011; Phillips et al,, 2011; Quinlan et al., 2011). For catalytic efficiency,
PMOs require a molecular oxygen and an electron donor, such as CDH
(Phillips et al,, 2011; Sygmund et al,, 2012; Vu et al., 2014). PMOs intro-
duce molecular oxygen to C-H bonds adjacent to the glycosidic linkage,
which leads to the removal of the adjacent carbohydrate moiety (Phillips
et al.,, 2011; Beeson et al., 2012). Based on substrate specificities and struc-
tures, PMOs are subdivided into fypes. Type 1 PMOs generate products
that are oxidized at C-1. Type 2 PMOs generate products that are oxidized
at the nonreducing end of C-4. Type 3 PMOs exhibit weaker specificity
and release oxidized products from both reducing and nonreducing ends
(Beeson et al.,, 2012; Li et al., 2012). PMOs belong to auxiliary activity fami-
lies 9 and 10 (Lombard et al., 2014; CAZy, 2015).

3.1.1.3  Phosphorylases
Phosphorylases reduce cellobiose and cellodextrins to glucose using
phosphates instead of water (Ayers, 1959; Alexander, 1961; Sheth and
Alexander, 1967). Recall that cellobiose and cellodextrins are formed
during the enzymatic degradation of cellulose by EGs and EXs. As
phosphorolytic enzymes are located inside cells, organisms transport sac-
charides from the extracellular environment across the cell membrane.
These become substrates for phosphorylase. For example, the thermophile
Clostridium thermocellum employs ATP-driven transport mechanisms to
uptake not only glucose but also cellobiose and cellodextrin (Strobel et al.,
1995). These saccharides are then acted upon by phosphorylases to facili-
tate cellulose deconstruction. Although phosphorylases are not directly
part of the cellulolytic pathway, phosphorolysis may accelerate the rate
of overall cellulosic degradation when acting in concert with hydrolytic
enzymes by removing inhibitory intermediate products such as cellobiose
and cellodextrin (Holtzapple et al., 1990; Gusakov and Sinitsyn, 1992; Zhao
et al., 2004; Andri¢ et al., 2010; Teugjas and Valjamae, 2013). Moreover,
phosphorolysis is energetically advantageous. Phosphorolysis results
in conservation of a portion of the energy from cleaved glycosyl bonds.
Glucose-1-phosphate (G1P) leads to the formation of activated glucosyl
molecules with the investment of only one ATP molecule for the uptake of
a cellobiose or cellodextrin molecule. Each glucose molecule produced via
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Figure 3.3 Chemical reactions catalyzed by (a) CDP: Cellodextrin + P; = cellodex-
trin (N — 1) + G1P and (b) CBP: Cellobiose + Pi = glucose + GIP.

hydrolytic cleavage would require two ATPs—one ATP for transport and
another for activation (Goldberg, 1975; Strobel et al., 1995).

There are two general types of phosphorylases: cellodextrin phos-
phorylases (CDPs) and cellobiose phosphorylases (CBPs). CDPs (e.g., EC
2.4.1.49) phosphorylate cellodextrin released by endoglucanases to cello-
dextrin (N - 1) and G1P (Sheth and Alexander, 1967). (Note: N is the num-
ber of glucose units in the chain). CBPs (e.g., EC 2.4.1.20) phosphorylate
cellobiose into glucose and GI1P as cellobiose is transported into the cell
(Alexander, 1961) (Figure 3.3). Both enzymes belong to glycoside hydrolase
family 94 (Lombard et al., 2014; CAZy, 2015).

3.1.2 Hemicellulases

Hemicellulases are either glycoside hydrolases or carbohydrate esterases
(CEs) that catalyze the hydrolysis and deacetylation of hemicelluloses,
respectively (Table 3.1). The mode of action of hemicellulases varies with
the type of enzyme (Vocadlo and Davies, 2008; Biely, 2012). The heteroge-
neity and organization of hemicellulose require concerted and synergistic
activity of multiple enzymes for complete degradation. Breakdown of the
hemicellulose component in lignocellulosic feedstock exposes cellulose.
This provides access for cellulases to primary substrates (e.g., cellulose)
and results in the conversion of hemicellulose into usable saccharides.
A principal way in which hemicellulose is deconstructed is through
enzymatic action on xylan—a key component of hemicellulose (Timell,
1967). Enzymes which break down hemicellulose are generally called xyl-
anases. However, there are several types of accessory enzymes that play
an important role in degrading hemicellulose. Most of these accessory
enzymes act on the exposed side chains of this heteropolymer to facilitate
hemicellulose degradation.
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Table 3.1 Summary of lignocellulosic enzyme classes

Enzyme

Abbreviation

Mode of action

o-L-arabinofuranosidase

o-fucosidase

o-galactosidase

o-D-glucuronidase

Endo-1,5-0-arabinanase
(arabinase)

Arabinoxylan
arabinofuranohydrolase

o-D-xyloside xylohydrolase
or a-xylosidase

B-glucosidase

B-xylosidases
Endogalactanase
Endo-1,4-B-xylanase
Exo-B-1,4-xylanase

B-galactosidase

Hydrolases
AF

AFU

AGL

AgluA

AR

AXAH

AXL

BG

BX
EG
EN
EXY

LAC

Nonreducing end of a-1,2-,
o-1,3-, o-1,5-linked
arabinofuranosyl groups from
arabinans, arabinoxylans, and
arabinogalactans

L-fucose residues from
xyloglucan branches

Nonreducing end of
o-linked p-nonreducing end
galactose residues from xylan
and galactomannans

Nonreducing end of
o-1,2-linked 4-O-methyl-
D-glucuronic acid residues
from glucuronoxylans

o(1—-5) glycosidic bonds in
arabinan

Nonreducing end
L-arabinofuranosyl groups
from B-1,4-linked
arabinoxylans

o-linked p-xylose residues from
the xyloglucan backbone

Nonreducing end of
B-p-glucosyl residues from
glucomannan and
galactoglucomannan
oligosaccharides

Nonreducing ends of
xylooligomers and xylobiose

1,4-B-linked galactose residues
in arabinogalactans

B-1,4-xylose linkages in
heteroxylan backbone

Reducing end of xylan
backbone

Nonreducing end of B-linked
D-galactose residues from
xylan, xyloglucan, and
galactoglucomannans

(Continued)
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Table 3.1 (Continued) Summary of lignocellulosic enzyme classes

Enzyme Abbreviation Mode of action

Mannan endo-1,4-3- MAN B-1,4-linked bonds in mannan
mannosidase, 1,4-p-p-
mannan mannanohydrolase
or endo-1,4-mannanase
(B-mannanase)

B-mannosidase MND B-1,4-linked mannan
oligosaccharides and
mannobiose

Xyloglucan-B-1,4- XGH 1,4-beta-p-glucosidic linkages

endoglucanase or in xyloglucan
xyloglucanase (xyloglucan
endohydrolase)

Esterases

Acetyl mannan esterase AME Acetyl groups from
galactoglucomannan

Acetylxylan esterase AXE Acetyl esters in xylan and
xylooligomers

Ferulic acid esterase or FAE Monomeric or dimeric ferulic

feruloyl esterase acid from xylans
(cinnamoyl esterase
hydrolases)

Glucuronyl esterase GE 4-O-methyl-p-glucuronic acid
residues of glucuronoxylans

p-coumaric acid esterase or PAE Monomeric and dimeric

p-coumaroyl esterase p-coumaric acid

3.1.2.1 Xylan-degrading enzymes

Xylan is naturally heterogeneous (Section 1.2.2 and Figures 1.1 and 1.4).
Its hydrolysis requires the action of complex enzyme systems. Microbial
enzymes act in a cooperative manner to convert xylan to its constituent
simple sugars. The main enzymes involved are hydrolytic enzymes that
hydrolyze B-1,4-xylosidic linkages. These enzymes are typically grouped
into three classes: endo-1,4-B-xylanases (ENs), B-xylosidases (BXs), and
exoxylanases (EXYs) (Figure 3.4).

ENs (e.g, EC 3.2.1.8) are glycosyl hydrolases that hydrolyze [B-1,4-
xylose linkages in the interior of the heteroxylan backbone to generate
xylooligosaccharides. EN action on a substrate is determined by the chain
length, the degree of branching, and/or the presence of specific substitu-
ents, such as arabinofuranosyl groups (Li et al., 2000; von Gal Milanezi
et al, 2012). ENs also play a key role in lignin removal (Aracri and Vidal,
2011; Valenzuela et al., 2013). They deconstruct lignin-associated xylans,
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Figure 3.4 Schematic representation of (a) xylan, (b) galacto(glucoyman-
nan, and (¢) xyloglucan and mode of action of hemicellulolytic enzymes.
AGU, alpha-glucuronidase; XLN, beta-1,4-endoxylanase; AXH, arabinoxylan
arabinofuranohydrolase; FAE, feruloyl esterase; AXE, acetyl xylan; BXL, beta-
1,4-galactosidase; MAN, beta-1,4-endomannanase; MND, beta-1,4-mannosidase;
AFC, alpha-xylosidase; XEG, xyloglycan beta-1,4-endoglycanase; ABF, alpha-
arabinofuranosidase; LAC, beta-1,4-galactosidase. (Adopted and modified from
van den Brink, J. and de Vries, R.P, Appl. Microbiol. Biotechnol., 91, 1477-1492, 2011.)

enhancing the accessibility and extractability of lignin (Roncero et al.,
2005). ENs are categorized into families 5, 8, 10, 11, 30, 43, and 51 of the
glycoside hydrolases based on amino acid sequence similarities (Lombard
et al.,, 2014). GH10 and GH11 ENs differ in substrate specificity. GH10 ENs
are capable of cleaving glycosidic linkages in the xylan main chain adja-
cent to substituents in which there is a functional group (or other atom)
substitute in place of a hydrogen atom on a hydrocarbon. GH11 ENs pref-
erentially cleave unsubstituted regions. As a result, GH10 ENs release
products that are shorter than the products of GH11 EN activity (Biely
et al., 1997; Ustinov et al., 2008).

BXs (e.g., EC 3.2.1.37) release monomeric xylose from the nonreducing
ends of xylooligomers and xylobiose produced by EN action on xylan. BXs
have molecular weights >100 kDa and typically consist of two or more sub-
units (Matsuo and Yasui, 1984; Hebraud and Fevre, 1990; Eneyskaya et al.,
2003, 2007). They have catalytic cores similar to those found in GH families
1, 3, 30, 39, 43, 51, 52, 54, 116, and 120 (Lombard et al., 2014; CAZy, 2015).
Generally, BX activity on xylooligosaccharides decreases rapidly with
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increasing chain length (Van Doorslaer et al.,, 1985; Rasmussen et al., 2006).
Many BXs exhibit a-L-arabinofuranosidase activity, and some BXs report-
edly have B-glucosidase activity (Rodionova et al., 1983; Uziie et al., 1985;
Xiong et al., 2007; Watanabe et al.,, 2015). Notably, most Xs are susceptible
to xylose inhibition, which can significantly affect enzymatic efficiency
under processing conditions (Dekker, 1983; Poutanen, 1988; Herrmann
et al., 1997, Saha, 2003b; Fujii et al., 2011; Kirikyali and Connerton, 2014).
By the breakdown of xylobiose, BXs relieve EN end product inhibition
(Sunna and Antranikian, 1997, Williams et al., 2000).

The EXYs (e.g., EC 3.2.1.156) are the most recently characterized xylan-
degrading enzymes. Only a few exoxylanases have been reported, and
information on their catalytic properties is limited. It is known that EXYs
act on the xylan backbone from the reducing end to release xylose and
to produce short xylooligomers (Ganju et al.,, 1989; Kubata et al.,, 1994,
1995; Usui et al., 1999; Honda and Kitaoka, 2004; Fushinobu et al., 2005;
Tenkanen et al., 2013; Juturu et al., 2014).

EXYs differ from BXs in that the former does not break down on xylo-
biose (Kubata et al.,, 1994, 1995). EXYs can increase the rate of hydroly-
sis of xylan, because endoxylanase would increase the ends available on
the xylan backbone to the exoxylanase (Gasparic et al., 1995; Juturu et al.,
2014). EXYs belong to glycoside hydrolase family 8 (Lombard et al., 2014;
CAZy, 2015).

3.1.2.2  Accessory enzymes
Accessory enzymes either degrade the side chains of xylans (debranching
enzymes) or act on the backbone chains of different kinds of hemicel-
luloses (backbone-degrading enzymes). They are more generally either
hydrolases or esterases.

A wide variety of xylanolytic accessory enzymes can enhance hemi-
cellulose deconstruction, including o-L-arabinofuranosidases (AFs); ara-
binoxylan arabinofuranohydrolases (AXAHs); endo-1,5-o. arabinanases
cumulatively known as arabinases (ARs); xylan a-p-glucuronidases
or xylan 0-1,2-p-glucuronidase (AgluAs); mannan endo-1,4-B-
mannosidase, 4-B-pD-mannan mannanohydrolase, endo-1,4-mannanase
or, simply, the B-mannanases (MANSs); B-mannosidases (MNDs);
o-galactosidases (AGLs) and B-galactosidases (LACs), or, simply, the
galactosidases; B-glucosidases (BGs); endo-B-1,4-galactanases (EGs);
xyloglucan-B-1,4-endoglucanases or xyloglucanase, cumulatively known
as the xyloglucanendohydrolases (XGHs); a-D-xyloside xylohydrolase or,
simply, o-xylosidases (AXLs); a-fucosidases (AFUs); acetylxylan ester-
ases (AXEs); ferulic acid esterases or feruloyl esterases, also known as
the cinnamoyl esterase hydrolyses (FAEs); p-coumaric acid esterases or
p-coumaroyl esterases (PAEs); glucuronyl esterases (GEs); and acetyl
mannan esterases (AMEs) (Table 3.1).
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The AF (e.g., EC 3.2.1.55) catalytic domains belong to GH2, 3,43, 51, 54, and
62 families of hydrolases (Lombard et al., 2014; CAZy, 2015). These enzymes
cleave the nonreducing end o-1,2-, o-1,3-, and o-1,5-linked r-arabinofurano-
syl groups in hemicellulose, such as arabinoxylan or arabinogalactan (Saha
and Bothast, 1998; Verbruggen et al,, 1998a; Ahmed et al,, 2013). This mode of
action is effective in hydrolyzing hemicellulose side chains and in disrupt-
ing structures anchored by o-glycosidic bonds. AXAHs (e.g., EC 3.2.1.55) are
essentially AFs from the GH51 family that specifically remove the terminal
nonreducing arabinofuranosyl from the arabinoxylan 1,4-B-xylan backbone
(Kormelink et al., 1991; Ferre et al., 2000; Lee et al., 2001).

Both AFs and AXAHs facilitate the disruption of lignin—carbohydrate
binding at locations where arabinose residues are involved in lignin-
hemicellulose ether bonds (Sun et al., 2005). AFs that exhibit B-xylosidase
or xylanase catalytic activity have also been reported in the literature
(Utt et al., 1991; Matte and Forsberg, 1992; Mai et al.,, 2000; Lee et al., 2003).
Similar to AFs, ARs (e.g., EC 3.2.1.99) with catalytic domains belonging to
the GH43 family also cleave internal a(1—5) glycosidic bonds in arabinan
(Hong et al., 2009; Lombard et al., 2014; Shi et al., 2014).

AgluAs (e.g., EC 3.2.1.131), of the GH67 and GH115 families of hydro-
lases, are reported to cleave o-1,2-glycosidic bonds of the 4-O-methyl-p-
glucuronic/p-glucuronic acid residues from the terminal nonreducing
xyloses of glucuronoxylooligosaccharide or polymeric glucuronoxylan
(Tenkanen and Siika-aho, 2000; Nurizzo et al., 2002; Ryabova et al., 2009;
Lee et al., 2012a; Lombard et al., 2014; Rogowski et al., 2014; CAZy, 2015).

MANS (e.g., EC 3.2.1.78) disrupt internal -1,4-linkages in backbone
structure of mannan polymers producing new chain ends while also
releasing short B-1,4-mannooligosaccharides (Mandels and Reese, 1965;
Stalbrand, 1993; Katrolia et al., 2013). MANSs are in GH5, GH26, and GH113
families (Lombard et al., 2014; CAZy, 2015). MNDs (e.g., EC 3.2.1.25) cleave
B-1,4-linked mannooligosaccharides and mannobiose from the break-
down products of the endomannases (e.g., MANSs) producing mannose by
acting on these products at the nonreducing terminal ends (Giibitz et al.,,
1996; Andreotti et al, 2005; Zhang et al., 2009). MNDs are GH1, 2, and 5
enzymes (Lombard et al., 2014; CAZy, 2015).

Galactosidases are glycoside hydrolases that catalyze the hydrolysis
of galactosides into monosaccharides. There are two types of galactosi-
dases. AGLs (e.g., EC 3.2.1.22), which belong to GH4, 27, 31, 36, 57, 97, and
110 families, release a-linked p-galactose residues from hemicellulose
(i-e, xylan or galactomannan) by acting at the nonreducing terminal ends
(Ademark et al.,, 2001; Lombard et al., 2014; CAZy, 2015). LACs (e.g.,, EC
3.2.1.23), belong to GH1, 2, 35, 42, and 59 families (Lombard et al., 2014;
CAZy, 2015). LACs hydrolyze the nonreducing ends of -p-galactose resi-
dues from hemicellulose (i.e., xylan, xyloglucan, or galactoglucomannan)
(Sims et al.,, 1997). The BGs (EC 3.2.1.21) are also exotype enzymes that
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remove the 1,4-B-pD-glucopyranose units from the nonreducing ends of
oligosaccharides from the breakdown of glucomannan and galactogluco-
mannan by MAN (Moreira and Filho, 2008).

EGs (e.g., EC 3.2.1.89) belong to GH53 family and hydrolyze 1,4-3-
linked galactose residues in arabinogalactans (Lombard et al, 2014;
CAZy, 2015). XGHs (e.g., EC 3.2.1.151) hydrolyze xyloglucans into oligoxy-
loglucans and belong to GH5, 9, 12, 16, and 44 families (Lombard et al.,
2014; CAZy, 2015). AXLs (e.g., EC 3.2.1.177) release p-xylose residues with
o-linkages from the nonreducing terminal of xyloglucooligosaccharide
(Ariza et al., 2011; Larsbrink et al,, 2011). They belong to GH31 family
(Lombard et al., 2014; CAZy, 2015). AFUs (EC 3.2.1.51), belonging to GH29
and 95 families, release L-fucose residues from xyloglucan branches
(Léonard et al., 2008; Lombard et al., 2014; CAZy, 2015). These represent
the major hydrolases.

