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Abstract

Contribution of Oxidative Enzymes to the Degradation of Cellulose by Filamentous
Fungi

by
William Templeton Beeson IV
Doctor of Philosophy in Chemistry
University of California, Berkeley

Professors Jamie H. D. Cate and Michael A. Marletta, Co-Chairs

The cost of cellulose degrading enzymes is still a major barrier to the economical
production of liquid fuels from lignocellulose. Fungi play a central role in the
degradation of plant biomass in terrestrial environments. They use a wide variety of
secreted enzymes to break down biopolymers present in the plant cell wall. Here |
report on the mechanisms of cellulose degradation used by Neurospora crassa, a
model genetic organism, and Myceliopthora thermophila, a thermophilic fungus.
Enzymes important for the degradation process were identified using a combination of
transcriptomics, proteomics, genetics, and biochemistry. A key result from this work is
that, in N. crassa and many other fungi, oxidative enzymes play a critical role in the
depolymerization of cellulose. In contrast to the accepted models of oxidative cellulose
degradation, via non-specific hydroxyl radical species, | found that in N. crassa, an
oxidoreductase and several copper oxidases bind to cellulose and hydroxylate the
substrate at specific positions leading to cleavage of the glycosidic bonds. This mode of
action is orthogonal to that of traditional hydrolases and if used optimally in conjunction
with other cellulases, could reduce the required enzyme loading for lignocellulose
saccharification by 2-4 fold.



Dedication

This dissertation is dedicated to my parents, Trey and Linda Beeson, who have always
supported and encouraged me in my studies. This dissertation is also dedicated to Dr.
James Horvath and Dr. Nigel Richards, of the University of Florida, who rekindled my
interest and love of science during my freshmen and sophomore years of college. This
dissertation is also dedicated to my wife, Kristin Mimbs, who has endured life as a “lab
widow” for the past four years while | performed the research described in the following
pages.



Contents

1. Introduction to biofuels and enzymatic cellulose degradation

1.1 Biomass as a feedstock for renewable fuels production

1.2 Plant cell wall composition and structure

1.3 Organisms capable of cellulose degradation

1.4 Hydrolytic cellulose degradation

1.5 Oxidative cellulose degradation

2. Systems analysis of plant cell wall degradation by Neurospora crassa

2.1 Abstract

2.2 Introduction to Neurospora crassa as a model organism

2.3 Results
2.3.1 Transcriptome analysis of N. crassa grown on Miscanthus and Avicel
2.3.2 Secretome analysis of N. crassa grown on Miscanthus and Avicel

2.3.3 Characterization of extracellular proteins and cellulase activity in strains
containing deletions in genes identified in the overlap of the transcriptome and
secretome datasets.

2.4 Discussion
2.5 Materials and Methods
2.6 Acknowledgements
3. Extracellular aldonolactonase from Myceliophthora thermophila
3.1 Abstract
3.2 Introduction to lactonase enzymes
3.3 Results
3.3.1 Purification and properties of M. thermophila extracellular lactonase

3.3.2 Substrate specificity of M. thermophila extracellular lactonase

1



3.3.3 Amino acid sequence of extracellular lactonase
3.3.4 Sequence alignments and phylogenetic relationships of the lactonase
3.3.5 Induction of extracellular lactonase by cellulose
3.4 Discussion
3.5 Materials and Methods
3.6 Acknowledgements
4. Contribution of cellobiose dehydrogenase to the degradation of cellulose
4.1 Abstract
4.2 Introduction to cellobiose dehydrogenase and oxidative cellulose degradation
4.3 Results
4.3.1 Production of a strain of N. crassa containing a deletion of cdh-1
4.3.2 Stimulation of cellulose degradation by CDH

4.3.3 Oxygen and metal ion dependence on the stimulation of cellulose
degradation by CDH.

4 .4 Discussion
4.5 Materials and Methods
4.6 Acknowledgements

5. Identification of GH61 proteins as an integral part of the of the CDH-dependent
enhancement of cellulose degradation

5.1 Abstract
5.2 Introduction to GH61 proteins and CBP21
5.3 Results

5.3.1 Screening strategy to identify other proteins involved in CDH-dependent
enhancement of cellulose degradation

5.3.2 Native purification strategy to isolate GH61 proteins

5.4 Discussion

111



5.5 Materials and Methods
5.6 Acknowledgements
6. Oxidative cleavage of cellulose by polysaccharide monooxygenases
6.1 Abstract
6.2 Introduction to GH61 proteins and CBP21
6.3 Results
6.3.1 GH61 proteins are copper metalloenzymes
6.3.2 GH61 proteins form oxidized cellodextrin products
6.3.3 Isotope labeling studies
6.4 Discussion
6.5 Materials and Methods
6.6 Acknowledgements
7. Conclusions and future directions

8. References

v



Chapter 1: Introduction to biofuels and enzymatic cellulose degradation
1.1 Biomass as a renewable feedstock for liquid fuel production

Increasing energy demand from developing nations and limited petroleum resources
in politically unstable parts of the world are driving a world-wide search for new sources
of liquid fuels. Biomass has long been regarded as a source of renewable sugars that
could be fermented by microorganisms to make biofuels (7). The key barrier to
adopting biomass derived fuels has been the high costs of conversion to
monosaccharides (2). Enzymatic depolymerization is too slow and chemical
depolymerization forms too many unwanted side products. The key applied goal of my
thesis research was to identify new ways to enzymatically depolymerize lignocellulosic
biomass so that low cost cellulosic feedstocks could be used for biofuel production.

Lignocellulosic biomass represents a large, untapped, and renewable resource for
the production of fuels and chemicals. In 2005, the US Department of Energy released
the Billion-Ton Study which reported on the potential biomass resources available in the
United States (3). The purpose of the analysis was to determine if 30% of liquid
transportation fuels could be displaced by fuels sourced from renewable biomass.
Using conservative estimates of biomass availability, the report concluded that with
minimal changes to agricultural practices a 1.3 billion ton annual supply of biomass
could be produced in the U.S.

There are three categories of biomass resources produced at large enough scale to
be considered for high volume fuel production: forestland, agricultural, and secondary
residues and waste. Each type of biomass is sourced from a different place and would
require substantially different conversion technologies for biofuel production. A large
amount of research and development has focused on the conversion of existing
agricultural wastes, including corn stover and sugarcane bagasse as well as potential
dedicated energy crops, like switchgrass, energy cane, and Miscanthus (4, 5).
Dedicated energy crops provide several environmental and potentially economic
advantages as compared to agricultural waste. The productivity of dedicated energy
crops already exceeds that of the major cereal crops which have been domesticated
and improved by humans for several thousand years. The inputs for the production of
cereal crops, including tillage, fertilizer, and irrigation are also very energy intensive.

Miscanthus X giganteus is a C4 perennial grass that is being developed as a
potential bioenergy crop (Figure 1) (4). A key advantage of Miscanthus compared to
other potential bioenergy crops like sugar cane and energy cane is cold tolerance (6).
Miscanthus can be grown throughout most of the Midwestern and Southeastern
portions of the U.S., while sugarcane and energy cane are limited to locations with near
tropical climates (Florida, Louisiana, Hawaii). After the initial establishment, Miscanthus



can be harvested for several years without replanting (7). At the end of the growing
season the plant senesces and most of the nutrients are transported to the root system
where they can be reused during the next year’s growth. In the U.S., 30 tons or more of
dry biomass from Miscanthus X giganteus has been produced per hectare on cropland
in field trials (8). Currently, the establishment costs for Miscanthus are high because it
has to be propagated as rhizomes and mechanized farm equipment has not yet been
developed for efficient planting. Recent estimates for the break even cost to produce
Miscanthus are as low as $46 per dry ton in Missouri (9). These costs are comparable
to energy cane production costs in Brazil, which are estimated to be as low as $34 per
dry ton. Future improvements in agronomical practices, traditional plant breeding, and
genetic tools will further lower the costs to produce biomass in the U.S.