In addition to hydrolases acting on glycosidic linkages in hemicellulose,
CEs catalyze O- or N-deacylation of substituted saccharides. Only CEs that
act on sugars serving as acids within hemicellulose structures, such as in
acetylated xylan, are considered here. CEs are grouped into several differ-
ent enzyme classes. AXEs belong to enzyme families CE1, 2,3, 4,5, 6,7, and
12 (Lombard et al., 2014; CAZy, 2015). AXEs (e.g., EC 3.1.1.72) hydrolyze acetyl
ester bonds at the C-2, C-3, and C-4 positions of xylose in both xylan and xylo-
oligomers (thus removing O-acetyl groups) (Biely, 2012). Ferulic acid esterases
(FAEs) belong to CE1 family. FAEs (e.g., EC 3.1.1.73) hydrolyze hydroxycin-
namoyl ester bonds liberating hydroxycinnamic acids such as monomeric
or dimeric ferulic acid (Lombard et al., 2014; CAZy, 2015). FAE action can
target either the O-2 or O-5 on o-L-arabinoses in xylan. Cinnamoyl substitu-
tion can occur via hydroxylation or methoxylation.

Both the nature of the cinnamoyl substitution and the type of hemicel-
lulose linkage formed (e.g., arabinose versus galactose ester bonding with
xylan or pectin) will determine the specificity of a given FAE (Benoit et al.,
2008). The p-coumaric acid-type esterases (PAEs) are classified within the
CE1 family (Lombard et al., 2014; CAZy, 2015).

PAEs hydrolyze ester linkages between arabinose side chain residues
of phenolic acids, including monomeric and dimeric p-coumaric acid (PA)
(Borneman et al., 1991). Glucuronoyl esterases (GEs) are found within the
CE15 family (Lombard et al., 2014; CAZy, 2015). GEs hydrolyze methyl
ester bonds between 4-O-methyl-pD-glucuronic acid residues of glucuro-
noxylans and aromatic alcohols, which are found in lignin (Spanikova
and Biely, 2006; Duranova et al., 2009). Another acetyl esterase that acts
on mannan (AME) is found within the CE16 family of enzymes (Lombard
et al,, 2014; CAZy, 2015). AMEs (e.g., EC 3.1.1.6) release acetyl groups from
mannan containing units, such as galactoglucomannan (Shallom and
Shoham, 2003).
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3.1.3 Ligninolytic enzymes

Many white-rot fungi are capable of acting on the lignin component of ligno-
cellulosic biomass. Such fungi break down lignin in plant cell walls, releas-
ing CO, and H,O and carbohydrates, which are used as a source of carbon
and energy (Fackler et al., 2006; Arora and Sharma, 2009). Ligninolysis by
brown-rot fungi is also reported; however, there are few reports on lignin
breakdown by soil bacteria (Crawford et al., 1983; Mercer et al,, 1996; Kirby,
2006; Bugg et al., 2011). In general, there appear to be two major families
of oxidative enzymes (oxidoreductases) involved in ligninolysis: peroxi-
dases and laccases. The peroxidases are further subdivided into lignin
peroxidases (LiPs), manganese-dependent peroxidases (MnPs), versatile
peroxidases (VPs), and dye-decolorizing peroxidases (DyPs). Lac enzymes
catalyze a single-electron oxidation of lignin. The transfer of one electron
in each step from aromatic lignin moieties (with low reduction potential) to
the high redox potential active sites in the enzyme generates highly reactive
nonspecific free radicals (e.g., reactive oxygen species). These nonspecific
free radicals facilitate lignin depolymerization via nonenzymatic reactions
(Harvey et al., 1985; Schoemaker et al., 1985; Hammel et al., 2002). Several
accessory enzymes, including oxidases, are also involved in the breakdown
of lignin by increasing the ligninolytic activity of principal enzymes.
Notably, many of the enzymes involved in lignin deconstruction in
woody biomass cannot penetrate the compact structure of woody tissues
(Srebotnik et al., 1988; Flournoy et al., 1993; Blanchette et al., 1997). However,
the enzymes can act on the surface of the cell wall to produce low molecular
mass agents (Evans et al., 1994), which can diffuse through the cell wall and
initiate wood decay. On active decay from within woody biomass, lignin-
degrading enzymes may gain access to substrate (Galkin et al., 1998).

3.1.3.1 Peroxidases

Extracellular heme peroxidases, which are part of the auxiliary activity fam-
ily 2, exhibit high potency in oxidative degradation of lignin and require
extracellular H,O, as an electron acceptor (Lombard et al, 2014; CAZy,
2015). On interaction with H,O,, these enzymes form highly reactive oxo-
ferryl species (e.g., Fe>*- or Fe**-oxo species), which serve as intermediates
in catalytic reactions. These oxoferryl species remove electrons from lignin,
causing oxidation or radicalization and subsequent ligninolytic action.

Note that with MnPs, an oxoferryl oxidizes Mn?* to Mn3*, which
drives lignin oxidation (Wong, 2009) (Figure 3.5). LiPs and MnPs were
discovered in Phanerochaete chrysosporium (ca. 1980) and exhibit high redox
potential (Tien and Kirk, 1983; Kuwahara et al.,, 1984; Millis et al., 1989).
Both LiPs and MnPs as well as VPs and DyPs (described later) are com-
monly found in cellulose degradation systems.



68 Bioethanol and Natural Resources

Resting state
[Fe¥*]

ROOH

o) C.

Compound | Compound |l

[Fe** =0P*] /\ [Fe**=0]

AH A

v

Figure 3.5 General catalytic cycle of heme-containing peroxidases: First, the
resting state (Fe!) is involved in two-electron oxidation with H,O, to form a
Compound I oxoferryl intermediate (Fe*t = OP*). Then, Compound I oxidizes
electron donor substrates (AH) by one-electron oxidation, yielding Compound II
(Fe*+ = O) and a substrate cation radical (A-). The last step implies another oxidation
of substrate by Compound II subtracting one electron and consequently, return-
ing the enzyme to the resting state (Veitch, 2004). (Adopted from Furukawa, T.
et al., Front. Biol., 9, 448-471, 2014.)

LiP (e.g, EC 1.11.1.14) was first discovered in P. chrysosporium. LiPs
catalyze the depolymerization of lignin through H,O,-dependent oxida-
tion (Tien and Kirk, 1983, 1984). There are typically several isoenzymes
of LiP encoded by different genes within a single fungus (Glumoff et al.,
1990; Johansson et al., 1993). LiPs are strong oxidants with redox poten-
tials that typically exceed 1 V; thus, LiPs are strong oxidizing agents
when compared to other peroxidases (Ward et al., 2003). Underlying this
potential is a porphyrin iron ring moiety that endows LiPs with a higher
electron deficiency than that found in classical peroxidases (Millis et al.,
1989). LiPs are considered to be a highly effective (and versatile) class of
lignin-degrading peroxidases. LiPs oxidize both phenolic and nonphenolic
compounds (Mester et al.,, 2001; Ward et al., 2001). LiP-catalyzed reactions
include (1) cleavage of C—C bonds; (2) cleavage of ether (C-O-C) bonds in
nonphenolic aromatic substrates; (3) hydroxylation of benzylic methylene
groups; (4) oxidation of benzyl alcohols to aldehydes or ketones; (5) phe-
nol oxidation; and (6) aromatic cleavage of nonphenolic lignin model
compounds (Tien and Kirk, 1984; Hammel et al., 1985; Leisola et al., 1985;
Renganathan et al., 1985, 1986; Umezawa et al., 1986). Because LiP is physi-
cally too large to enter a plant cell, LiP-mediated catalysis works within
exposed regions of the lumen.

Atthemolecular level, MnPs (e.g.,, EC 1.11.1.13) are similar to LiPs. MnPs
are extracellular heme enzymes that use manganese as a cofactor (Glenn
and Gold, 1985; Paszczyiiski et al., 1986). MnPs were also discovered in the
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white-rot fungus P. chrysosporium (Kuwahara et al., 1984). MnP functions
by oxidizing Mn?* to Mn3* in the presence of H,O, (Glenn et al., 1986). This
results in the formation of a Mn3* oxalate complex. (However, note that
the Mn?* ion must first be chelated by organic acid chelators to stabilize
the Mn®* product). This also produces diffusible oxidizing chelates (Glenn
and Gold, 1985; Glenn et al., 1986; Perez and Jeffries, 1992). Although Mn**
is a strong oxidant that can leave the active center and oxidize phenolic
compounds, unlike the LiPs, MnP-mediated catalysis cannot attack non-
phenolic units of lignin (Popp and Kirk, 1991). However, resulting phenoxy
radicals undergo a variety of reactions ultimately leading to lignin depo-
lymerization (Tuor et al., 1992). Through the peroxidation of unsaturated
lipids in the presence of Mn?, it has been reported that MnPs can oxidize
model nonphenolic lignin compounds (Jensen et al., 1996; Kapich et al.,
2005, 2010). Thus, it has been proposed that expression of both MnP and
laccase in white-rot fungi, which do not produce LiP, may enable MnPs to
cleave nonphenolic lignin substrates (Reddy et al., 2003).

VP (EC 1.11.1.16) from a white fungus, Pleurotus eryngii, was reported as
anovel peroxidase possessing both MnP and LiP activity. VP oxidizes both
phenolic and nonphenolic aromatic compounds, including veratryl alcohol
and p-dimethoxybenzene. VP oxidizes Mn*" similar to MnPs (Martinez
etal,, 1996a, 1996b; Camarero et al., 1999; Ruiz-Duenas et al., 1999). Similar to
LiPs, VP has a high redox potential on nonphenolic compounds (Camarero
et al, 1999). VP is a heme-containing ligninolytic peroxidase with a hybrid
molecular structure consisting of different active sites that mediate oxida-
tion (Pérez-Boada et al., 2005; Ruiz-Duenas et al., 2009).

If Mn?* is available for the reaction, VP can oxidize hydroquinone
without exogenous H,O,. As ligninolytic enzymes cannot typically pen-
etrate unmodified or untreated wood cell walls, chemical oxidation of
hydroquinones promoted by Mn?" may be important for the initial steps
of wood biodegradation (Gomez-Toribio et al., 2001).

DyPs (e.g., EC 1.11.1.19) were first described from studies of fungi (Kim
and Shoda, 1999). Similar to MnPs and VP, DyPs are heme-containing
peroxidases; however, there is a little similarity in primary sequence and
structure between DyP and other plant, bacterial, and fungal peroxidases.
Furthermore, DyPs appear to perform better than other peroxidases in
lower pH environments (Sugano et al., 1999, 2007; Sugano, 2009). DyPs
have broad substrate specificity.

Not only are DyPs able to oxidize all of the typical peroxidase sub-
strates, they can also oxidize high-redox potential dyes (i.e., anthraqui-
nones), which other peroxidases do not (Kim et al., 1995; Kim and Shoda,
1999; Sugano et al., 2000; Liers et al., 2010; Santos et al., 2014). It is clear
that DyPs exhibit ligninolytic activity in vitro; however, their role in
natural systems is less clear. Some evidence suggests a role for DyPs in
lignin degradation in the environment (Sugano, 2009; Adav et al., 2010;



70 Bioethanol and Natural Resources

Ahmad et al., 2011; Salvachuda et al., 2013). However, more details are
required to determine the extent to which this may be the case.

3.1.3.2  Laccases

Laccases (Lacs; e.g., EC 1.10.3.2) are glycosylated multi-copper phenoloxi-
dases found in plants, fungi, and bacteria (Dwivedi et al.,, 2011). They
are classified in the auxiliary activity family 1 (Lombard et al., 2014;
CAZy, 2015). Lacs are found ubiquitously across wood-degrading fungi
(Baldrian, 2006). Lacs do not require manganese ions or hydrogen perox-
ide for catalysis. They catalyze a single-electron oxidation of substrates
via a concomitant four electron reduction of O, to H,O (Solomon et al.,
1996, 2001; Messerschmidt, 1997). Laccases can directly oxidize pheno-
lic components in lignin. Direct oxidation of phenolic lignin generates
phenoxy-free-radicals, which ultimately lead to polymer cleavage (Kawai
et al.,, 1988). Lacs do not act on substrates with low redox potentials since
they have low redox potentials (<0.8 V) (Reinhammar, 1972; Schneider
et al,, 1999; Johnson et al., 2003; Uzan et al., 2010). For example, nonpheno-
lics, which have a redox potential above 1.3 V (Zweig et al., 1964), are not
directly oxidized by Lacs. Lacs require the assistance of suitable media-
tors to break down nonphenolic components. On oxidation by Lacs, these
low molecular weight compounds are converted to radicals and act as
redox mediators that, in turn, oxidize other compounds that are not
directly Lac substrates (Bourbonnais and Paice, 1990; Barreca et al., 2003;
Cho et al,, 2008). Thus, if Lacs are used directly as a biomass pretreatment
(i.e, for bioethanol production), the addition of exogenous mediators,
such as 2,29-azinobis(3-ethylbenzthiazoline-6-sulfonate) (Bourbonnais
and Paice, 1990), may not be necessary, because natural mediators will be
generated. For example, Lac activity on phenolic lignin units will result
in the release of phenoxy radicals.

These radicals will then serve as natural mediators and oxidize more
recalcitrant nonphenolic lignin moieties (d’Acunzo et al., 2006; Nousiainen
et al., 2009). It has also been reported that Lacs exhibit demethylating
activity on lignin subunits (Trojanowski et al., 1966; Harkin and Obst, 1974;
Ishihara and Miyaxaki, 1976; Leonowicz et al, 1979; Ander et al., 1983;
Malarczyk et al.,, 2009) and lignin preparations (Ishihara and Miyaxaki,
1974; Ander and Eriksson, 1985; Crestini and Argyropoulos, 1998; Ibrahim
et al,, 2011). During demethylation, lacs act on aryl-O-alkyl C-O bonds.

3.1.3.3 Accessory enzymes and mediators
There are some accessory enzymes and nonenzymatic components known
as mediators that increase the ligninolytic activity of primary enzymes.
Some of these mediators are involved in the production of hydrogen perox-
ide, which is required by peroxidases. However, others catalyze the reduc-
tion of phenolic products derived from lignin degradation preventing
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repolymerization. Many of these enzymes are oxidases and reductases.
Glyoxal oxidase (GLOX) is a copper radical enzyme (i.e.,, EC 1.2.3.5) orig-
inally isolated from the white-rot fungus P. chrysosporium (Kersten and
Kirk, 1987; Kersten, 1990; Takano et al., 2010). Aryl alcohol oxidase (AAO),
which is also known as veratryl alcohol oxidase (VAO) (EC 1.1.3.7), was
found in P. eryngii (Guillén et al., 1990; Hernandez-Ortega et al., 2012).
Other accessory oxidases include pyranose 2-oxidase or glucose 2-oxidase
(EC 1.1.3.10) (Ruelius et al., 1968; Janssen and Ruelius, 1968a; Volc et al,,
1978; Daniel et al., 1994); glucose oxidase (or glucose 1-oxidase) (EC 1.1.3.4)
(Muller, 1928, 1936; Franke and Lorenz, 1937; Franke and Deffner, 1939;
Kelley and Reddy, 1986); and alcohol oxidase (AOX) or methanol oxidase
(EC 1.1.3.13) (Janssen et al., 1965; Janssen and Ruelius, 1968b; Suye, 1997). In
addition, fungi produce reductases such as aryl-alcohol dehydrogenases
(AAD) (EC 1.1.191) (Muheim et al., 1991; Gutierrez et al., 1994); quinone
reductases (QR) (EC 1.6.5.5) (Guillen et al., 1997; Bazzi, 2001); and CDH
also known as CBOR, CBO, or CBQOR (EC 1.1.99.18) (Westermark and
Eriksson, 1974a, 1974b; Temp and Eggert, 1999). Each of these mediators
enhances the activity of other lignocellulose deconstruction enzymes and
contributes to the synergistic effects of multienzyme systems on substrate
degradation. In both natural systems and industrial enzyme cocktails,
the use of accessory enzymes and mediators can significantly enhance
lignocellulose substrate breakdown.

3.1.4  Pectinolytic enzymes (Pectinases)

Another class of enzymes is the pectinases. Pectinase catalyzes the cleav-
age of pectic compounds (e.g., pectin). Depending on the cleavage sites
utilized, pectinases are categorized into one of the three groups: esterases,
lyases, and hydrolases (Sharma et al., 2013a).

3.1.4.1 Main pectinases
The most studied pectinolytic enzymes are homogalacturonan-degrading
enzymes: polygalacturonases (PGs) or pectin depolymerase; polymeth-
ylgalacturonases (PMG); lyases or transeliminases; and pectinesterases
(PEs), which are also called pectin methylesterases (PMEs).

PGs catalyze the hydrolytic cleavage of a (1,4)-glycosidic linkages
in polygalacturonic acid chains to form p-galacturonate. They belong
to glycosyl hydrolase family 28 (Markovic and Janecek, 2001; Lombard
et al, 2014; CAZy, 2015). PGs are subdivided into endopolygalacturonases
(PGA) and exopolygalacturonases (XPG). PGA (e.g., EC 3.2.1.15) acts on
pectic acid (polygalacturonic acid) to produce several types of Gal A oli-
gosaccharides. PGA disrupts internal a-1,4-p-glycosidic linkages between
nonmethylated (or low methyl esterified) acid residues in pectic acid. PGA
primarily acts on glycosidic bonds adjacent to galacturonic acids with free
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Figure 3.6 Mode of action of pectinases: (a) R=H for PG and CHj; for PMG, (b) PE,
and (c) R=H for PGL and CH; for PL. The place where the pectinolytic enzymes
react with pectin are shown by the arrows. (Adopted from Pedrolli, D.B. et al.,
Open Biotechnol. J., 3, 9-18, 2009.)

carboxyl groups (Yuan and Boa, 1979; Mohamed et al., 2006). XPG (e.g., EC
3.2.1.67) catalyzes the hydrolysis of o-1,4-glycosidic linkages of the non-
reducing end HG chains releasing monogalacturonate. XPG requires a
nonesterified GalpA unit at selected subsites (-2, —1, and +1) for optimal
activity (Kester et al., 1999b). XPG is tolerant of xylose substitution and
will act to remove Gal A—Xyl dimers. Therefore, XGA is also a viable XPG
substrate (Beldman et al., 1996; Kester et al., 1999a) (Figure 3.6a).