Figure 1. Miscanthus X giganteus growing at the University of lllinois. Photo taken early in the growing
season. Will Beeson is pictured on the right (ht. = 6 ft. 5in.).

First generation biofuels have been produced from starch, plant oil, or sucrose. In
2010, 13.2 billion gallons of ethanol were produced in the United States with most of the
production coming from the conversion of corn starch (9). Although the raw feedstock
costs for first generation biofuels are higher, the conversion cost is much lower than for
lignocellulosic material. Corn starch is composed principally of a-1-4 linked glucans.
Two main enzymes are used to depolymerize corn starch, a-amylase and
glucoamylase. The a-amylase works as an endoglucanase, rapidly decreasing the
viscosity and degree of polymerization of the starch. Amylases used for corn starch
hydrolysis have been engineered to work at temperatures above 90 °C where the corn
starch is gelatinized. Glucoamylase is then added and hydrolyzes the oligosaccharides
to glucose which is typically simultaneously fermented by yeast.
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Second generation biofuels will be produced from lignocellulosic materials.
Lignocellulose is derived from the cell walls of plants and is principally composed of
cellulose, hemicellulose, and lignin (3). The relative amounts of the plant cell wall
constituents varies from plant to plant, but for perennial grasses, like Miscanthus,
cellulose constitutes 43 percent, hemicellulose 21 percent, and lignin 21 percent of the
of the total dry biomass (Bauer, S., unpublished). To understand the challenges
associated with depolymerization of the plant cell wall, a more detailed analysis of the
composition of the cell wall is necessary.

1.2 Plant cell wall composition and structure

Plant cell walls are complex structures containing cellulose, hemicellulose, lignin,
pectins, and proteins (70). The organization of plant cell walls can be thought of as a
multicomponent gel matrix consisting of heterogeneous non-cellulose polysaccharides
reinforced by crystalline cellulose microfibrils and structural proteins (Figure 2). The
various polymer components of the wall may be linked via covalent or non-covalent
interactions. The plant cell wall can be further divided into a primary cell wall and a
secondary cell wall. The primary cell wall is produced first and is composed mostly of
cellulose, hemicellulose, and pectins. The secondary cell wall is produced after the cell
has stopped expanding and contains more cellulose and lignin. The secondary cell wall
waterproofs the cell and provides extra rigidity. A key function of the cell wall is to
protect the plant cell from microbial and enzymatic assault. The lignin and cellulose
polymers are especially resistant to enzymatic degradation.

—— Pactin

Middle
Lamella i

Primary
Cell Wall =

Cellulose
Microfibril

Plasma {_ —= Hemicellulose
Membrane

= Spluble

Protein

Figure 2. Schematic of the plant cell wall (17).

Cellulose is the most abundant polysaccharide on earth and an essential
structural component of the plant cell wall that must be utilized for economical biofuel
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production. Cellulose is a linear homopolymer of $-1-4-linked B-D-glucopyranose units.
The pyranose rings are known to be in the chair conformation “C4, with the hydroxyl
groups in equatorial orientation. Each glucopyranose unit is inverted 180 degrees
relative to the previous monomer unit facilitating inter and intra-chain hydrogen bonding.
The average degree of polymerization of native cellulose in primary cell walls is around
6,000 and up to 14,000 in secondary walls (72). In native cellulose, the chains are all
oriented in the same direction and form microfibrils, probably consisting of 24-36
individual chains (13). The microfibrils are thought to be formed by the action of large,
multi-subunit cellulose synthases present in the plasma membranes of plant cells that
coordinately secrete growing cellulose chains into the cell wall (714).

Hemicelluloses are an important group of polysaccharides present in the plant
cell wall that will also need to be utilized for next generation biofuel production. In
contrast to cellulose, hemicellulose is a general designation that refers to the
amorphous and branched polysaccharides of mostly arabinose and xylose, which are
linked through B-1-4 glycosidic bonds (75). Both arabinose and xylose are pentose
sugars lacking the C6 hydroxymethyl group and thus do not form the strong inter and
intra-chain hydrogen bonding networks that cellulose does. Covalent crosslinks
between hemicellulose and lignin are known (76). Hemicellulose is also thought to coat
the cellulose microfibrils and is probably within van der Waals distance of cellulose
chains. Hemicellulose can be completely hydrolyzed by dilute acid pretreatments;
however, it is resistant to base pretreatments (77).

Lignin is the third major component of the plant cell wall and gives the cell wall
strength and rigidity. Lignin is enriched in woody biomass and in contrast to cellulose
and hemicellulose is a polyphenolic material that contains no carbohydrate component
(75). The structure of lignin is poorly understood; however, it is known to be composed
principally of three monomer units with varying degrees of methylation: p-coumaryl
alcohol, coniferyl alcohol, and sinapyl alcohol (78). The monomer units are bonded to
one another through carbon-carbon and carbon-oxygen bonds, possibly due to
untemplated free radical polymerization (78); however, very little is known about lignin
formation in the cell wall. The average molecular weight of lignin is estimated to be
higher than 10,000 (79). The amount of lignin in the cell wall is thought to be strongly
correlated to the recalcitrance of the biomass to hydrolysis by enzymes (20). Removal
or modification of lignin in cellulosic biomass may reduce conversion costs.

1.3 Organisms capable of cellulose degradation

More than 10" metric tons of cellulose are produced per year by plants (27).
Cellulose is an important source of carbon and energy for many organisms. The most
commonly known cellulose degraders are termites and ruminant animals. Despite the
common public association of cellulose degradation with animal species, both termites
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and ruminant animals have large consortia of gut microorganisms that are responsible
for the hydrolysis of cellulose (22, 23). Indeed, the vast majority of cellulose utilization
is microbial (24).

Microbial cellulose degradation occurs both aerobically and anaerobically.
Anaerobic cellulose degradation has been estimated to account for approximately 10%
of total cellulose degradation (25). Cellulose-degrading anaerobes are found in the guts
of animals, bogs, waste water treatment facilities, and in hot springs. They include
many species of Clostridia, Fibrobacter, and poorly studied species of anaerobic fungi.
Anaerobic cellulose degrading organisms are thriftier than aerobes in their secretion of
hydrolytic enzymes, probably because much less energy can be extracted from glucose
in the absence of oxygen. Aerobic microorganisms are responsible for most of the
cellulose degradation in the environment (25). Aerobic cellulose degrading
microorganisms include fungi and bacteria which live in soils, leaf litters, and compost
piles.

In terrestrial environments fungi are major contributors to carbon cycling. Fungi
are a large group of eukaryotic organisms including molds, mushrooms, and yeasts
(26). Fungi are used to produce important food products like bread, beer, soy sauce,
wine, and truffles. Most fungi are filamentous multi-cellular organisms. All fungi are
heterotrophic, getting energy and carbon for growth from the consumption of organic
compounds in their environment. Since they lack digestive systems, fungi must secrete
enzymes to convert large insoluble nutrient sources into water soluble metabolites that
can be imported by transporters in the cell membrane. Hence, many fungi have been
exploited by the industrial biotechnology industry for the production of proteases,
cellulases, pectinases, hemicellulases, and several other classes of enzymes (27).
Fungi are one of the most promising sources of enzymes for production of cellulosic
biofuels because they have been engineered for many years to secrete very high
concentrations of protein. Several reports in the literature claim protein production
levels higher than 100 grams per liter from fungal fermentation broths (28).