PMG hydrolyzes o-14-glycosidic linkages of the pectin backbone
and works efficiently on highly esterified pectin, forming 6-methyl-p-
galacturonate bonds in the resulting product (Seegmiller and Jansen,
1952) (Figure 3.6a).

Lyase performs a transeliminative reaction on a-1,4 glycosidic bonds
of polygalacturonic acid polymers to form A-4,5 unsaturated C—C bonds at
the nonreducing ends of the cleaved pectin polysaccharides (Albersheim
et al, 1960; Moran et al.,, 1968). There are two types of lyases: pectate lyase
or pectate transeliminase (PGL) and pectin lyase or pectin transeliminase
(PL). PGL acts on pectin to cleave glycosidic bonds generating unsatu-
rated oligogalacturonates or digalacturonates. PGLs are Ca?* dependent
and act specifically on nonesterified pectin (pectate) (Starr and Moran,
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1962; Pickersgill et al.,, 1994; Mayans et al., 1997; Seyedarabi et al., 2010).
The enzyme is grouped into five of the polysaccharide lyase families: 1,
2, 3,9, and 10 (Lombard et al., 2014; CAZy, 2015). PGLs are divided into
two types: endo-PGL and exo-PGL. The endo-PGLs (e.g., EC4.2.2.2) act on
substrates at random internal sites within the chain. The exo-PGLs (e.g.,
EC 4.2.2.9) act on the reducing end to catalyze substrate cleavage. Unlike
PGLs, PLs (e.g., EC 4.2.2.10) are not Ca?* dependent. PLs catalyze the ran-
dom cleavage of highly esterified pectin and produce unsaturated methy-
loligogalacturonates (Figure 3.6¢) (Albersheim et al., 1960; Edstrom and
Phaff, 1963; Delgado et al., 1992; Vitali et al., 1998). PLs belong to polysac-
charide lyase family 1 (Lombard et al., 2014; CAZy, 2015).

PE or PME (EC 3.1.1.11) catalyzes the deesterification of methyl ester
linkages. Specifically, pectin (methyl) esterases catalyze the hydrolysis of
ester bonds to pectate and methanol, thus removing the methoxyl group
at O-6. There is preference for methyl ester groups in galacturonate units
adjacent to nonesterified galacturonate units (Solms and Deuel, 1955;
Fries et al,, 2007). In natural systems, this enzyme is active prior to PG and
PGL activity, the latter of which requires nonesterified substrates. After
PE/PME activity, PG and lyase will act on the resulting pectin. PE is a
part of carbohydrate esterase family 8 (Lombard et al., 2014; CAZy, 2015)
(Figure 3.6b).

3.1.4.2  Other pectinases

Several other types of pectinases are not well studied. These include pec-
tin acetyl esterases (PAEs); rhamnogalacturonase (RGase) also known as
rhamnogalacturonan hydrolases (RGHs); rhamnogalacturonan rhamnohy-
drolases (RGRHs); rhamnogalacturonan galacturonohydrolases (RGGHs);
rhamnogalacturonan endolyases (RGLs); rhamnogalacturonan acetyles-
terases (RGAs); xylogalacturonan hydrolases (XGHs); and other accessory
enzymes (Figure 3.7). These enzymes are either backbone-degrading
enzymes or debranching enzymes. PAE hydrolyzes the acetyl ester group
of homogalacturonan (HG) and rhamnogalacturonan (RGI) forming pectic
acid and acetate (Williamson et al., 1990; Williamson, 1991; Shevchik and
Hugouvieux-Cotte-Pattat, 1997; Bolvig et al., 2003; Bonnin et al.,, 2008). It
belongs to carbohydrate esterase families 12 and 13 (Lombard et al., 2014;
CAZy, 2015). RGase/RGH (EC 3.2.1.171) is an endoacting enzyme capable
of randomly hydrolyzing the o-p-1,4-GalpA-o-L-1,2-Rhap linkage in the RGI
backbone, thereby producing oligogalacturonates. RGase/RGH is not effi-
cient on the substrate that includes acetyl esterification of the RGI backbone
(Schols et al.,, 1990; Kofod et al., 1994). RGase/RGH is grouped into glycosyl
hydrolase family 28 (Lombard et al.,, 2014; CAZy, 2015). RGRH (EC 3.2.1.174)
is an exoacting pectinase that catalyzes the hydrolytic cleavage of the rham-
nogalacturonan chain of RGI at the nonreducing ends yielding rhamnose
(Mutter et al., 1994).
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Figure 3.7 (a,b) schematic representation of HG and lateral chains of RG-II, and
mode of action of pectinolytic enzymes involved in their degradation. AE,
acetylesterases; Apif, beta-d-apiofuranosyl; Araf, alpha-l-arabinofuranosyl; PLY,
pectate lyase; RGH/RHG, endorhamnogalacturonan hydrolases; RRH, rhamno-
galacturonan rhamnohydrolase; RGL, rhamnogalacturonan lyase; PEL, pectin
lyase. (Adopted and modified from Lara-Marquez, A., Zavala-Paramo, M.G.,
Lopez-Romero, E., Camacho, H.C., Biotechnological potential of pectinolytic
complexes of fungi, Biotechnol. Lett., 33, 859-868, 2001).

RGRH belongs to glycosyl hydrolase family 28 (Lombard et al., 2014;
CAZy, 2015). RGGH (EC 3.2.1.173) is also an exoacting pectinase that cata-
lyzes the hydrolytic cleavage of the rhamnogalacturonan chain of RGI at the
nonreducing end; however, it produces monogalacturonate, a GalA moiety
(Mutter et al., 1998a). RGGH belongs to family 28 of the glycosyl hydrolase
family (Lombard et al., 2014; CAZy, 2015). RGL (EC 4.2.2.23) catalyzes the
random transelimination (3-elimination) of the RGI o.-1-1,2-Rhap-0-p-1,4-
GalpA backbone, yielding unsaturated galacturonate at the nonreducing
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end and rhamnose at the reducing end (Kofod et al.,, 1994; Mutter et al,
1996). RGL activity may be hindered by the presence of the acetyl groups
in the RGI backbone (Kofod et al., 1994; Mutter et al., 1998b). RGLs are in the
polysaccharide lyase families 4 and 11 (Lombard et al., 2014; CAZy, 2015).

RGA (EC 3.1.1.86) catalyzes the hydrolytic cleavage of acetyl groups
from rhamnogalacturonan in RGI (Searle-van Leeuwen et al., 1992). RGA
belongs to carbohydrate esterase family 12 (Lombard et al., 2014; CAZy,
2015). XGH hydrolyzes the 0.-1,4-p linkages of xylose-substituted galacturo-
nan moieties in XGA, thereby producing xylose galacturonate dimers (van
der Vlugt-Bergmans et al., 2000; Zandleven et al., 2005). XGAs belong to
glycosyl hydrolase family 28 (Lombard et al., 2014; CAZy, 2015). Accessory
enzymes acting on the lateral chains of RG-I and RG-II include the fol-
lowing: endogalactanases (e.g., EC 3.2.1.89); exogalactanases, AGLs (e.g., EC
3.2.1.22); LACs (e.g., EC 3.2.1.23); AFs (e.g., EC 3.2.1.55); AR (EC 3.2.1.99); exo-
arabinases; and FAE (EC 3.1.1.73) (de Vries and Visser, 2001).

3.2 Natural cellulosomes

As bacteria and fungi are unable to engulf large particles, these organ-
isms must secrete enzymes (e.g., cellulases) that degrade lignocellulose
found in plant cell walls. The approach to plant cell wall deconstruc-
tion can be quite different in aerobic versus anaerobic microorganisms.
In anaerobes, expressed and secreted cellulases and hemicellulases are
incorporated into large multienzyme complexes called cellulosomes. The
size of such complexes often exceeds 2 MDa (Bégum and Lemaire, 1996;
Bayer et al., 1998, 2004; Shoham et al., 1999; Gilbert, 2007; Smith and Bayer,
2013). In aerobic microorganisms, expressed cellulases and hemicellu-
lases are secreted in high concentrations as free enzymes. Many contain
carbohydrate-binding modules or CBMs (Wilson, 2008).

Cellulosomes are supramolecular assemblies typically bound to the
exterior surface of the microorganism (Smith and Bayer, 2013). Cellulosomes
may be charged with an array of cellulose-degrading enzymes, which
act synergistically to deconstruct lignocellulosic materials. These syner-
gistic interactions of cellulosome enzyme complements act to efficiently
degrade even recalcitrant crystalline lignocellulosic substrates (Fierobe
et al., 2002, 2005). One of the most well-studied cellulosomes is that from
the anaerobic thermophilic bacterium Clostridium thermocellum. The cel-
lulosome of C. thermocellum was first described in the year 1980s (Bayer
et al.,, 1983; Lamed et al., 1983a, 1983b). It contains not only cellulases but
also a large array of hemicellulases (Morag et al., 1990; Kosugi et al., 2002)
and pectinases (Tamaru and Doi, 2001). These cellulosomes may also
include polysaccharide lyases, CEs, and glycoside hydrolases. In some
anaerobic bacteria, both cellulosomes and free cellulases are expressed;
however, the function of the free enzymes in cellulose degradation is
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still unknown (Gilad et al., 2003; Berger et al., 2007). Anaerobic fungi also
construct cellulosomes. Fungal cellulosomes have been reported for spe-
cies of the genera: Neocallimastix, Piromyces, and Orpinomyces (Wilson and
Wood, 1992; Ali et al,, 1995; Fanutti et al., 1995; Li et al,, 1997; Fillingham
et al,, 1999; Steenbakkers et al., 2001, 2003; Nagy et al., 2007, Haitjema et al.,
2013; Wang et al., 2014b).

3.2.1 Cellulosome structure

The cellulosome is an extracellular protein complex on bacterial and fungal
cell surfaces that adhere to plant materials and deconstruct plant cell wall
lignocellulose (Lamed et al., 1983b). Cellulosomes are composed of several
subunits, each of which exhibits modular architecture. Some components of
the cellulosome are structural, whereas others are catalytic. The core struc-
tural component is known as scaffoldin, which is the framework to which all
other subunits attach (Tokatlidis et al., 1991). The catalytic components (e.g.,
enzymes) of the cellulosome contain noncatalytic dockerin domains (Hall
et al., 1988). These dockerin modules bind to cohesins, which are the part of
scaffoldins (Tokatlidis et al., 1991; Schaeffer et al., 2002; Carvalho et al., 2003).
The cellulosome may consist of more than one dockerin type and more
than one cohesin type. Dockerin—cohesin interactions may be used to link
enzymes to a scaffoldin complex or may be used to anchor the scaffoldin
complex to the cell wall. In either case, the high-affinity protein—protein
interaction between dockerin and cohesin is fundamental to the assembly
of a functional cellulosome endowed with a diverse array of enzymes inte-
grated into the complex (Carvalho et al., 2003). Cellulosomes will also often
feature a noncatalytic module called CBM within the scaffoldin framework.
CBM anchors the entire complex onto the plant cell wall (Figure 3.8).
Scaffoldins are large noncatalytic modular cohesin-containing
biomolecular complexes that are critical for the assembly of a func-
tional cellulosome and substrate binding via the CBM (Tokatlidis
et al,, 1991; Salamitou et al., 1992). Scaffoldins have been identified in
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Figure 3.8 Basic schematic representation of the C. thermocellum cellulosome.
(Adopted from Stahl, SW. et al., Proc. Natl. Acad. Sci. USA, 109, 2043120436, 2012.)
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several cellulosome-producing bacteria, including Acetivibrio cellulolyticus,
Clostridium cellulolyticum, Clostridium cellulovorans, and Clostridium josui
(Shoseyov et al., 1992; Kakiuchi et al., 1998; Pages et al., 1999; Dassa et al.,
2012). Cellulosomal enzymes that contain dockerin domains will attach
to scaffoldin at cohesin. Dockerin contains highly conserved duplicated
segments of approximately 22 amino acids. Each conserved segment is
connected by 8-17 amino acids.

Dockerin is typically found as a single domain at the C-terminus of
cellulosomal enzymes (Grépinet and Béguin, 1986; Yagtie et al., 1990). The
reaction between dockerin and cohesin requires calcium in C. thermocellum
(Yaron et al,, 1995; Choi and Ljungdahl, 1996) and C. cellulolyticum (Pages
et al,, 1997). The first 12 residues of each duplicated segment resemble the
calcium-binding loop in the EF-hand motif (Pages et al., 1997).

Calcium is essential for dockerin stability. Ca** plays a role in dock-
erin folding (i.e,, structure) and function (Choi and Ljungdahl, 1996; Lytle
etal, 2000). As Ca?* is an essential factor in cohesin—dockerin interactions,
it is important in the general structural stability of the cellulosome (Lytle
et al,, 1999, 2000).

In the presence of divalent cations (e.g., Ca?!), cohesin—dockerin
interactions form high-affinity protein—protein interactions. It has been
reported that cohesin-dockerin (Type I) interactions have a dissociation
constant on the order of 10~ M (Fierobe et al., 1999) and that cohesin—
dockerin (Type II) interactions are on the order of 10-*M (Jindou, 2004). It
has been suggested that dockerin exhibits some flexibility in the way in
which it binds cohesin. Specifically, two different configurations are pro-
posed for cohesin—dockerin binding. This plasticity in binding motifs, in
turn, provides flexibility in cellulosome assembly resulting in a range of
states through which the incorporation of enzyme activities may occur in
the functional cellulosome. Furthermore, plasticity in dockerin—cohesin
recognition would also provide alternative modes of interaction between
enzymes within the complement and substrate (Carvalho et al., 2007).

Despite the aforementioned plasticity in cellulosome structure and
function, cohesins exhibit a surprisingly high degree of amino acid
sequence homology regardless of species across the approximately
150-residue cohesin tandem repeats, which are part of the scaffoldin com-
plex (Fujino et al., 1992; Shoseyov et al.,, 1992; Kakiuchi et al., 1998; Ding
et al,, 1999). Interestingly, although the similarity is further reflected in
the three-dimensional structure of cohesins across species, the cohesin—
dockerin interactions still appear to be species-specific (Pages et al., 1997).
Recognition in cohesin and dockerin interactivity appears to be primarily
mediated by hydrophobic interactions between a beta-sheet domain in
cohesin and one of the helices found in the dockerin structure (Spinelli
et al, 2000; Lytle et al, 2001; Miras et al,, 2002; Schaeffer et al., 2002;
Carvalho et al,, 2003, 2007). In some cellulosome systems, including that of
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Clostridia, the scaffoldin framework, consisting of multiple cohesin sites
for binding dockerin-containing enzymes, is itself attached to the cell sur-
face by a second type of cohesin molecule that serves as an anchoring pro-
tein (Leibovitz and Béguin, 1996). This anchoring of scaffoldin to the cell
surface is the primary mechanism by which the cellulosome associates
with the extracellular surface of the cell while binding substrate.

The binding of cellulosome-expressing cells to substrate is also accom-
plished through scaffoldin. Most of the catalytic components (i.e., enzymes)
of a cellulosome do not feature CBM domains. It is CBM on scaffoldin that
mediates attachment of the cell to polysaccharide substrates.

Although there are reports that CBMs function to disrupt substrate
crystalline structure (Knowles et al., 1987; Din et al., 1994; Wang et al,,
2008), it is generally accepted that the primary function of CBMs is to tar-
get and bring catalytic domains into proximity of substrate. By facilitat-
ing the exposure of the plant cell wall to cellulosomal enzymes, CBMs
increase the local concentration of enzymes on target polysaccharides,
which, in turn, enhances conversion efficiency and substrate breakdown
(Black et al., 1996; Bolam et al., 1998; Hervé et al., 2010).

CBMs are generally located at either the N-terminus or C-terminus of
the scaffoldin complex. CBMs may be formed by protein segments from
as few as 30 to more than 200 amino acids long (Juge et al., 2002; Abe et al.,
2004; Lunetta and Pappagianis, 2014; Peng et al., 2014).

Originally, CBM domains were called as cellulose-binding modules
(CBD) because the first proteins discovered were those that are primarily
targeted and bound to crystalline cellulose (Tilbeurgh et al., 1986; Gilkes
et al., 1988; Tomme et al,, 1988a). However, this term was later replaced
with the term cellulose-binding module (CBM) to reflect the diversity of
structures and ligand specificities exhibited (Boraston et al., 1999).

CBMs are grouped into 67 families within the CAZy database based
on amino acid sequence (Lombard et al, 2014; CAZy, 2015). However,
others have organized CBMs into three classifications based on bind-
ing specificity (Boraston et al., 2004). Type A CBMs interact with flat sur-
faces of insoluble polysaccharides, including crystalline cellulose. Type B
CBMs bind to internal regions of single polysaccharides (e.g., glycan
chains). Type C CBMs recognize small saccharides such as monosaccha-
rides, disaccharides, or trisaccharides. It appears that the orientation and
position of aromatic residues in the binding sites of CBMs are the primary
drivers of specificity (and affinity) for substrate (Simpson et al., 2000).
However, other factors including direct hydrogen bonding (Notenboom
etal., 2001; Xie et al., 2001; Pell et al., 2003) and calcium-mediated coordina-
tion (Bolam et al., 2004; Jamal-Talabani et al., 2004) have also been shown
to play an important role in CBM ligand recognition. In some cases, both
substrate specificity and mode of enzymatic action may be defined by
cooperative activity between CBMs and cellulosomes. For example, family
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3c CBM may influence the processivity of GH9 family endoprocessive cel-
lulase (Sakon et al., 1997; Irwin et al., 1998; Li et al., 2007b; Burstein et al.,
2009; Oliveira et al., 2009). As another example, manipulation of CBM 22
was shown to change the specificity in a GH10 xylanase such that it dis-
played primarily B-1,4-B-1,3-glucanase activity (Araki et al., 2004).