1.4 Hydrolytic cellulose degradation

Cellulose is highly crystalline and completely insoluble in water and most organic
solvents (72). Both of these properties make cellulose resistant to enzymatic and
chemical hydrolysis. Enzymatic hydrolysis of cellulose is catalyzed by cellulases.
Cellulases are the third largest industrial enzyme product worldwide. They are used in
textile processing, laundry detergents, juice extraction, paper recycling, and as animal
feed additives (29). If a large cellulosic biofuels industry takes hold, they will become
the largest produced industrial enzyme. Most commercial cellulases are produced in
fungal hosts, like Trichoderma reesei, Humicola insolens, and Mpyceliophthora
thermophila (28). Even though the specific activity of cellulases is very slow when
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compared to other enzymes, their overall rate enhancement is dramatic. The half-life of
crystalline cellulose in water at pH 7.0 is estimated to be approximately 100 million
years (15). In sharp contrast to native cellulose, regenerated or amorphous cellulose
can be hydrolyzed rapidly by cellulases, similar to the rates of starch hydrolysis by
amylases (30). Accessibility to the substrate is thus key for the enzymes’ hydrolytic

activity.
OH OH
HO =0 HO OH
OH OH
Open form Pyranose form

Figure 3. Structures of the open and closed form of D-glucose.

Before discussing mechanistic issues of cellulose depolymerization, a more
thorough discussion of the chemistry of carbohydrates is warranted. The simplest
repeating unit of cellulose is the monosaccharide glucose. Glucose can exist in an
open form with a terminal aldehyde functional group or in a cyclic 6-membered ring
hemiacetal form where the C5 hydroxyl group has added to the C1 aldehyde (Figure 3).
The cyclic six membered ring form of glucose is commonly referred to as a pyranose.
In aqueous solution the pyranose and open chain form of glucose are in dynamic
equilibrium, with the pyranose accounting for greater than 99% of species in solution
(37). The cyclic form of glucose can also exist in an alpha or beta form, depending on
the configuration of the C1 hydroxyl group. If the C1 hydroxyl group is axial, the
glucose is designated alpha, if equatorial it is beta. The conformation of the C1 position
has large implications for the properties of glucose polymers. Glucose linked through a-
1-4-glycosidic bonds forms the polymer amylose, while 3-1-4-linked glucose polymers
are known as cellulose. The axial linkages in amylose do not allow for the strong inter
and intra-chain hydrogen bonding that makes cellulose so recalcitrant. Starches can be
partially solubilized in water by heating to 100 °C (32), while cellulose remains
completely insoluble and largely unchanged.

~
OH ~1+ OHr H OH
HO 0—R HO 7 H\ H HO OH
HO D — o 4 0—Rr — > HO 0
OH oH T OH

Figure 4. Acid catalyzed hydrolysis of cellulose.



The rate of chemical hydrolysis of glycosidic bonds is enhanced by general acid
catalysis (Figure 4). Protonation of the glycosidic oxygen makes the reducing end
carbohydrate moiety a better leaving group. The adjacent carbohydrate is eliminated
and a transient cyclic oxonium ion is formed. Water then adds to the oxonium ion
completing the hydrolysis reaction. Amorphous cellulose is hydrolyzed one to two
orders of magnitude more rapidly than crystalline cellulose (33). Dilute acid treatment of
cellulose increases the crystallinity over time because amorphous regions are more
susceptible to hydrolysis. A possible explanation for the difference in reactivity is that
hydrolysis of crystalline internal regions of cellulose will lead to “snap back” reactions
where the glycosidic bond is reformed rather than being hydrolyzed by free water.

As of 2011, there are ten well studied families of cellulases (75, 34). The family
designation is based on sequence homology, the fold of the protein, and the catalytic
mechanism. Crystal structures have been solved for several different cellulases and
there are least seven distinct protein folds known for cellulases (34). The diversity of
cellulases found in nature may be due to the variations in the natural substrate, which is
thought to be embedded in the complex milieu of the plant cell wall or because cellulose
hydrolysis is still under positive selection.

There are three functional classes of cellulases produced by filamentous fungi:
endoglucanases, reducing end exoglucanases, and non-reducing end exoglucanases
(Figure 5) (35). For complete hydrolysis of cellulose to glucose, an additional type of
enzyme, B-glucosidase may also be produced. Most fungi produce an intracellular and
extracellular form of B-glucosidase. A trend that has emerged from the many cellulase
crystal structures is that exoglucanases contain active sites present in tunnels (36),
while endoglucanase active sites are present in solvent exposed clefts (37). This
structural variation suggests that endoglucanases, as their name implies, access and
cleave disordered or solvent exposed internal regions of the cellulose chains.
Exoglucanases work from the ends of cellulose chains and thread the polysaccharide
through their active site tunnels. Once an exoglucanase has engaged a chain it is
hypothesized that it will process along it for several successive cuts.

Reducing end

Endoglucanase
exoglucanase

—
: : R
Non-reducing end AN ct?.'-‘rf-".
exoglucanase 3',% ;-‘.-1{"{._‘.-.!‘2.- :
il 2 mars Pe.
¢ >, DS ON S

~

LB L
e T, )20
Q-

—

Figure 5. Schematic showing endoglucanases (38) and exoglucanases (36) acting on cellulose.
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Further experimental data to support these models have been provided over the
years. Endoglucanases rapidly decrease the viscosity of solutions of carboxymethyl
cellulose, a soluble cellulose derivative, while exoglucanases have little effect on the
viscosity (75). Viscosity is directly proportional the number average degree of
polymerization of the cellulose and the drastic reduction in viscosity is consistent with a
reduction in the length of the cellulose. When incubated with insoluble forms of
cellulose, endoglucanases produce many more insoluble reducing ends than do
exoglucanases. Processivity has been a more difficult property to study, but recent
work using single molecule imaging techniques have confirmed that exoglucanases will
process along an individual chain for many successive cuts (39, 40).

An additional feature of many cellulases is the presence of cellulose binding
modules (CBMs) (34). Typically, CBMs are present at the N- or C- terminus of a
cellulase, linked to the catalytic domain by a short flexible linker region. In fungi, the
CBM is a short, 30 amino acid domain containing three conserved aromatic residues
(41). The aromatic residues are spaced and oriented so they form a flat plane that can
hydrogen bond and form stacking interactions with the pyranose rings present on the
surface of crystalline cellulose. The presence of the CBM increases the local
concentration of the catalytic domain on the surface of the cellulose. Because catalytic
domains have only weak affinity for cellulose, the removal of the CBM will generally
drastically decrease cellulase activity on crystalline cellulose. Interestingly, the activity
on amorphous cellulose has been reported to increase when the CBM is removed (42).
There are about as many naturally occurring cellulases that do not contain a CBM as
those that do. Clearly there is a tradeoff associated with the enhanced binding that may
not always be beneficial. Often CBMs are also attached to catalytic domains that have
no hydrolytic activity on cellulose, including xylanases, xyloglucanases, cellobiose
dehydrogenases, and cutinases (43). The attachment of CBMs to these diverse
catalytic domains further supports the model of cellulose fibrils being embedded in a
complex matrix of other polysaccharides in the plant cell wall.

It was observed in the 1950s that no single cellulase could completely hydrolyze
crystalline cellulose (44). Since then synergy between cellulases has been studied
extensively and several important conclusions on the topic have been reached (35, 45).
The simplest model of synergy is based on the notion that endoglucanases will make
cuts in internal regions of cellulose chains which generates new chain ends for action of
exoglucanases. There is no evidence that endoglucanase-exoglucanase synergy
requires multi-protein complexation and in general any endoglucanase will show
synergy with any exoglucanase (15). Exoglucanases can also show synergy with one
another, so long as they target opposite ends of the cellulose chains. Synergy effects
are largest in the digestion of crystalline cellulose and most amorphous or soluble
substrates show only very small effects. As more genomes have been sequenced, an



emerging trend is that many species of fungi secrete several different endoglucanases.
Whether these endoglucanases have different substrate specificities or enhanced
synergism in the presence of each other is an area of active research.