3.2.2  Biological functions of cellulosomes

It is generally accepted that, in nature, cellulosomes (such as those found
in anaerobic bacteria), are more efficient than free enzyme systems (found
in aerobic bacteria and fungi) in the deconstruction of plant structural
polysaccharides. This notion is supported by data, which demonstrate,
for example, that C. thermocellum requires much less protein to solubilize
an equivalent amount of crystalline cellulose substrate than it takes for
T. reesei (Johnson et al., 1982). Indeed, C. thermocellum consistently exhibits
one of the highest rates of hydrolytic activity on substrate (Lynd et al,
2002). Cellulosomes from C. thermocellum demonstrate a 50-fold advantage
in substrate reduction efficiency on crystalline cellulose over a Tricoderma-
free cellulolytic system (Demain et al., 2005).

This advantage may be based on the ability of the cellulosome to
maintain spatial proximity between catalytic components and substrate,
thereby maximizing enzyme-substrate interactions and potential for
synergistic activity of different cellulosomal enzymes on recalcitrant sub-
strates (Fierobe et al., 2002, 2005).

Recruitment of different lignocellulolytic enzymes to a cellulosome
either in the presence of different substrates or during the course of
deconstruction of a given lignocellulosic material appears to be a critical
determinant of hydrolytic efficiency. Both the composition of the enzyme
complement and the order or organization of cellulosome-bound enzymes
seem to prevent nonproductive binding of breakdown products. This
may also optimize the spacing and thus the action of enzymes within
the complement to facilitate cooperation rather than competition between
enzymes with overlapping specificities. Selected enzymes may feature
high-affinity binding and bind to a single site on the substrate, whereas
others may interact with multiple substrate-binding sites with differential
affinity across sites. For the former case, competition for a limited number
of binding sites on a given substrate would be minimized. In the case of
the latter, the ability of an enzyme to use different binding sites would
permit hydrolysis to continue within a lignocellulosic substrate with het-
erogeneous structural features. Not only the diversity but the number of
different enzyme types within the complement may also be important
because the concentration of the primary product may exceed the concen-
tration of the original substrate as decomposition/conversion proceeds.
In general, the cellulosome provides flexibility and organization to the
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overall operation of lignocellulose deconstruction, which, in turn, facili-
tates synergistic interaction between enzymes. Such synergy is in part
based on optimizing the ratio between different enzyme types within the
cellulosome and the spatial configuration of the enzyme complement.

3.2.3  Cellulosome of Clostridium thermocellum

C. thermocellum is a thermophilic, spore-forming anaerobic bacterium
capable of hydrolyzing a range of substrates found within the lignocellu-
losic biomass. The cellulosome of C. thermocellum was the first cellulosome
discovered in a microorganism and is one of the most well-studied cel-
lulosome (Bayer et al., 1983, 2008; Lamed et al., 1983a, 1983b; Gilbert, 2007;
Fontes and Gilbert, 2010; Kothari et al., 2011; Akinosho et al., 2014). The
cellulosome of C. thermocellum has been shown to be particularly effective
in degrading crystalline cellulose (Lynd et al., 2002). A single extracel-
lular cellulosomal enzyme complex can be greater than 2 MDa in size
(Coughlan et al., 1985). In some strains, however, multiple cellulosomes
aggregate to form much larger supercomplexes called polycellulosomes.
Polycellulosomes can feature a total molecular mass as large as 100 MDa
(Mayer et al., 1987). The complex composition of most cellulosomes will
vary with carbon source (Bhat et al, 1993). Although C. thermocellum
degrades cellulose, it also has the potential to degrade a number of other
polysaccharides (Spinnler et al., 1986; Zverlov et al., 2002a, 2005a).

Several cellulosome-producing microorganisms can express more
than one type of scaffoldin. The primary scaffoldin of C. thermocellum is
CipA (Lamed et al., 1983a; Gerngross et al., 1993; Kruus et al., 1995). CipA
consists of nine cohesins (Type I) that recognize Type I dockerin.

CipA also consists of CBMIIla, which binds crystalline cellulose and
exhibits a broad range of binding specificity for different sites on the cell
walls of plants (Tokatlidis et al.,, 1991; Gerngross et al., 1993; Tormo et al.,
1996; Blake et al., 2006; Yaniv et al., 2013). CipA also features a C-terminal
Type Il dockerin, which is linked by a hydrophilic X-domain and does not
recognize CipA cohesin (Type I), which binds to the dockerin domains of
cellulosomal enzymes. Instead, it recognizes Type II cohesin found at the
N-termini of cell-surface proteins. There is more than one of these cohe-
sin Type II anchoring proteins, including SdbA, Orf2P, and OlpB—which
anchor either cellulosomes or free enzymes to the cell (Lemaire et al., 1995;
Leibovitz and Béguin, 1996; Leibovitz et al., 1997, Adams et al., 2006; Xu
and Smith, 2010) (Figure 3.9).

As stated earlier, cohesin—dockerin interactions are typically species-
specific (Pages et al,, 1997); however, there are notable exceptions. For
example, Xynl1A dockerin found in C. thermocellum will bind several
cohesins in C. josui with high affinity (K; = 10-*M) (Jindou et al., 2004).
Cohesin I 'is connected to scaffoldin by an O-glycosylated linker segment
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Figure 3.9 The schematic representation of the cellulosome from Clostridium
thermocellum with the X-ray crystal structures of individual cellulosomal components.
(Adopted from Smith, S.P. and Bayer, E.A., Curr. Opin. Struct. Biol., 23, 686—694, 2013

of about 20 residues (Gerwig et al., 1989, 1991, 1992, 1993). The linker is
composed mostly of proline, serine, and threonine residues. Linkers
between cohesins appear to be intrinsically disordered and display a sig-
nificant degree of conformational flexibility (Hammel et al.,, 2004, 2005;
Bomble et al., 2011; Garcia-Alvarez et al., 2011; Currie et al., 2012, 2013).
The protein—protein interaction in the C. thermocellum cohesin—dockerin
(Type I) complex features a dedicated binding interface with an extensive
hydrogen-bonding network and a concomitant set of hydrophobic interac-
tions. These interactions primarily involve only one of the two main heli-
ces present in the symmetric dockerin structure and a face of the cohesin
module formed by strands 8§, 3, 6, and 5 (Carvalho et al., 2003).

Structural and mutagenesis data reveal that dockerin (Type I)
contains two, almost identical, cohesin binding interfaces. Residues
participating in cohesin recognition at these two interfaces (ie, a
serine—threonine pair at position 11-12 and a lysine-arginine pair at posi-
tion 18-19) are highly conserved across the majority of C. thermocellum
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dockerins. Conserved sequences in the primary structure at these posi-
tions suggest that the two interfaces have similar specificities (Carvalho
et al,, 2003; Karpol et al,, 2008; Garcia-Alvarez et al., 2011). Conversely,
plasticity in cohesin-dockerin interactions may reduce steric constraints;
so, enzymes may assume different conformations required for substrate
degradation (Carvalho et al., 2007). Plasticity may also facilitate dockerin
exchanges via recognition of unbound cohesin allowing for a continuous
reorganization of the cellulosome.

This provides the cellulosome with a level of structural flexibility that
is required to enhance substrate targeting and binding while supporting
synergistic cooperation between enzymes within the system (Carvalho
et al,, 2003, 2007). The lack of interaction between Type I and Type II
components of cohesin—dockerin systems supports efficient cellulosome
assembly by providing a distinct mechanism for enzyme binding to the
structure and for attachment of scaffoldin to the cell surface (Leibovitz
and Béguin, 1996).

In terms of binding to lignocellulose substrates, CipA is endowed with
CBM3a (CBM family 3). The crystal structure of the C. thermocellum CBM3
features a nine-strand B-sandwich fold and one B-sheet presenting a pla-
nar topology, which interacts with crystalline cellulose. Within scaffoldin,
CBM3 presents as an internal domain consisting of approximately 155
amino acids (Tormo et al., 1996; Yaniv et al., 2013). In comparison to other
Type A CBMs, CBM3 series modules bind with high affinity to cellulose
(Blake et al., 2006). The attachment of the CBM to cellulose depends on
the structural arrangement of the lignocellulosic substrate under attack.
CBMS3 from C. thermocellum has a higher binding affinity (~20-fold higher)
for amorphous cellulose than for crystalline cellulose (Morag et al., 1995).

The X module is involved in dockerin stability and cohesin recogni-
tion (Adams et al., 2006). The CipA dockerin Type II will only interact with
Type II cohesin. A single Type II cohesin may be featured on a cell wall-
binding protein, or multiple Type II cohesins may be displayed. Common
anchoring proteins SdbA, Orf2P, and OlpB feature 1, 2, and 4 Type II cohes-
ins, respectively (Leibovitz et al., 1997; Adam:s et al., 2006). Two other CipA
anchoring proteins, specifically Cthe_0735 and Cthe_0736—featuring
Type II cohesins, have also been described. As many as seven Type II cohe-
sin modules are featured on these anchors, which increase the potential of
high-order polycellulosome structures (Raman et al., 2009, 2011).

Although Type II cohesins appear to exclusively function in anchor-
ing cellulosome components to the cell wall, Type I cohesins can be found
both within the scaffoldin structure and on the cell surface. In the former
case, Type I cohesins serve to bind Type I dockerin domains to associate
cellulosomal enzymes to the larger structure. In the latter case, Type I
cohesins can act to anchor Type I dockerin-containing enzymes directly
to the cell surface.
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Figure 3.10 Simplified representation of C. thermocellum cellulosome with cell-
anchored proteins, OlpA, OlpC, and SdbA. The symbol “?” in this figure implies
the following: There are three proteins that do not have an assigned function.
The dockerin can be located on either the N- or C-terminus of those proteins.
(Adopted from Pinheiro, B.A. et al., Biochem. ., 424, 375-384, 2009.)

Two Type I cohesin—containing cell surface anchor proteins (i.e.,, OlpA
and OlpC) have also been identified, which bind individual cellulosome
components, such as dockerin Type I enzymes (Salamitou et al., 1994;
Pinheiro et al,, 2009) (Figure 3.10). Although SdbA, OlpB, and Orf2 anchor
proteins in C. thermocellum are bound to the peptidoglycan layer of the
cell envelope, Type I cohesin-containing OlpA and OlpC bind cell wall
polymers in the S-layer of the cell envelope (Lemaire et al., 1995; Zhao
et al., 2006a, 2006b; Pinheiro et al., 2009). The evolutionary and physiologi-
cal implications of these different binding mechanisms are unclear.

With regard to the catalytic core of the cellulosome in C. thermocellum,
several cellulosomal enzymes have been revealed. Notably, the complex
contains numerous EGs (Shinmyo et al., 1979; Ait et al., 1979b; Garcia-
Martinez et al.,, 1980; Ng and Zeikus, 1981; Petre et al., 1981, 1986;
Beguin et al., 1983, 1985; Cornet et al., 1983; Schwarz et al., 1986, 1988; Joliff
et al.,, 1986a, 1986b; Soutschek-Bauer and Staudenbauer, 1987; Mel nik
et al., 1989; Hazlewood et al., 1990; Fauth et al., 1991; Jung et al., 1992;
Romaniec et al., 1992; Kobayashi et al., 1993; Mosolova et al., 1993; Singh
and Akimenko, 1994; Bhat et al., 2001; Zverlov et al., 2003, 2005b).
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Other enzymes include the EXs or CBHs. This includes CbhA (for-
merly Cbh3; component S3) (Tuka et al., 1990; Mel'nik et al.,, 1991; Singh
and Akimenko, 1993; Zverlov et al., 1998); CelS (58) (Wang et al., 1993; Wang
and Wu, 1993); CelK (S5) (Kataeva et al., 1999); and CelO (Zverlov et al.,
2002b). The C. thermocellum cellulosome employs a cellobiose phosphory-
lase (Sih and McBee, 1955; Alexander, 1968), a cellodextrin phosphorylase
(Sheth and Alexander, 1967, 1969), and two B-glucosidases (bglA and bglB)
(Aitetal., 1979a; Grabnitz et al., 1989, 1991). At least six xylanases are found
in this system: XynA, XynB, XynC, XynY, XynZ, and XynD (Grépinet et al.,
1988; Morag et al., 1990; Fontes et al., 1995; Hayashi et al., 1997, 1999; Zverlov
et al., 2005a). XynY and XynZ are equipped with xylan esterase modules
that can remove feruloyl residues from native xylan (Blum et al., 2000).
Also present are at least one xyloglucanase (XghA) (Zverlov et al., 2005a),
two lichenases (1,3-1,4-B-glucanases) (Schwarz et al,, 1985, Schimming
et al,, 1991), and two laminarinases (1,3-B-glucanases) (Tuka et al., 1990).
Evidence also suggests secondary activity of -xylosidase, B-galactosidase,
and B-mannosidase (Kohring et al., 1990). It is important to note that
C. thermocellum has been shown to break down pectin and thus it likely
produces at least one pectin lyase, polygalacturonate hydrolase, pectin
methylesterase (Spinnler et al., 1986), chitinase (Chil8A) (Zverlov et al,
2002a), and mannanase (Halstead et al., 1999).

The suite of lignocellulose-degrading enzymes found in C. thermocellum
illustrates the complex structure and operational flexibility of the cellulo-
some. The complexity of the catalytic core as well as the multiple options
for anchoring to cell wall and substrate binding provide insights into evo-
lutionary pathways through which living systems have sought to convert
stored energy bound in raw materials within the environment into usable
energy molecules (i.e., simple sugars) for intracellular biochemical reac-
tions that support life.

3.2.4  Lignocellulolytic system of Trichoderma reesei

Another evolutionary strategy for accessing energy molecules from more
complex carbohydrate precursors does not require the complexity of a
large and dynamic cellulosomal structure. Indeed, most aerobic microor-
ganisms, including both fungi (e.g., Trichoderma reesei) and bacteria (e.g.,
Thermobifida fusca), produce single enzyme components at high concentra-
tions to deconstruct ligocellulosic materials. Although there is no cellulo-
some present, many of these enzyme systems do have substrate-binding
domains (Wilson, 2008). Substrate-binding domains may be modular
and may act synergistically with other enzymes to degrade polysaccha-
rides. Primary and synergistic activities of such enzymes have been most
extensively studied in the fungi of the genus Trichoderma (Gosh and Gosh,
1992). In particular, the species Trichoderma reesei (anamorph of Hypocrea
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jecorina) has served as a model for such systems. As a filamentous meso-
philic soft-rot ascomycete fungus, T. reesei is widely used in industry as
a source for harvesting cellulases and hemicellulases for plant cell wall
polysaccharide hydrolysis (Kuhls et al., 1996; Merino and Cherry, 2007a).
T. reesei is known for its exceptional ability to secrete enzymes and for its
ability to grow on a range of substrates (Schaffner and Toledo, 1991). The
capacity to produce large quantities of protein and to rapidly switch genes
on and off with changing environmental conditions makes T. reesei a key
player in industrial enzyme production. Certain strains of T. reesei can
produce >100 grams of extracellular protein per liter of culture (Schuster
and Schmoll, 2010). Because of the production efficiency of the industrial
strains, T. reesei serves as a primary source for cellulase and hemicellu-
lase for pulp and paper industries (Buchert et al., 1998), textile industries
(Galante et al.,, 1998), food and feed industries (Hjortkjaer et al., 1986;
Roldan et al., 2009), and biofuel production (Kataria and Ghosh, 2011).

Enzyme production in T. reesei can be readily controlled and manipu-
lated. By altering growth medium (e.g., carbon source) and culture con-
ditions (e.g., pH, temperature), enzyme production can be regulated at
the transcriptional level both in terms of the types of lignocellulolytic
enzymes expressed and the relative quantities of enzymes produced
within the bulk culture (Allen and Roche, 1989; Foreman et al., 2003;
Juhasz et al., 2005; Stricker et al., 2008; Sipos et al.,, 2010; Maurya et al.,
2012; Coffman et al., 2014). For example, the preferential production of xyl-
anases can be induced by increasing lactose concentrations in the culture
medium, whereas increased yields of B-xylosidase result after augmenta-
tion of the cell medium with xylose (Kristufek et al., 1995; Xiong et al.,
2004). Although T. reesei has been the industrial standard, studies of its
genome have helped scientists identify hydrolytic enzymes in other spe-
cies (Martinez et al., 2008).

Bioprospecting has led to the characterization of other species of
fungi (and bacteria), which actually express a more diverse array of cel-
lulases, hemicellulases, pectinases, and other lignocellulolytic enzymes
than T. reesei (Martinez et al., 2008).

Indeed, compared to several other fungi (e.g., some white-rot fungi),
T. reesei has a very small repertoire of genes coding for cellulases, hemicel-
lulases, and pectinases (Martinez et al., 2008). As a result, representatives
of several of the enzyme families involved in polysaccharide degradation
are not found in T. reesei, regardless of environmental manipulation of the
culture.

Similar to enzyme expression in T. reesei, lignocellulolytic enzyme
production in other species also depends on the carbon sources and other
environmental/culture conditions (Jun et al., 2013). Scientists involved in
protein engineering have used these properties of fungal (and bacterial)
enzyme expression to facilitate the emergence of modified enzymes with
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improved properties, such as alkali tolerance, acid tolerance, increased
thermostability, and greater catalytic activity (Wang et al., 2005; Nakazawa
et al., 2009).

Carbohydrate active enzymes (CAZymes) are enzymes that degrade,
modify, or generate glycosidic bonds. These include glycoside hydrolase,
which hydrolyzes or rearranges glycosidic bonds; glycosyltransferase
(GT), which forms glycosidic bonds; polysaccharide lyase (PL), which
nonhydrolytically cleaves glycosidic bonds; and carbohydrate ester-
ase (CE), which hydrolyzes carbohydrate ester bonds. Clusters of genes
encoding CAZymes may be found in the genome of T. reesei. In general,
CAZymes involved in polysaccharide degradation are not distributed
randomly in the genome; instead, they are located in clusters. This type
of genomic organization seems to be characteristic of many species of
Sordariomycetes; interestingly, the number of genes encoding CAZymes
in T. reesei is below average when compared to the number of CAZyme
genes found in other species of the Sordariomycetes (Martinez et al., 2008).
For example, the number of T. reesei genes encoding glycoside hydrolase
is 201, anywhere from 2% to 15% than the number of GH genes found in
other species of Sordariomycetes (Martinez et al.,, 2008; Hakkinen et al.,
2012). Furthermore, the T. reesei genome has the smallest number of
CBM-containing proteins (i.e., 36) within the Sordariomycetes (Martinez
et al., 2008). T. reesei also contains 22 CEs and 5 PL genes (Hakkinen et al.,
2012) as well as 99 GTs (Martinez et al.,, 2008; Hakkinen et al., 2012)—
closer to the average for others within the genus. T. reesei lacks several
protein families that are critical for cellulose degradation in other species.
These enzymes include pectate lyase, pectin esterase, tannase, and feru-
loyl esterase families. Among the plant-degrading fungi, T. reesei has the
fewest number of genes for pectinolytic enzymes (e.g., family GH28), and
invertase is absent (i.e., family GH32) (Martinez et al., 2008).