1.5 Oxidative cellulose degradation

Hydrolytic cellulose degradation has been extensively studied over the last 60
years and is a relatively well understood biological process (46). Recent genome
sequencing projects of diverse species of fungi have suggested that some fungi may be
using other mechanisms to degrade cellulose. The genome sequence of Postia
placenta, a brown-rot fungus known to degrade cellulose, lacks genes encoding
exoglucanases, or any proteins with a cellulose binding module (47). The dogma in the
field is that for efficient crystalline cellulose degradation there must be both
endoglucanases and exoglucanases. During growth on cellulose Postia placenta
upregulates the expression of genes encoding iron reductases, quinone reductase, and
multiple diverse oxidases. It was speculated that Postia placenta might be using
oxidative mechanisms to degrade cellulose, although direct biochemical evidence in
support of this hypothesis has not been reported (47).

The most prominent model for oxidative degradation of cellulose is based on the
Fenton reaction (Figure 6) (48). The Fenton reaction was developed by Henry Fenton
in the late 1800s as a reagent to destroy tartaric acid (49). Later, the mechanism of
action was better understood by Haber and Weiss and the reaction was developed as a
way to oxidize toxic organic compounds (50). In the Fenton reaction, an aqueous
solution of hydrogen peroxide is mixed with ferrous iron leading to the formation of
hydroxyl radicals. More than 20 years ago it was reported that several species of fungi
produced hydrogen peroxide during growth on cellulosic substrates (57, 52). The
availability of hydrogen peroxide and iron complexes in wood led researchers to
propose an oxidative degradation pathway based on the Fenton reaction.

Fe2* + H,0, > Fe3*+HO + HO

Figure 6. The Fenton reaction.

In the Fenton model, oxidases and reductases secreted by fungi during growth
on cellulose participate in redox cycling reactions with molecular oxygen and transition
metals which lead ultimately to the production of hydroxyl radicals which non-specifically
degrade plant cell wall polymers (563). Hydroxyl radicals have been reported to abstract
hydrogen atoms from cellulose and other polysaccharides with rate constants near 10°



M's™ (54). After hydrogen atom abstraction, carbon centered radicals will be formed
which can then rapidly react with molecular oxygen to give peroxyl radical species. If
the radical is formed on C1 or C4, an elimination reaction may take place which results
in glycosidic bond cleavage and ejection of superoxide (565). In the most well developed
Fenton model, an extracellular heme-flavoprotein, cellobiose dehydrogenase, which is
produced by many fungi during growth on cellulose, is thought to play a key role (48,
56).

b-type Flavin Catalytic
N _[ Cytochrome Domain ]_[CBH” ]-C

190 aa 550 aa 30 aa

Figure 7. Domain architecture and reaction catalyzed by cellobiose dehydrogenase.