Despite limitations of the T. reesei genome when compared to other
cell wall-degrading fungi, the fungus features a robust cellulolytic sys-
tem, with genes for several enzyme classes including CBHI/CEL6A and
CBHII/CEL7A (Shoemaker et al., 1983; Teeri et al,, 1983, 1987); EGs (e.g.,
EGI/CEL7B, EGII/CEL5A, EGIII/CEL12A, EGIV/CEL61A, and EGV/
CEL45A) (Penttila et al., 1986; Saloheimo et al., 1988, 1994, 1997; Okada
et al.,, 1998); putative EGs (i.e.,, CEL5B, CEL61B, CEL74A, gene 53731, gene
77284) (Foreman et al, 2003; Martinez et al, 2008; The Regents of the
University of California, 2015); eleven B-glucosidases, two of which are
well characterized (i.e., BGLI/CEL3A, BGLII/CEL1A) (Barnett et al., 1991;
Fowler and Brown, 1992; Takashima et al., 1999; Saloheimo et al., 2002); and
11 BGs, 2 of which are also well characterized (i.e., bgl2/Cella and bgll/
Cel3a) (Barnett et al., 1991, Takashima et al., 1999). There are nine can-
didate enzymes, which include CEL3B, CEL3D, CEL1B, CEL3C, CEL3E,
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bgl3i, T. reesei gene ID 66832, bgl3j, and bgl3 (Foreman et al., 2003; Ouyang
et al., 2006; Martinez et al., 2008).

The aforementioned CBHs (i.e., CBHI/CEL6A and CBHII/CEL7A)
have been shown to be processive. CEL6A cleaves cellobiose dimers from
the nonreducing end of the cellulose chain, whereas CEL7A also cleaves
off cellobiose dimers but from the reducing end (Barr et al., 1996). CEL5B,
a GH5 cellulase, features a glycophosphatidylinositol (GPI) anchor at the
C-terminus, which serves in enzyme attachment/association with the
plasma membrane and fungal cell wall. CEL74A, which was later charac-
terized as a putative XGH (Grishutin et al., 2004) is expressed. In addition,
enzymes of the glycoside hydrolase family GH61 have been shown to be
part of this system and enhance lignocellulose degradation by oxidative
mechanisms (Langston et al., 2011). Several novel candidate cellulolytic
enzymes have been identified from the genome of T. reesei (Foreman et al.,
2003), making it a robust model for studying cellolytic enzyme diversity.

Apart from the cellulases and other cellulose-attacking enzymes,
T. reesei harbors several genes that encode hemicellulases. This includes
six ENs, four of which have been characterized and belong to EN fami-
lies GH10 (XYNIII), GH11 (XYNI, XYNII), and GH30 (XYNIV) (Tenkanen
et al,, 1992; Torronen et al., 1992; Xu et al., 1998) as well as three candidate
ENs (i.e, XYNV or gene 112392, gene 41248, and gene 69276) (Metz et al.,
2011; The Regents of the University of California, 2015). There are also
one MAN (i.e, MANI) (Stdlbrand et al.,, 1995), one candidate AXL (gene
69944); one candidate -1,3-mannanase (gene 71554); six candidate MND
enzymes (genes: 5836, 69245, 59689, 57857, 62166, and 71554) (The Regents of
the University of California, 2015); one characterized AXE (i.e., AXEI); and
three putative AXEs (i.e.,, AXEII, gene 70021, and gene 54219) (Margolles-
Clark et al.,, 1996d; Foreman et al., 2003; Herpoel-Gimbert et al., 2008; The
Regents of the University of California, 2015).

Other hemicellulose-degrading enzymes in T. reesei include a candi-
date cutinase (gene 60489) (The Regents of the University of California,
2015); a XGH (CEL74A) (Grishutin et al., 2004); two AgluAs, one character-
ized from the family GH67 (GLRI) (Margolles-Clark et al., 1996a) and a
candidate AgluA of the GH115 enzyme family (i.e., gene 79606) (Hakkinen
etal, 2012); five AFs, including one characterized AF (i.e., ABFI) (Margolles-
Clark et al., 1996¢) and four candidate AFs (i.e,, ABFII, ABFIII, gene 3739,
and gene 68064) (Foreman et al., 2003; Herpoel-Gimbert et al., 2008; The
Regents of the University of California, 2015); nine AGLs, including three
characterized (ie, AGLI, II, and IIl) (Zeilinger et al., 1993; Margolles-
Clark et al., 1996b) and six candidate AGLs (i.e., gene 27219, gene 27259,
gene 59391, gene 75015, gene 55999, and gene 65986) (Metz et al., 2011; The
Regents of the University of California, 2015); and two LACs, including one
characterized enzyme (i.e, bgal) and one candidate enzyme (gene 76852)
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(Seiboth et al., 2005; The Regents of the University of California, 2015). In
addition, there are five BXs, including one characterized enzyme (i.e., BXLI)
(Margolles-Clark et al., 1996¢) and four candidate BX genes (i.e., xyl3b,
gene 73102, gene 3739, and gene 68064) (Ouyang et al., 2006; The Regents
of the University of California, 2015); two AXEs, one characterized (AESI)
(Li et al., 2008b) and one candidate (gene 103825) (Hakkinen et al., 2012);
a GE (i.e., CIPIl) (Foreman et al., 2003; Li et al., 2007a; Pokkuluri et al.,
2011); five candidate B-glucuronidases (i.e., gene 76852, gene 71394, gene
106575, and gene 73005) (The Regents of the University of California, 2015),
two o-glucuronidases, the characterized GLRI (Margolles-Clark et al.,
1996a) and one candidate gene (gene 79606) (Hakkinen et al., 2012); and
lastly five candidate AFUs (gene 69944, gene 72488, gene 5807, gene 111138,
and gene 58802) (The Regents of the University of California, 2015). Thus,
despite the lack of a formal cellulosome even the most conservative reper-
toire of genomes among plant cell wall-degrading fungi, features a diverse
array of lignocellulolytic enzymes. Expression of extracellularly associated
enzymes and secretion of free enzymes provide an example of an alter-
native evolutionary solution to converting complex polysaccharides into
smaller energy-rich sugars to drive cellular processes.

3.3 Summary: Natural enzymes

Cellulases are enzymes that mediate cellulolysis. Cellulases are clas-
sified into three groups (depending on the reaction catalyzed): carbo-
hydrases, oxidative cellulases, and phosphorylases. Carbohydrases are
the dominant and the best studied cellulases. Carbohydrases catalyze
the hydrolysis of B-1,4-glucosidic bonds of cellulose or cellooligosaccha-
rides and are grouped into endoglucanases (EG), exoglucanases (EXs),
and B-glucosidases (BGs). Oxidoreductive cellulases alone are not cel-
lulolytic, but in concert with other hydrolytic enzymes, they accelerate
the rate of cellulose degradation by contributing to the synergetic action
mainly by eliminating inhibitory products of the more hydrolytic cellu-
lases. Such enzymes use an oxidative mechanism (Eriksson et al., 1974;
Eriksson, 1981) and are found in smaller quantity than primary cellulases.
Phosphorylases, such as oxidoreductive cellulases, are not cellulolytic on
their own but contribute to accelerated rates of cellulose degradation by
cooperating synergistically with other cellulases. Phosphorylases also
remove inhibitory products. Phosphorylases depolymerize cellobiose and
cellodextrins formed during the reduction of cellulose to fermentable
sugars using phosphates. Hemicellulases are either glycoside hydrolases
or CEs, which hydrolyze or deacetylate hemicellulose, respectively.
The principal enzymes that involve in the breakdown of hemicellulose
are xylan-degrading enzymes; however, accessory enzymes also play
an important role. Principal enzymes that degrade hemicellulose are
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hydrolytic backbone-cleaving enzymes that catalyze the hydrolysis of
B-1,4 bonds of xylans. These enzymes are classified into three types:
endoxylanases (ENs), B-xylosidases (3Xs), and exoxylanases (EXYs).

In addition to the main xylan-degrading enzymes, several acces-
sory enzymes are in charge of degrading other less abundant types of
xylan backbones (xylan backbone-degrading enzymes) and various sub-
stituted xylans (xylan-debranching enzymes). These are the GHs and
CEs. Ligninolytic enzymes are oxidative enzymes (i.e., oxidoreductases)
that catalyze single-electron oxidation of lignin units, resulting in vari-
ous nonenzymatic reactions such as bond cleavage. This may be termed
as lignolysis. Ligninolytic enzymes are divided into two major families:
peroxidases and laccases. Additional accessory enzymes such as oxidases,
which enhance the lignolytic activity of the main enzymes are also preva-
lent. Pectinolytic enzymes or pectinases are an enzyme group that cata-
lyzes the cleavage of pectic substances such as pectin.

The main and most studied pectinases are the polygalacturonate
backbone-degrading enzymes. They are grouped into PGs, PMGs, lyases,
and PEs (a.k.a., PMEs). There are additional accessory pectinases, which
require further characterization. These include rhamnogalacturonan
and xylogalacturonan backbone-degrading enzymes and debranching
enzymes. They are grouped into PAEs, RGRHs, RGGHs, RGHs, RGLs,
RGAs, XGHs, and a host of other accessory enzymes.

Cellulosomes are supramolecular structures that are expressed
outwardly on surfaces of microorganisms (Smith and Bayer, 2013).
Cellulosomes bind lignocellulolytic subunits (i.e, enzymes) such that
synergistic interactions emerge to efficiently deconstruct lignocellulose
in plant cell walls (Fierobe et al., 2002, 2005). Naturally occurring cellu-
losomes are considered as one of the most effective molecular machines
for deconstructing plant cell wall biomass. Cellulosomes are composed
of both structural and catalytic subunits with a modular architecture.
The main structural component is called scaffoldin, which assembles
all other subunits and, in many cases, contains an additional substrate-
binding component—cellulosome-binding module (CBM) (Tokatlidis
et al,, 1991; Salamitou et al., 1992). Assembly of a functional cellulosome
is mediated by cohesin—dockerin interactions, which can bind dockerin-
containing enzymes to cohesin-presenting scaffoldin or can anchor
dockerin-containing scaffoldin to cohesin-containing cell wall proteins
that are expressed by cellulolytic microorganisms (Hall et al, 1988;
Tokatlidis et al., 1991; Schaeffer et al., 2002; Carvalho et al., 2003). Ca?* is
essential for cohesin—-dockerin interactions and thus is required for the
stability of the cellulosomes (Lytle et al., 1999, 2000). The high-affinity
protein—protein interactions between dockerin and cohesin allow scaf-
foldin to be charged with a complement of the enzymes of various classes
(Carvalho et al., 2003). Generally, cohesin—dockerin interactions appear
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to be species-specific (Pages et al., 1997). Beyond a suite of lignocellu-
lytic enzymes, cellulosomes will employ the CBMs to ensure that these
enzymes are in proximity with the substrate. This concentrates enzymes
and their catalytic activity onto a substrate to improve the rate of lig-
nocellulosic biomass deconstruction efficiency (Black et al., 1996; Bolam
et al,, 1998; Hervé et al., 2010).

The organized sequestration of plant cell wall-degrading enzymes
into a macromolecular assembly and the presence of CBM facilitate coop-
erative and synergistic interactions against substrate between enzymes
of different classes while ensuring productive adsorption to substrate.
The optimized spacing between the various components of the cellulo-
some maximizes active site binding across a limited number of binding
sites on the substrate and permits coordinated catalysis by enzymes with
different specificities. This ensures that as new components of the cellu-
lose ultrastructure (e.g., new terminal ends) are exposed by enzymes (e.g.,
endocellulases), another class of enzymes (e.g., exocellulases) is poised to
bind products of the previous reaction.

The best studied (and first characterized) cellulosome is that found in
Clostridium thermocellum, which is known for high-efficiency degradation
of crystalline cellulose (Bayer et al., 1983, 2008; Lamed et al., 1983a, 1983b;
Lynd et al,, 2002; Gilbert, 2007; Fontes and Gilbert, 2010; Kothari et al.,
2011). A notable feature in C. thermocellum is the aggregation of multiple
cellulosomes into larger supercomplexes, called polycellulosomes (Mayer
et al., 1987). Although there is a significant sequence similarity between
cohesins and dockerins across species, cohesin—dockerin interactions are
generally species-specific. Nevertheless, other cohesin—dockerin interac-
tions are not species-specific (Jindou et al., 2004). Furthermore, there is a
level of plasticity in Type I cohesin—dockerin interactions such that single
cohesin subunit (e.g., cohesin I of CipA) may bind a variety of different
dockerin I-containing enzymes in a given species. The balance between
cohesin—dockerin specificity and plasticity endows the cellulosome with
structural flexibility within the highly organized cellulosome (Carvalho
et al., 2003, 2007). The CBM of C. thermocellum is a family 3 Type A CBM,
which robustly binds a broader range of cellulosic substrates than other
type A CBMs (Blake et al., 2006). This CBM also exhibits a higher bind-
ing affinity for amorphous cellulose than for crystalline cellulose (Morag
et al,, 1995). The C. thermocellum cellulosome also features Type I and
Type II cohesin-anchoring proteins (Salamitou et al., 1994; Pinheiro et al.,
2009), both of which bind directly to the exterior bacterial cell surface.
C. thermocellum expresses a large array of cellulases as well as hemicellu-
lases (Morag et al., 1990; Kosugi et al., 2002), pectinases (Tamaru and Doi,
2001), lyases, CEs, and glycoside hydrolases.

Most aerobic microorganisms, including the bacterium Thermobifida
fusca and fungi such as Trichoderma reesei, (a filamentous fungi), do not
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organize their lignocellulolytic enzymes within a cellulosome. Instead,
these microorganisms produce lignocellulose-degrading enzymes in
high concentrations, which connect to binding modules at the cell sur-
face and act synergistically (Wilson, 2008). Filamentous fungi are a major
source for industrial enzymes because of their capacity to secrete high
quantities of protein and to grow on a wide range of substrates (Schaffner
and Toledo, 1991). Trichoderma reesei is an industry standard for its high
production of cellulases and hemicellulases (Cherry and Fidantsef, 2003;
Merino and Cherry, 2007b). Notwithstanding, T. reesei lacks several
high-activity cellulases, hemicellulases, and pectinases that are found in
other fungi and bacteria (Martinez et al.,, 2008). Genetic modification of
lab strains of T. reesei may allow expression of foreign enzymes (Seiboth
et al,, 2012).
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chapter four

Engineered enzymes and
enzyme systems

Natural systems for deconstructing lignocellulosic substrates are
highly efficient for the roles played by their host microorganisms in
vibrant ecosystems. However, natural lignocellulolytic enzymes have
limitations when used in industrial processes, and cellulosomes are
too complex to fully replicate in any meaningful way within a labora-
tory or industrial setting. The use of live cultures of fungi or bacteria
to degrade pulp has met with some success; however, there are other
enzyme-mediated processes that are more efficient when equipped
with abiotic enzyme systems. When compared to straight chemi-
cal catalysis, abiotic biocatalysis has enormous advantages. One of the
greatest advantages is the reduced need to handle and dispose hazard-
ous chemicals. Thus, it is not surprising that industrial catalysis has
become increasingly dependent on enzymes. Still, the majority of natu-
rally occurring enzymes are not optimized for industrial applications.
Some lack the useful thermal profile. Others are unstable with fluctua-
tions in pH and/or salinity. Still others require too many cofactors and
very specialized conditions for optimal activity. Multiple parameters
must be considered when selecting an enzyme for industrial applica-
tions. Indeed, few truly natural enzymes are used in industry today.
Most enzymes have been condition adapted by developing lab strains
of industrial enzyme-producing fungi and bacteria. Other industrial
enzymes have been engineered by direct modification of enzyme’s
primary structure via genetic manipulation to create enzymes with
selected properties (Burton et al., 2002).

4.1 Bioprospecting and metagenomics

The search for superior enzymes has been a robust area of research over
the past few decades. To overcome the limitations of naturally occur-
ring enzymes, scientists and engineers have used multiple approaches to
develop economically viable biocatalysts with desirable characteristics.
Early on, the most practical method was to screen microbial culture for
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the expression of enzymes with desired activities. Laboratory cultures
permit extended and reproducible growth. This allowed phenotypic
and genotypic characterization of known elements (Ferrés et al., 2015).
However, only a small subset of microorganisms can be readily cultivated
in a laboratory setting. Thus, scientists began to place more emphasis on
bioprospecting and metagenomic approach. Under this strategy, it was
anticipated that the biodiversity found in nature would ultimately gift
a set of highly efficient enzymes with specific catalytic properties for
any industrial application. By developing large metagenomics librar-
ies based on sequencing of entire genomes from environmental samples
followed by DNA extraction, fragmentation/gene amplification, and clon-
ing (Handelsman et al., 1998; Srivastava et al,, 2013), a faster approach to
discovering the ideal enzyme for a particular application was anticipated.
Although some success was achieved using this approach, the amount
of data generated was, in many cases, overwhelming. Screening of large
metagenomic libraries was more challenging than initially expected.
Moreover, the activity of an enzyme selected through this process
may not be as robust once produced in an artificial protein expression
system and the sole protein may be optimally active only when work-
ing synergistically with other enzymes or cellular or environmental
components.

4.2 Enzyme engineering

A more recent and promising alternative to the development of ideal indus-
trial enzymes is protein engineering. Using methods in molecular biology,
protein biochemistry, and computational biology, scientists have sought
to understand the molecular underpinnings of specific enzyme function-
alities to generate novel enzymes featuring the most desirable traits from
one or more natural or previously modified model enzymes. Two gen-
eral approaches in protein engineering have been employed over recent
decades with varying levels of success: rational design and directed evolution.
(A third approach for protein improvement based on statistical analysis is
also used; however, it is not as prevalent and will not be emphasized here).
In rational design, knowledge of enzyme structure (primary, secondary,
tertiary, and quaternary) is required, and the catalytic mechanism must
be known (Johnsson et al.,, 1993; Pleiss, 2012). Alternatively, in directed
evolution, conditions are altered, and artificial selection is employed to
direct changes in emerging populations of enzyme-expressing microor-
ganisms. This approach relies on screening samples from cultures after
random mutagenesis, molecular recombination, or focused mutagenesis
(Packer and Liu, 2015) (Figure 4.1; left and middle panels).
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Enzyme engineering
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Figure 4.1 Routes to advancement in cellulase enzyme technology. (Adopted and
modified from Mohanram, S. et al., Sustain. Chem. Process., 1, 15, 2013.)

4.2.1 Rational design

With the development of polymerase chain reaction (PCR) for amplify-
ing genomic DNA and with the development of methods in generating
recombinant DNA, site-directed/specific mutagenesis became possible.
Concurrently, methods in biomolecular imaging and modeling were
rapidly under development. Using biochemical data, protein structures’
(e.g., from X-ray crystallography and protein NMR) biomolecular mod-
eling, and molecular dynamics simulations, it became possible to make
reasonable predictions about how changes in protein primary structure
would result in changes in three-dimensional conformation (i.e., tertiary
structure) and, ultimately, in function. Modifications to genes forcing sub-
stitutions, insertions, or deletions in the amino acid sequence at specific
positions within protein primary structure ushered in the era of ratio-
nal design. It is clear that success in rational design is dependent on reli-
able information about the enzyme structure, function, and mechanism
of action. The process of rational design involves (1) choosing a suitable
enzyme about which adequate information regarding structure, function,
and mechanism is available; (2) identifying amino acid sites that when
changed will likely result in structural alteration that produce the desired
changes in function; and (3) characterizing the expressed mutants via
purification, sequencing, and enzyme activity assays after each round
of mutagenesis (Johnsson et al., 1993; Pleiss, 2012). With adequate infor-
mation regarding structure, function, and mechanism about a target
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enzyme, rational design is probably the easiest and quickest approach to
engineering enzymes. Computational modeling and in silico experiments
are becoming more sophisticated each year making it even easier to make
valid predictions on how function will change when an amino acid or
group of amino acids is altered in the primary structure of the protein
(Tiwari et al,, 2012). Validated predictions are more probable when ratio-
nal design of an enzyme is based on the knowledge of enzyme structure,
function, and mechanism from several related species.

An example of rational design application is the enhancement of
enzyme thermostability without reducing catalytic activity. Taking into
account protein-surface properties and protein-core characteristics, such
as core packing and cavity filling (Joo et al., 2010, 2011), it is possible to
strategically add cysteine residues for disulfide bonds (or some other
modification) that preserve overall three-dimensional structure and func-
tion while improving thermotolerance. Other computational methods,
including the development of designer algorithms, the ability to calcu-
late free energy changes, and the production of molecular dynamic simu-
lations not only serve to predict what structure—function changes may
result from a directed-mutagenesis but also to predict what mutations
may readily occur in genes (and thus proteins) in natural and laboratory
systems that are not subject to direct genetic manipulation (Desjarlais and
Clarke, 1998).

Rational design is not limited to enhancing a function (or diminish-
ing a function) in one protein. Rational design can be applied to other
biomolecular interactions such as pharmaceutical design, enhancement
of molecular docking systems, biosynthesis, and development of nano-
technology. Recent methods such as fragment molecular orbital (FMO)
calculations and three-dimensional quantitative structure-activity rela-
tionship modeling with comparative molecular field analysis (3D-QSAR
CoMFA) are further enhancing the utility of rational design (Zhang
et al.,, 2008). Structural databases for protein primary sequence, second-
ary structure, and 3D conformational information have been developed
and rapidly populated over the past two decades. Linking protein data-
bases (e.g., Protein Data Bank [PDB]) to DNA sequence databases (e.g.,
GenBank) has significantly improved the ability to understand how
evolution and genetic mutation (natural or engineered) lead to changes
in individual amino acids within a protein and how those amino acid
changes impact structure and function. Internet-based computational
tools and analytical software packages are now numerous. Combining
the use of these tools with information stored in protein databases (such
as HotSpot Wizard and 3DM) allows researchers to combine informa-
tion from sequence/structural searches with functionality to generate
mutability maps for target proteins (Pavelka et al., 2009). The commer-
cial 3DM database integrates protein sequence and structural data from
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GenBank and the PDB to create comprehensive alignments of protein
superfamilies (Kuipers et al., 2010).

Recent methods in protein nuclear magnetic resonance (NMR)
relaxation/dispersion coupled with mutagenesis studies provide a pow-
erful new strategy to characterize the effects of controlling (or manipu-
lating) long-range networks of flexible residues on primary active and
allosteric binding sites in enzymes and, more generally, enzymatic func-
tion (Doucet, 2011).

Site-directed mutagenesis on cellulase was first reported using the
Trichoderma reesei exo I gene to determine the roles of specific amino acid resi-
dues during catalysis (Chen et al., 1987). Rational design was more recently
employed to improve the thermostability profiles of BGs from T. reesei and
Penicillium piceum H16 (Lee et al., 2012b; Zong et al., 2015). Other stud-
ies have used computational approaches and site-directed mutagenesis to
produce a thermostable fungal cellobiohydrolase I (CBHI I) (Cel7A)" with
a 10°C increase in optimal active temperature (Komor et al., 2012). Rational
design was also employed to shift the optimal pH of an endoglucanase (i.e.,
PvEGII) from Penicillium verruculosum (Tishkov et al., 2013). In another
study, rational design was used to enhance catalytic efficiency of EG/EX
Cel9A" from T. fusca; a 40% increase in enzymatic activity against amor-
phous and crystalline cellulose was achieved (Escovar-Kousen et al., 2004).
In yet another study, the actual ratio of products released upon enzymatic
action was altered when a single mutation in the active site cleft of the EG-I
from Acidothermus cellulolyticus was introduced and when the modified
enzyme was used to hydrolyze phosphoric acid swollen cellulose (Rignall
et al., 2002). Despite these noted achievements, site-directed mutagenesis
has only been successful in a few instances to enhance activity of cellulases
on insoluble cellulose substrates. One notable success was the modification
of EG Cel5A* from A. cellulolyticus, which led to a 20% increase in activ-
ity on microcrystalline cellulose by decreasing product inhibition (Baker
et al., 2005). Deconstruction of crystalline cellulose has been particularly
challenging. The mechanism by which cellulases hydrolyze crystalline
substrate is not entirely understood. There are insufficient data regarding
the mechanism by which a cellulase binds a cellulose within a microfibril
structure so that the substrate may be associated within the active site of
the enzyme. More work is also required to elucidate mechanisms by which
selected CBMs facilitate hydrolysis (Moser et al., 2008; Wang et al., 2008).

Rational design has also been applied in a similar manner to modify
hemicellulases. Specifically, properties such as optimal pH and optimal

* Cel7a is the family-based nomenclature for CBHI.

t Cel9A has properties of both the EGs (endoglucanases aka endocellulases) and EXs
(exocellulases).

+ Endoglucanase (EG) is the common name for the enzymes, whereas Cel5A is the precise
nomenclature.
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temperature have been shifted to improve enzyme activity in low or high
pH conditions (Pokhrel et al., 2013; Xu et al., 2013a, 2013b) and to improve
enzyme thermostability (Fonseca-Maldonado et al., 2013; Satyanarayana,
2013). Other studies have focused on improving the catalytic efficiency
of selected hemicellulases (Huang et al,, 2014; Cheng et al., 2015). Fewer
studies are focused on applying rational design to enhance the activity of
lignolytic enzymes or pectinases (Xiao et al., 2008; Fang et al., 2014).

Because the most effective strategies to deconstruct lignocellulose
often employ multiple enzymes in an enzyme cocktail, which relies on syn-
ergism, it is critical to note that increasing the individual activity of a single
enzyme, or even the individual activities of multiple enzymes within the
cocktail, does not necessarily improve the overall efficiency of substrate
breakdown. Indeed, the overall synergistic effect may be unchanged or
even reduced (Zhang et al., 2000).

Probably, the greatest challenge in rational design is to understand
synergism in multienzyme systems and to employ site-directed muta-
genesis in a way that enhances synergistic activity. Elucidating the
mechanisms by which cooperative enzyme interaction leads to efficient
hydrolysis of both crystalline and amorphous regions of cellulose when
most individual enzymes only seem to efficiently degrade amorphous
substrate has been an ongoing challenge (Chen et al., 2007). Thus, rational
design is a powerful tool for modifying the activity profiles of individual
enzymes, but it has not resolved the needs for large-scale processing of
lignocellulosic materials in which efficient deconstruction relies on syner-
gism between multiple enzymes and enzyme classes. Detailed data about
structure—function relationships in cellulase-crystalline substrate activity
and interactions between cellulases and other enzymes (e.g., hemicellu-
lases) are still lacking.

Clearly, rational design is a powerful strategy for improving the activ-
ity of individual enzymes. Rational design has also been used to engineer
metabolic pathways (Eriksen et al., 2014). However, the approach requires
a robust characterization of structure, function, and mechanism of target
enzymes. For industrial applications, the pure rational design has sev-
eral limitations primarily due to an incomplete understanding of protein
structure and its contribution to function or due to the limited knowledge
of protein dynamics and the mechanisms of enzyme synergism in multi-
enzyme cocktails (Ruscio et al., 2009).

4.2.2 Directed evolution

Another strategy for engineering individual enzymes is directed evolu-
tion. Directed evolution has become another important tool for improv-
ing enzyme properties. Similar to rational design, the application of
directed evolution can result in the enhancement of enzyme: thermal profile
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(Koksharov and Ugarova, 2011; Steffler et al., 2013; Zhou et al., 2015);
enantioselectivity (Reetz et al.,, 1997; May et al., 2000; Kim et al., 2015b);
oxidative stability (Oh et al., 2002); general catalytic activity/efficiency
(Stemmer, 1994a; Akbulut et al.,, 2013; Wang et al,, 2015); pH profile (Ness
et al, 1999; Wang et al, 2005; Melzer et al, 2015); substrate specificity
(Glieder et al., 2002; Gupta and Farinas, 2010; Ng et al., 2015); and tolerance
or stability toward organic solvents (Moore and Arnold, 1996; Reetz et al.,
2010b; Yamada et al., 2015). Similar to rational design, directed evolution can
also be applied to engineer metabolic pathways and even whole organisms
(Eriksen et al., 2014; Guenther et al., 2014). Directed evolution can be used to
generate novel enzyme function (Raillard et al., 2001; Chen and Zhao, 2005).
The greatest advantage of directed evolution compared to rational design
is that it is independent of the knowledge of enzyme structure and of the
interactions between enzyme and substrate. This permits the engineering
of enzymes in which the function is not fully understood (Figure 4.2).
Directed evolution is fundamental to the emerging field of synthetic
biology in which unique suites of enzymes, novel biochemical pathways,
or even whole organisms are engineered (Patnaik et al., 2002; Snoek et al.,
2015). The process involves iterative cycles of producing mutants and of
finding the mutant with the desired properties via screening or selec-
tion methods (Arnold, 1998) (Figure 4.3). Directed evolution can be more
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Figure 4.2 Summary of the different processes required by semirational design
and directed evolution. (Adopted from Quin, M.B. and Schmidt-Dannert, C., ACS
Catal., 1, 1017-1021, 2011.)
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Figure 4.3 General steps of directed enzyme evolution. The gene encoding the
protein of interest is mutated to generate a library of mutant genes. Expression
of the mutant genes provides the library of mutant proteins. The proteins are
screened or selected based on a desired property, and the variants with modified
activity are sequenced or used for further rounds of mutagenesis and selection.
(Adopted from Tao, H. and Cornish, VW., Curr. Opin. Chem. Biol., 6, 858—-864, 2002.)

efficient than rational design (Gerlt and Babbitt, 2009). This is because
directed evolution requires only the knowledge of protein sequence. This
is because directed evolution only requires knowledge of the protein pri-
mary structure (i.e., the amino acid sequence of an enzyme), which is iter-
atively altered until the enzyme functions in the desired manner.
Applying directed evolution methods for modifying biomolecules
in vitro (Mills et al., 1967) and, specifically, for driving nucleic acid (e.g., gene)
modifications (Kauffman, 1993) has led to a formal theory for natural molec-
ular evolution and has led to methods for artificial molecular evolution.
Early applications of directed molecular evolution were focused on improv-
ing enzyme activity, specifically, enhancing the catalytic efficiency of the
protease subtilisin E in organic cosolvents (Chen and Arnold, 1993). Since
these earliest applications of directed evolution, multiple techniques have
been developed and the approach has gained significant traction within the
scientific community. One of the most useful outcomes of work in directed
evolution has been the development of extensive mutant libraries.
Generally, mutations are introduced into a genome through one of
the three primary mechanisms: random mutagenesis, recombination, or
focused mutagenesis (Packer and Liu, 2015). Current techniques used to
generate mutants by random mutagenesis and recombination include
error-prone PCR (Leung et al., 1989) and DNA shuffling (Stemmer, 1994a,
1994b). Error-prone PCR (epPCR) results in the insertion of random point
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mutations throughout a gene by taking advantage of the low fidelity of the
Taq polymerase under selected reaction conditions.

These conditions include an increase in magnesium concentrations,
manganese supplementation, or the use of mutagenic dNTP analogues
(Zaccolo et al., 1996). The DNA shuffling method employs mixing and
joining different but related small DNA fragments to generate chime-
ras. These hybrids or recombinants are essentially new genes that can be
tested to determine if viable product can be expressed. This approach has
resulted in the development of recombinant or clone libraries based on
homologous recombination of the shuffled genes (Crameri et al., 1998).

Directed evolution can also employ nonhomologous recombination
(Sieber et al., 2001). Regardless of whether the approach is to use homol-
ogous or nonhomologous recombination, large sets of data, typically in
recombinant or clone libraries, will need to be accessed to determine
which, if any, recombinants possess the modified or novel enzyme prop-
erties targeted. Several methods have been developed including look-
through mutagenesis (LTM) and combinatorial beneficial mutagenesis
(CBMt). LTM is a method developed for rapid screening of amino acid
mutations at selected positions within a protein that introduces favorable
properties. CBMt is a method used to identify the best ensemble of indi-
vidual mutations (Hokanson et al., 2011) that results in favorable proper-
ties in the protein.

Clearly, experimental design in directed evolution studies requires
multiple considerations. Success depends on the mutagenic approach
(point mutations versus broader recombination) and the method used
to find the resultant mutant enzyme within an extensive combinatorial
library (You and Arnold, 1996). Identifying interesting variants within the
large combinatorial libraries generated during directed evolution experi-
ments is accomplished in one of two general ways: screening or selection.
Screening approaches require assays through which each (and every)
individual mutant within the library is tested to determine types of prop-
erties that each possesses. Selection approaches set conditions such that
only variants possessing desired properties appear (Packer and Liu, 2015).
Selection is preferred to screening due to the higher throughput rates
(Olsen et al., 2000; Griffiths et al., 2004; Otten and Quax, 2005; Seelig, 2011).

However, screening has an advantage that the difference between
the substrate and product after an enzymatic reaction can be determined
directly (or, at least indirectly) by a biochemical assay. The disadvantage
of screening is that all individual mutants are tested to determine if the
desired enzymatic reaction will occur. Screening can be performed via
facilitated screening to overcome some of these drawbacks. In facilitated
screening, desired mutants can be separated from inactive or undesirable
enzymes based on phenotype such as chromospheres or halos. If facili-
tated screening is not an option, then random screening is used (Taylor
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et al., 2001). Screening methods may include the use of microtiter plates
with colorimetric or fluorescent indicators or the use of quantitative meth-
ods in mass spectrometry, capillary electrophoresis, chromatography, or
infrared thermography (Wahler and Reymond, 2001; Yang et al., 2010;
Despotovic et al., 2012; Yu et al.,, 2014; Zeng et al., 2015).

Selection approaches follow the survival of the fittest phenomenon
whereby only those mutants that are capable of utilizing the given sub-
strates under the given conditions are selected. The primary advantage of
selection over screening is that the number of mutants that can be simul-
taneously screened is greater, and variants devoid of target properties
are not observed. Thus, evaluating a large mutant library is quick and
generally yields a higher number of hits. The most advanced screening
protocols allow evaluation of up to 108 mutants from the library. Selection
methods can assess up to 10" mutants with much effort (Packer and Liu,
2015). Selection is based on the fact that mutants with the target or desired
enzyme function provide a selective advantage to the host cell over other
bacteria in the system bearing wild-type enzymes. Resistance to antibi-
otics or some other cytotoxic agent is a common way to drive selection
(Stemmer, 1994a, 1994b; Siau et al., 2015) as is the use of auxotroph comple-
mentation (Smiley and Benkovic, 1994; Jiirgens et al., 2000; Griffiths et al.,
2004; De Groeve et al., 2009).

Although directed evolution is a method that overcomes some of the
drawbacks of rational design, there are still some limitations. Analyses
across enzymatic families suggest that major changes in enzyme function
require significant changes in the peptide backbone (Matsumura, 2000).
However, directed evolution is based on inducing point mutations in which
there is a natural bias for transitions over transversions (even in the case of
gene shuffling or recombination); thus, the spectrum of substitutions that
will emerge in any recombinant library will be limited. Another limitation
of directed evolution is the management of a very large number of vari-
ants. Even with the aforementioned bias, a library of 108-10'3 recombinants,
many which are inactive, requires a significant amount of time and effort to
process.

Smaller clone libraries can be generated. However, there is a risk of
reducing the diversity that endows directed evolution with its technologi-
cal power. Methods that yield high-quality libraries while maintaining
diversity are the most efficient. To reduce the number of mutants in a
library (by at least screening out many of the inactive clones), modifica-
tions to substrate and the resulting substrate specificity of variants may
be monitored with high-output methods, such as fluorescence-activated
cell sorting (FACS). FACS can screen tens of millions of variants in a short
amount of time (Bernath et al., 2004; Becker et al., 2008; Fernandez-Alvaro
et al,, 2011). Directed evolution can also be applied along with the rational
design to produce smarter libraries (Ba et al., 2013; Teze et al., 2015; Zhang
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et al.,, 2015). This semirational approach will utilize prior knowledge of pri-
mary sequence and/or three-dimensional crystal structure of an enzyme
for the development of a more targeted set of mutants, thus reducing the
size of the clone library while generating a higher proportion of mutants,
which exhibits desirable traits. The semirational approach builds on the
strengths of both rational and random variant design to produce smaller
but more focused libraries that facilitate efficiency in directed evolution
(Reetz et al., 2010a).

Another strategy to narrow the field of potentially useful mutants
is to focus on the active site. By limiting the location of changes in the
active site to reduce the emergence of inactive mutants and by targeting
the active site as a focus for mutant generation, smarter libraries are pro-
duced. Primary sequence comparisons can be used to inform which sites
and mutations within these regions have a higher likelihood to produce
desirable characteristics (i.e., enzyme activities) (Morley and Kazlauskas,
2005; Jochens and Bornscheuer, 2010; Liebgott et al., 2010). Excluding
multiple-site mutants also narrows the field because multiple muta-
tions often destabilize proteins (Guo et al.,, 2004; Drummond et al., 2005;
Tokuriki and Tawfik, 2009; Worth et al., 2011). Starting with a very stable
protein permits a greater number and range of changes without the loss
of function (Bloom et al., 2007; Gupta and Tawfik, 2008).

Other approaches involve the assumption that beneficial mutations
are additive (Wells, 1990) and that synergistic effects arising from mul-
tiple mutations are rare. Over the past two decades, approaches that allow
for an increase in the number of beneficial mutations while minimizing
the size of the clone libraries have significantly improved. For example, a
single mutation, and certainly no more than four to five substitutions, was
typical. However, currently, 30-40 amino acid substitutions are common
(Fox et al., 2007; Savile et al., 2010).

4.2.3 Enzyme engineering and biofuels

Enzymes involved in lignocellulosic degradation have been targeted
using directed evolution. They are mostly endoglucanases (EGs) and
B-glucosidases (BGs) (Arrizubieta and Polaina, 2000; Gonzélez-Blasco
et al,, 2000; Kim et al., 2000; Lebbink et al., 2000; Murashima et al., 2002;
Catcheside et al., 2003; McCarthy et al., 2004; Wang et al., 2005; Nakazawa
et al, 2009; Hardiman et al., 2010; Liu et al., 2010; Liang et al., 2011; Pei et al.,
2011; Vu and Kim, 2012; Liu et al., 2013b; Drevland et al., 2014; Lehmann
et al, 2014). Directed evolution targeting EGs and BGs is facilitated by
the use of soluble or chromogenic artificial substrates, allowing high-
throughput screening of variants. Fewer examples of directed evolution tar-
geting improvements in exoglucanases are reported (Wang et al., 2012e; Wu
and Arnold, 2013) primarily due to the lack of reliable screening methods.
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Directed evolution has achieved limited success in improving activity of
individual cellulases. This is primarily due to the difficulties in developing
high-throughput screening methods for reactivity on insoluble cellulosic
substrates (Zhang et al., 2006b).

Still, directed evolution has been applied to developing cellulases using
artificial substrates. Based on these screening protocols, selected cellulases
have shown improvement in desirable traits. However, few of these cellu-
lases have shown appreciable improvement on natural substrates (Lin et al.,
2009; Nakazawa et al., 2009; Hardiman et al., 2010). With the development of
more efficient, high-throughput screening methods on natural substrates,
applying directed evolution to the development of high-performance
cellulases will become a major thrust in enzyme design (Zhang et al,
2006b; Liu et al., 2010). Such developments are ongoing. Advances in auto-
mated microplate spectroscopy now allow high-throughput screening of
enzymatic activity on lignocellulosic substrates; these systems will signi-
ficantly improve cellulase engineering (Chundawat et al., 2008; Navarro
et al,, 2010; Song et al., 2010; Bharadwaj et al., 2011).

Directed evolution has also been applied to develop high-performance
hemicellulases, including those with higher thermostability (Singh et al.,
2014; Zheng et al., 2014); different pH optima (Ruller et al., 2014); or overall
enzymatic efficiency (Wang et al.,, 2013; Du et al., 2014).

Directed evolution has also been used for improvement of ligninolytic
enzymes and pectinases; however, as with rational design, ligninolytic and
pectinolytic enzymes are not well studied (Solbak et al., 2005; Garcia-Ruiz
et al,, 2012; Liu et al., 2013a; Vifia-Gonzalez et al., 2015; Zhou et al., 2015).
In general, ligninolytic enzymes and pectinases are understudied when
compared to cellulases and hemicellulases. However, the importance of
lignin degradation in cellulosic bioethanol production and recent focus on
lignin chemistry and lignin separation technologies (Ceballos et al., 2015)
may usher in new efforts to develop designer lignin (and pectin)-degrading
enzymes.

The high cost of enzymes is a major challenge in producing cost-
competitive cellulosic biofuel. It is also a driver for engineering more
efficient enzymes for industrial production of bioethanol. In most first-
generation (e.g., corn-based) and second-generation (i.e., cellulosic) etha-
nol production operations, large amounts of enzymes, such as amylases
and cellulases, respectively, are required to produce ethanol. In the case
of cellulosic ethanol, a multitude of enzyme classes may be required
(depending on the feedstock) to break down cellulose into fermentable
sugar (Merino and Cherry, 2007a; Klein-Marcuschamer et al,, 2012). Thus,
it is essential to develop high-performance (and cost-effective) enzymes
that can readily degrade lignocellulosic substrate.

Bioprospecting for high-performance natural lignocellulolytic enzymes
and enzyme engineering are the ways in which the scientific community
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has been addressing this need. Common strategies include genome min-
ing in sequenced microbial genomes (Ahmed, 2009; Davidsen et al., 2010);
metagenome screening (Handelsman et al,, 1998; Srivastava et al., 2013);
bioprospecting in extremo- or mesophilic fungi and bacteria (Schiraldi
and De Rosa, 2002; Kumar et al, 2011a); and engineering enzymes with
properties such as higher efficiency, increased thermostability, and greater
tolerance to end-product inhibition.

4.2.4 New technologies for enzyme-mediated
lignocellulose deconstruction

Protein engineering is a well-established technology for modifying
the properties of enzymes and as new methods and technologies are
developed, the path to a more sustainable cellulosic biofuel moves for-
ward. Multiple studies have been published on the advances in pro-
tein engineering (Peters et al., 2003; Kazlauskas and Bornscheuer, 2009;
Turner, 2009; Bornscheuer et al., 2012; Davids et al., 2013). Strategies
for enhancing enzyme-mediated lignocellulose deconstruction include
improving the properties of individual cellulases and hemicellulases
and synergy engineering through which enzyme cocktails or artificial
cellulosomes are designed for maximizing the synergistic effects of
multienzyme complements bound to an engineered scaffold /platform
(Zhou et al., 2009; Mohanram et al., 2013; Ji et al., 2014; Hu et al., 2015).
To date, there has been some success in engineering cellulases to
improve thermostability (Heinzelman et al.,, 2009a, 2009b, 2010; Komor
et al,, 2012; Smith et al., 2012; Wu and Arnold, 2013; Trudeau et al., 2014).
The engineering of hemicellulases has been slower. One reason for
this is that commercial enzyme cocktails are typically applied to acid-
pretreated biomass in which the high-temperature acid washes have
already degraded a significant part of the hemicellulose component
(Pedersen et al., 2011). Although acid pretreatment (or alkaline pretreat-
ment) of feedstock is effective, this approach requires the handling, use,
and disposal of hazardous chemicals. Reducing the need for hazardous
chemical management by developing a robust hemicellulase-based com-
ponent to enzyme cocktails predominantly composed of cellulases may
offset this need, providing a greener and safer alternative to cellulosic feed-
stock breakdown. Moreover, a ligninolytic component to an enzyme treat-
ment would open up opportunities for lignin-rich feedstocks, which are
currently not amenable for cost-efficient bioethanol production. Careful
design of a comprehensive enzyme-mediated feedstock deconstruction
method with selected ligninolytic enzymes may act to preserve (rather
than precipitate) lignin while still separating out cellulose. Preservation
of certain lignin components during feedstock deconstruction would gen-
erate valuable precursors that can be converted into lignin coproducts,
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which in turn could be sold to offset bioethanol production costs, thus
lowering the per-gallon production cost of cellulosic bioethanol (Ceballos
et al,, 2015).

As the global energy consumer base continues to be heavily reliant
on fossil fuels for transportation, heating, and other energy needs, it is
clear that using the most abundant polymer waste product on Earth—
namely, lignocellulosic material—to meet the liquid fuel demands has
not been achieved. Still, research marches on in an attempt to resolve
the major bottlenecks in bringing cellulosic ethanol to the forefront of
the biofuels market. Even though discovering novel high-performance
enzymes through bioprospecting and engineering enzymes are the two
approaches to solving the enzyme problem; another approach is to develop
ways to protect these enzymes in industrial settings, to increase catalytic
efficiency of enzymes during production, and to maximize the longevity
of an enzyme’s catalytic lifespan.

To this end, several strategies have been developed including mim-
icking natural cellulosomes by engineering artificial cellulosomes or
mini-cellulosomes, which feature components from natural systems (e.g.,
CBMs) that are modified for use in bulk substrate deconstruction; immo-
bilizing lignocellulolytic enzymes on fixed platforms (either on panels or
in columns); and, more recently, employing mobile enzyme sequestration
platforms to facilitate feedstock deconstruction (Mitsuzawa et al., 2009;
Ceballos et al., 2014).

4.2.4.1 Artificial cellulosomes

Hundreds of millions of years of evolutionary history (~700 mya for land
plants) have endowed microorganisms with refined machinery for decon-
structing cellulosic biomass. Apart from chemical degradation, which
necessitates the handling and disposal of hazardous chemicals, scien-
tists have attempted to break down cellulosic materials by mimicking the
mechanisms of microorganisms by either developing enzyme cocktails or
by engineering artificial cellulosomes.

As complete cellulosomal structures are quite complex (and not even
completely understood), some scientists have tried to take selected com-
ponents of the cellulosomal structure and to construct mini-cellulosomes.
Attempts to construct artificial cellulosomes or mini-cellulosomes are
based on the idea that enzyme activity, particularly multienzyme action,
on lignocellulose may be enhanced (compared to free enzyme cocktails) if
some of the synergistic effects of cellulosomes can be reconstructed in an
engineered system. The simplest constructs include designing enzymes
with a CBM domain to enhance catalysis by facilitating substrate bind-
ing. More complex systems seek to capture the benefits of a scaffold (e.g.,
scaffoldin) to bind multiple enzymes, which may act in a synergistic man-
ner as in nature. Efforts include making hybrid scaffoldins using protein
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Figure 4.4 Sugar reduction efficiency of designer cellulosome. Sugar reduction
efficiency on wheat straw is greatest with a natural cellulosome (blue; right panel).
However, an artificial hexavalent cellulosome construct (pink; middle panel)
shows greater sugar reduction efficiency than free enzymes in solution (yellow;
left panel). Sugar reduction assays were augmented with, a B-glucosidase, Bgl1C
(solid lines). Without BgllC, sugar reduction efficiency was decreased (dashed
lines) for all three systems. (Adopted from Morias, S. et al., mBio, 3, 1-11, 2012.)

from more than one bacterial species (Molinier et al., 2011) and genetically
modifying yeast to express additional cohesins so that they are capable
of binding a larger spectrum of lignocellulolytic enzymes with distinct
dockerins (Goyal et al., 2011).

Much of the artificial cellulosome work has been done using the
cellulosome of C. thermocellum as the model system (Garcia-Alvarez
et al., 2011; Molinier et al., 2011; Deng et al., 2015); however, others have
focused on other cellulolytic bacteria, including the thermophilic bac-
terium Thermobifida fusca (Mori et al., 2013; Davidi et al., 2016). Many of
these artificial cellulosomes exhibit enhanced sugar reduction efficiency
over free enzymes (Figure 4.4). However, the magnitude of enhance-
ment does not typically reach the level of efficiency seen in natural cel-
lulosome systems. Moreover, sugar reduction assays provide only an
indication of potential enhancement of raw or pretreated lignocellulose
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biomass deconstruction. Although sugar reduction in lab-scale sys-
tems demonstrates improved hydrolysis, upscaling these systems to
industrial-scale processing of lignocellulosic biomass while retaining
the enhanced effects has proved challenging. Another drawback to
designer cellulosomes is cost. When compared to engineering enzymes
with desirable properties, designing and producing artificial cellulo-
somes that may be charged with natural or engineered enzymes are just
costly. From an economic standpoint, artificial cellulosome technology
is not yet in a position to reduce the per-gallon cost of cellulosic ethanol
to a level competitive with fossil-based liquid fuel.

Still, design and development of artificial cellulosomes remain as an
ongoing area of intense research. Novel designs and enhancements to
prototypes are reported on an annual basis in the scientific literature. As
innovative designs continue to emerge in this area of research and as the
costs of fossil fuels continue to fluctuate with overall increases over time,
artificial cellulosome technology may prove to be an economically viable
option for lignocellulose biomass deconstruction in the near future. How
engineered cellulosomes will compete against other technologies such as
enzyme sequestration platform technologies remains to be seen.

4.2.4.2 Immobilization platforms

Another approach to enhancing enzyme-mediated catalysis is to immo-
bilize enzymes on a platform or in a column. Immobilization technolo-
gies permit fine control of catalysis because specificity of immobilized
enzymes, enzyme stability, and enhancement of catalytic efficiency by man-
aging enzyme diversity and spatial relationships (e.g., enzyme density)
can be designed into the system (Mateo et al., 2007; Hernandez and
Fernandez-Lafuente, 2011). Combining site-directed mutagenesis with
specific mechanisms that adhere enzymes to a surface is the foundation
for immobilized enzyme platforms (Hernandez and Fernandez-Lafuente,
2011). This approach stems from successful application of immobilization
platforms for microarrays, enzyme-linked immunosorbent assays, and
analyte detection assays.

In its most simple configuration, an enzyme is covalently linked to
a solid surface through a metal-ligand interaction (or via some interme-
diate antigen—antibody interaction). The substrate is then passed over
the enzyme-equipped surface, facilitating specific substrate-enzyme
interactions.

Other platforms may imbed or otherwise tether an extraneous linker
on an enzyme to the surface without disrupting the three-dimensional
configuration of the catalytic domains of the enzyme (Brena and Batista-
Viera, 2006). Immobilization platforms have proven useful for nanomolar
detection of small molecules, nucleic acid, or protein using low-volume
flow over a surface (Cohen et al., 2015; Xiaochen et al., 2016). However, when
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processing large quantities of substrate solution over a two-dimensional
surface, limitations of this approach are soon realized. For viscous sub-
strate solutions, or slurries, exposing substrate to the immobilized enzymes
is increasingly inefficient with increasing volumes of slurry per square cen-
timeter of platform (Krishnan et al., 1999). This problem has been resolved
to some extent by moving away from two-dimensional flat platforms and
instead binding the enzymes within a column.

In column designs, a solid, porous matrix may replace a two-
dimensional platform allowing the substrate to pass through the matrix
thus increasing the probability that substrate will be exposed to enzyme.
Some columns are completely artificial with enzymes bound within
a resin in the column (Schifreen et al., 1977, McGhee et al., 1984; Taniai
et al., 2001). Others have sought to modify naturally occurring forisomes
(Visser et al., 2016), protein populations found within the sieve tubes of
the phloem system of Fabaceae (e.g., legumes, pea plants, and bean plants).

For detection-based applications, immobilization platforms are highly
efficient. Columns have proven equally useful for separation and purifica-
tion of macromolecules. High-volume applications have been more chal-
lenging. Although some platform (e.g., pressurized column) technologies
have been developed for enzyme-mediated cellulosic biomass decon-
struction, in general, these have not resulted in breakthroughs leading to
significant enhancement of enzyme-mediated catalysis and, ultimately,
low-cost bioethanol products. With two-dimensional platforms, the thick
lignin-, cellulose-, and hemicellulose-containing slurries emerging from
mechanical disruption and chemical pretreatment of feedstock do not effi-
ciently direct substrate to specific enzymes, and the slurry does not easily
mix across the enzyme-laden surface. Columns can partially overcome
the access problem; however, flow-through rate is limited. Even in pressur-
ized column systems, fouling and the need to periodically dismantle and
re-charge the column increases costs of operation

4.2.4.3 Mobile enzyme platforms

Recent work on mobile enzyme sequestration platforms (mESPs) is the
cutting edge of enzyme platform design. mESPs overcome the draw-
backs of immobilized platforms by taking enzyme to the substrate rather than
requiring that the substrate comes to the enzyme. During the breakdown of
lignocellulosic biomass, especially that which has been acid pretreated,
a thick slurry emerges. Ensuring that polysaccharide substrate within
the slurry is exposed to enzyme so that it may be converted to reduced
sugars is a drawback with immobilized platforms. However, with mESPs
in solution, the enzyme complement acts as another component of the
slurry, and more adequate mixing can occur. One of the most innovative
approaches in the design of mobile platforms is to build thermotolerance
into the platform itself.
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Figure 4.5 Early concept rosettazyme. (a) Chaperonin heat shock protein sub-
unit (grey) is fused to cohesin I from Clostridium thermocellum (red) at the apex;
(b) double-nonameric ring structure of the functional 18-mer complex serves as
the base platform; (c) side view of the platform after it is charged with dockerin-
containing cellulolytic enzymes; and (d) top view of the mobile enzyme sequestra-
tion platform showing the core. (Adopted from Mitsuzawa, S. et al., J. Biotechnol.,
143, 139-144, 2009.); and (e) transmission electron micrograph of a modified mESP.
(Adopted from Ceballos, R.M. et al.,, Improved hydrolysis of pretreated lignocel-
lulosic biomass using mobile enzyme sequestration platforms, in Recent Advances
in Energy, Environment, and Materials, pp. 47-54, 2014.)

By using a hyperthermophilic chaperonin-based engineered plat-
form, enzymes are not only sequestered but also protected from thermal
shock. The first prototype of this mESP technology was called the rosetta-
zyme (Figure 4.5), which showed an enhanced ability over free enzymes
to reduce Avicel™, an over-the-counter crystalline cellulose product
(Mitsuzawa et al., 2009). A more efficient, second-generation archaeal
chaperonin-based mESP system was tested on actual acid-pretreated
(and alkaline-pretreated) lignocellulosic feedstock that results in as
much as a threefold increase (Figure 4.6) in sugar reduction efficiency
over the free enzyme in solution (Ceballos et al., 2014). The key to these
designs is that the natural function of chaperonins in the thermal hot
spring environment is to protect proteins during pH and temperature
fluctuations.

Although the exact mechanism for this protective action is not well
understood, the ability to protect cellulases and other enzymes bound to
the mESP appears to carry over in the engineered platform system. When
acid-pretreated lignocellulosic biomass is treated with a single enzyme
or an enzyme cocktail (shown in blue, Figure 4.6), polysaccharides are
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Figure 4.6 Substrate reduction using a mobile enzyme sequestration platform
(mESP) on pretreated feedstock biomass. Acid-pretreated feedstock is subjected
to a hydrolytic enzyme or enzyme cocktail (blue bars) and the same enzyme(s) is
bound to a chaperonin-based mobile enzyme sequestration platform (mESP) (red
bars). Feedstock deconstruction, measured by sugar reduction, in both pretreated
wheat straw (a) and corn stover (b) are enhanced by the attachment of enzymes to
the mESP. (Adopted from Ceballos, R. M. et al., Improved hydrolysis of pretreated
lignocellulosic biomass using mobile enzyme sequestration platforms, in Recent
Advances in Energy, Environment, and Materials, pp. 47-54, 2014.)

broken down. In general, multiple enzymes in solution result in improved
hydrolysis. When the same enzyme or the same complement of enzymes
is bound to the protective group II chaperonin-based mobile platform
(shown in red, Figure 4.6), a marked enhancement in sugar reduction effi-
ciency over free enzyme in solution emerges.

Mobile enzyme sequestration platforms offer many of the advan-
tages of artificial cellulosomes and platform technology while overcom-
ing major drawbacks associated with immobilizing enzymes on a fixed
surface. Furthermore, mESPs can be derived from naturally thermotoler-
ant and acidotolerant protein complexes, increasing their longevity under
harsh industrial conditions. mESP design is at the cutting edge of enzyme-
mediated lignocellulose deconstruction. The main drawback with mESP
technologies is that the efficiency gains by using the mESP must result in
a cost saving (e.g., increase in production efficiency or increase in enzyme
longevity) that outweighs the cost of adding an additional protein-based
component to the process. This is the same issue with 2D platforms and
columns. Several emerging technologies may ultimately result in an eco-
nomically viable enzyme system for deconstructing lignocellulose bio-
mass with such efficiency that the per-gallon cost of producing ethanol is
reduced enough to make cellulosic ethanol competitive with fossil-based
fuel. These new technologies combined with cost offsets due to revenue
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generated by the production of sellable coproduct(s) may usher in a new
age of alternative liquid fuel production.

4.2.4.4  Future directions

The idea of producing salable coproducts is not new. Indeed, first-
generation corn-based ethanol production typically results in the produc-
tion of yellow cake and/or corn oil, both of which have a market value.
As separation technologies improve, lignin, the waste product of cellulosic
ethanol processing, may turn out to be a high-value coproduct. Indeed,
a new wave of industrial lignin products are now in demand and can
be produced concurrently with bioethanol. Whereas the lignin fraction
of lignocellulose-degrading processes was previously considered a hin-
drance to cellulosic ethanol market viability, industrial lignin precursor
production may become the high-value coproduct that makes cellulosic
ethanol cost-competitive in the future. Rather than chemically precipitat-
ing and burning the lignin fraction, efforts are now underway to separate
industrial lignin precursors from lignocellulose while preserving complex
carbohydrates (e.g., cellulose) that will ultimately be converted to ethanol
(Ceballos et al., 2015).

Nanotechnology is also being applied to enzyme-mediated lignocel-
lulose biomass processing. Designer enzymes that can be enhanced by
nanotechnology or that can be recoverable will further drive down cellu-
losic ethanol production costs. Some efforts are underway to produce an
environmentally friendly alternative to chemical-based feedstock process-
ing without the use of traditional lignocellulolytic enzymes. In the future,
nanocatalysts may replace the need for large multidomain enzymes and
enzyme complexes. Such nanocatalysts may be designed to withstand
harsh industrial conditions (Candelaria et al., 2017).

Recalling that supplementation or replacement of fossil-based liquid
fuel will likely require a combination of alternatives, bringing cellulosic
bioethanol to market in conjunction with biodiesel is certainly a laudable
aim. Not only is conversion of residual corn oil from corn-based (i.e., first-
generation) bioethanol on the horizon, but canola- and algal-based biodiesel
are also making gains. Although a detailed treatment of emerging technolo-
gies is beyond the scope of this book, efforts to enhance triacylglycerol pro-
duction in oleaginous microalgae (Gardner et al., 2012) and a rejuvenation
of efforts to enhance enzyme-mediated transesterification are setting the
stage for bringing biodiesel to the forefront of the liquid fuel market.

4.3  Summary: Enzyme engineering

Bioprospecting microorganisms that may provide unique enzymes capa-
ble of degrading cellulose, hemicellulose, lignin, or pectin is ongoing.
Anaerobic bacteria, aerobic bacteria, fungi, and even the cyanobacteria
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and microalgae have contributed to a library of cellulolytic enzymes.
Different approaches have been used to discover enzymes with desir-
able characteristics, including the use of microbial culture collections
or metagenomic analysis of unique microbial systems (Satoshi, 1992;
Handelsman et al., 1998; Srivastava et al., 2013; Ferrés et al., 2015).

The drawback to these approaches is that novel, useful discoveries
are rare, and the overall process is often laborious and slow. Still, the vast
biodiversity of the microbial world ensures that additional discoveries,
either using traditional culturing approaches or via metagenomics will be
heralded in the near future.

However, enzymes found in nature are often optimized for industrial
applications so that selected properties are improved (Burton et al., 2002).
Engineering enzymes for bioethanol is costly, and the products are one
of the major expenditures that producers incur in terms of consumables.
The cost of enzymes is considered as one of the main reasons for narrow
margins in first-generation bioethanol production and is a major obstacle
for the economic viability of cellulosic bioethanol (Merino and Cherry,
2007b; Klein-Marcuschamer et al.,, 2012). Nonetheless, enzyme engineer-
ing, which employs molecular biology techniques and/or computational
methods to improve particular enzyme characteristics, may be the strat-
egy that brings cellulosic ethanol to market. Two main approaches are
used in engineering cellulolytic enzymes for commercial applications:
(1) improving or modifying selected properties of individual enzymes
through rational design (Johnsson et al., 1993; Pleiss, 2012) and/or improv-
ing enzyme activity by directed evolution (Packer and Liu, 2015) and
(2) synergy engineering via optimization of enzyme cocktails or by the
construction of multienzyme artificial cellulosomes or enzyme seques-
tration platforms (Zhou et al., 2009; Mohanram et al., 2013; Ji et al., 2014;
Hu et al., 2015).

In rational design, computational models are typically used to
predict which amino acid(s) should be inserted, substituted, or omit-
ted by site-directed mutagenesis (Tiwari et al., 2012). Some success has
been demonstrated by using rational design to improve cellulase activ-
ity (Baker et al.,, 2005). However, rational design is limited because it
requires a comprehensive understanding of the catalytic mechanism of
the enzyme being modified—something that is often not available.

Directed evolution overcomes several of the limitations of ratio-
nal design and has proven to be more successful in the development
of designer enzymes (Gerlt and Babbitt, 2009). This is mainly based on
the fact that directed evolution requires only knowledge of the protein
sequence (i.e, the primary structure) without the need for knowledge
of the three-dimensional structure or an understanding of the catalytic
mechanism. In directed evolution, repetitive cycles of producing mutants
and either screening a mutant library or selecting out undesirable mutants
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more readily yield enzymes with enhanced or otherwise targeted proper-
ties (Arnold, 1998). Either random mutagenesis, random recombination,
or focused mutagenesis may be used to produce the mutants (Packer and
Liu, 2015). In general, selection methods are preferred to screening meth-
ods because of their higher performance (Olsen et al., 2000; Griffiths et al.,
2004; Otten and Quax, 2005; Seelig, 2011). Although directed evolution
is a powerful technology, one of its main limitations is that only point
mutations can be generated. Point mutations will not generally result in
significant changes in enzyme function. As significant changes in the
polypeptide backbone may be required to achieve the desired modifica-
tion in enzyme activity, a different approach must be used (Matsumura,
2000).

One strategy to reduce the number of mutants and narrow in those
with desired properties is to use directed evolution in conjunction with
rational design to produce smart libraries; this is known as the semirational
approach (Baetal., 2013; Teze et al., 2015; Zhang et al., 2015). Some enzymes
that have been successfully modified via directed evolution are the EGs
and PBGs (Arrizubieta and Polaina, 2000; Gonzalez-Blasco et al., 2000;
Kim et al., 2000; Lebbink et al., 2000, Murashima et al., 2002; Catcheside
et al, 2003; McCarthy et al., 2004; Wang et al., 2005; Nakazawa et al., 2009;
Hardiman et al,, 2010; Liu et al., 2010; Liang et al., 2011; Pei et al,, 2011; Vu
and Kim, 2012; Liu et al., 2013b; Drevland et al., 2014; Lehmann et al., 2014).
Directed evolution has resulted in only moderate success with regard to
modifying cellulases. This is primarily due to the difficulties in develop-
ing high-throughput screening methods for catalytic activities on insolu-
ble cellulosic substrates (Zhang et al., 2006b). Indeed, enzymes exhibiting
enhanced performance on artificial substrates have not generally shown
enhanced hydrolysis on natural substrates (Chakiath et al., 2009; Lin et al.,
2009; Nakazawa et al., 2009; Hardiman et al., 2010).

Synergy engineering provides an alternative approach to enzyme
system design, and it is particularly a useful strategy in the cellulosic
ethanol industry. Instead of focusing on individual enzymes, synergy
engineering seeks to enhance the cooperative interaction among enzymes
when they are present in an enzyme mixture. The principal goal in syn-
ergy engineering is to find a combination of enzymes that when used in
concert will catalytically outperform any of the individual enzymes in
the mixture (in terms of substrate deconstruction). The development of
enzyme cocktails, which are simply a selection of enzymes applied free in
solution, is the most basic form of synergy engineering. However, synergy
engineering may also be applied in the design of artificial cellulosomes
or enzyme platforms (i.e., immobilization or mobile platforms). Selecting
enzymes for attachment to an artificial cellulosome or designing enzyme
complements for binding immobilization platforms or mobile enzyme
sequestration platforms that maximize synergistic action on substrate is
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a preferred strategy when attempting to minimize enzyme loading (Gao
et al, 2011; Hu et al., 2011).

Some of the latest research employs several of the aforementioned
methods to enhance the deconstruction of lignocellulosic biomass. These
techniques may also prove useful for enzymatic transesterification in
biodiesel production. As advances in tools and approaches move for-
ward, development of enzyme systems with high-efficiency and high-
throughput capabilities in the breakdown of lignocellulosic biomass is
expected, leading to a low-cost cellulosic ethanol product. Offsetting pro-
duction costs by coproduct generation, such as industrial lignin precur-
sors, may ultimately lead to a bioethanol product that can compete with
fossil-based liquid fuels.
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chapter five

Conclusion

Both biodiesel and bioethanol are promising alternatives to fossil-based
liquid fuels. With respect to the latter, first-generation bioethanol (corn-
based and sugarcane-based ethanol) results in a fuel-versus-food problem.
However, second-generation bioethanol (a.k.a., cellulosic ethanol) over-
comes this problem by using one of the most abundant waste products
on the planet—lignocellulosic biomass. Lignocellulosic biomass can come
from bagasse, corn stover, bamboo, trees, wheat straw, rice straw, or a host
of other sources. Accessing complex carbohydrates from this biomass (e.g.,
cellulose) and reducing them to simple, fermentable sugars (e.g., glucose)
would provide a significant opportunity to supplement or replace both
first-generation bioethanol and fossil-based liquid fuel. However, tech-
nologies to effectively deconstruct lignocellulose on an industrial scale in
a cost-competitive manner are not yet fully developed.

The depolymerization of carbohydrate substrates in lignocellulosic
biomass toward generating fermentable sugars can be done in two dif-
ferent ways: acid hydrolysis and enzymatic hydrolysis. Chemical hydro-
lysis using highly alkaline solutions and/or high-temperature steam is
also used. Acid hydrolysis is mainly performed using sulfuric acid. This
requires handling and disposal of hazardous waste and acid has nega-
tive effects on downstream processes in the production cycle. Therefore,
enzymatic hydrolysis using lignocellulolytic enzymes derived from
microorganisms (i.e., bacteria and fungi) is considered a more promising,
environmentally friendly technology. Although there is a multitude of
different enzymes, no single enzyme (or enzyme class) can completely
and efficiently degrade lignocellulose alone. Therefore, enzymatic degra-
dation requires the use of multiple types of enzymes, each with a specific-
ity for hydrolyzing selected components within the lignocellulosic matrix
or otherwise for assisting in the deconstruction of lignocellulosic biomass.
In both natural and engineering systems, multienzyme systems feature
synergistic cooperation in the breakdown of lignocellulosic biomass. In
other words, the combined action of multiple enzymes exceeds the addi-
tive result of each enzyme working individually on the substrate or even
individually in a series of process steps. Synergistic enzyme-mediated
lignocellulosic biomass deconstruction may not only act on the catalytic
components of the enzyme complement but may also involve features
such as carbohydrate-binding modules that act to juxtapose substrate and
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enzymes (Tomme et al.,, 1988a, 1998b; Boraston et al., 1999; Gilbert et al.,
2013). Other modules or domains within large enzymes mediate cohesin—
dockerin interactions, which form the basis for enzyme sequestration in
nature either at the microbial cell surface or within large cellulosomes
(Tokatlidis et al., 1991; Leibovitz and Béguin, 1996; Schaeffer et al., 2002;
Carvalho et al,, 2003; Adams et al,, 2006; Xu and Smith, 2010). Naturally
occurring lignocellulolytic enzymes include cellulases, hemicellulases,
lignolytic enzymes, and pectinases. For bioethanol production, cellulases
and hemicellulases are the most commonly used enzymes that are used to
break down lignocellulose. However, natural enzymes may be modified
in whole or in part to optimize catalytic activity for a specific industrial
application, such as bioethanol production.

Multiple strategies have been developed to engineer high-performing
lignocellulolytic enzymes. Two common approaches in enzyme engineer-
ing are rational design and directed evolution. Each of these approaches
has its noted advantages but also distinct drawbacks or limitations.
Semirational design that employs aspects of each of these strategies is the
third approach that attempts to overcome the drawbacks of using either
one of these strategies alone. Engineering enzymes to increase catalytic
activity, to catalyze reactions in novel ways, or to render the enzyme more
resistant to adverse reaction conditions while maintaining catalytic effi-
ciency are not the only focus for engineering enzyme systems. In con-
junction with enzyme engineering, or instead of enzyme engineering,
a different approach, referred to as synergy engineering, may be used
to optimize lignocellulose deconstruction. Synergy engineering focuses
more on maximizing the cooperative effects and efficiency of a group of
enzymes with distinct activities on substrate. This can be done by sim-
ply engineering unique sets of enzyme cocktails, composed of multiple
enzymes of different classes, which together work synergistically on a
given lignocellulosic substrate. Although enzyme cocktails are the most
common approach, more recent research has demonstrated that mix-
ing free enzymes in solution does not maximize cooperation. Indeed, in
many naturally occurring cellulolytic systems (i.e., in bacteria and fungi),
enzymes are often ordered and bound to structures on the exterior sur-
face of the cell wall. One of the more complex and efficient systems is
the cellulosome of Clostridium thermocellum. In the cellulosome, seques-
tration and spatiotemporal ordering of enzymes on a natural framework
(i.e., scaffoldin) result in a highly efficient deconstruction of lignocellu-
losic biomass. As simply using the microorganisms themselves to break
down cellulosic feedstock requires infrastructure for culturing anaerobic
bacteria, researchers have instead attempted to mimick the cellulosome
by engineering artificial cellulosomes. Engineering artificial cellulosomes
may include engineering individual enzymes to use in the system and
synergy engineering.
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The construction of artificial cellulosomes or mini-cellulosomes has
shown promise in a laboratory setting. However, expression of proteins
and assembly of these artificial constructs are not conducive to an indus-
trial setting and do not reduce cellulosic ethanol production costs. Another
approach is to develop other scaffold-like frameworks that sequester and
bind enzymes. Such platforms can be solid surfaces to which enzymes are
bound in an orderly and organized manner. Alternatively, enzymes may
be bound in solid, porous columns through which the substrate is passed
to facilitate substrate breakdown. Although these enzyme immobilization
platforms have proven useful in analyte detection, processing large vol-
umes of viscous slurry from pretreated lignocellulose biomass has proven
challenging. This is mainly due to the fact that unlike enzyme cocktails,
immobilized enzymes are not free to diffuse throughout the substrate
solution. This limits the access to substrate in high flow-through applica-
tions. The cutting edge in platform technologies is the mobile enzyme
sequestration platforms (mESPs), which exhibit both the advantages of
having free enzymes in solution that can readily diffuse through the
slurry while retaining the synergistic impacts of sequestering enzymes
on a platform. mESP technology may be further enhanced in the future by
innovations in nanotechnology, which may increase the stability of these
platforms under industrial conditions or even make them recoverable.

Advances in enzyme engineering, including sequestration platform
technologies, are at the cusp of providing a highly efficient, high-throughput,
and cost-competitive cellulosic ethanol product. With concurrent advances
in lignin chemistry and separation technologies, the production of valuable
industrial lignin precursors may offset production costs, making cellulosic
bioethanol competitive in the world transportation fuel market. Advances
in biodiesel production from corn, canola, algae, and other oleaginous feed-
stocks are moving in sync with advances in cellulosic bioethanol produc-
tion. Thus, the days of fossil-based liquid fuel that dominated the market
may be numbered, and the era of diverse, reasonably priced, and readily
accessible alternative biofuels may be on the horizon.
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