Cellobiose dehydrogenase (CDH) is the only known example of an extracellular
heme-flavoprotein and is produced only by filamentous fungi during growth on cellulose.
CDH is a multi-domain enzyme consisting of an N-terminal cytochrome domain, a flavin
catalytic domain, and in some species a C-terminal cellulose binding module (Figure 7)
(57). It catalyzes the 2-electron oxidation of the reducing end of cellobiose and longer
chain cellodextrins to the corresponding aldonolactones. Glucose is a very poor
substrate for CDH; the apparent second order rate constant for cellobiose is 87,000
times higher than that for glucose (57). Substrate oxidation takes place in the flavin
domain and electrons are then transferred to a heme prosthetic group bound in the
cytochrome domain. The heme iron is complexed by absolutely conserved methionine
and histidine residues which cannot be displaced by diatomic ligands or azide,
suggesting a potential role in outer-sphere electron transfer reactions (58). To
regenerate the enzyme for subsequent turnover, the electrons would then need to be
passed on to an exogenous electron acceptor. CDH has very low reactivity with
molecular oxygen and it has been speculated that the natural electron acceptor might
be ferric-oxalate complexes present in wood or quinones secreted by the fungus (57). If
the electrons were transferred to ferric complexes, CDH would be playing a critical role
in the generation of ferrous iron for Fenton chemistry. Many experiments have been
performed that show CDH is able to transfer electrons to quinones and metal ions at
more than 20-fold the rate of reduction of molecular oxygen.
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From a purely chemical standpoint, the scope of the reactions proposed in the
Fenton chemistry model of oxidative cellulose degradation is reasonable, but from a
biological perspective, there are potentially many pitfalls to uncontrolled generation of
hydroxyl radicals. Hydroxyl radicals are some of the most reactive chemical species
known, and it is unclear how they would be targeted to the plant cell wall and kept away
from the penetrating hyphal tips of the fungus. Furthermore, the presence of free metal
ions has been reported to be highly inhibitory to cellulase activity in vitro (59). Although
there are conflicting reports (60), under most reaction conditions the addition of CDH to
mixtures of free cellulases has no effect on cellulose hydrolysis or is inhibitory (Beeson
W.T., unpublished results).

Clearly, CDH is produced in the presence of many cellulases and it would be
counter-productive for the fungus to secrete an enzyme that reduces the activity of
cellulases it relies upon for food. The genome of the model filamentous fungus,
Neurospora crassa, contains two genes encoding predicted CDHs and many genes
encoding predicted cellulases and other carbohydrate active enzymes (67). A central
theme of the work presented in this thesis is aimed at using a combination of genetic
and biochemical experiments to understand how N. crassa degrades plant cell wall
material and what role cellobiose dehydrogenase plays in the process. Chapter one
describes a systems biology analysis of plant cell wall utilization in N. crassa where
many genes and proteins were identified as likely to be involved in cell wall degradation.
Chapter two reports on the first biochemical characterization of a fungal extracellular
aldonolactonase induced during growth on cellulose. These aldonolactonases are
highly conserved in cellulolytic fungi and may play a secondary role in oxidative
cellulose degradation pathways. The final four chapters describe genetic and
biochemical experiments performed to determine the contribution of oxidative enzymes
to cellulose degradation in N. crassa. These results set the foundation for future work to
develop more cost efficient enzyme systems for lignocellulosic biomass conversion.
The addition of oxidative enzymes to commercial cellulase mixtures could lower the
amount enzyme required for biofuel production by as much as 2-4 fold.

11



Chapter 2: Systems analysis of plant cell wall degradation by Neurospora crassa
2.1 Abstract

The filamentous fungus Neurospora crassais a model laboratory organism, but in
nature is commonly found growing on dead plant material, particularly grasses. Using
functional genomics resources available for N. crassa, which include a near-full genome
deletion strain set and whole genome microarrays, we undertook a system-wide
analysis of plant cell wall and cellulose degradation. We identified approximately 770
genes that showed expression differences when N. crassawas cultured on
ground Miscanthus stems as a sole carbon source. An overlap set of 114 genes was
identified from expression analysis of N. crassa grown on pure cellulose. Functional
annotation of up-regulated genes showed enrichment for proteins predicted to be
involved in plant cell wall degradation, but also many genes encoding proteins of
unknown function. As a complement to expression data, the secretome associated
with N. crassa growth on Miscanthus and cellulose was determined using a shotgun
proteomics approach. Over 50 proteins were identified, including 10 of the 23
predicted N. crassa cellulases. Strains containing deletions in genes encoding 16
proteins detected in both the microarray and mass spectrometry experiments were
analyzed for phenotypic changes during growth on crystalline cellulose and for cellulase
activity. While growth of some of the deletion strains on cellulose was severely
diminished, other deletion strains produced higher levels of extracellular proteins that
showed increased cellulase activity. These results show that the powerful tools
available in N. crassa allow for a comprehensive system level understanding of plant
cell wall degradation mechanisms used by a ubiquitous filamentous fungus.

12



2.2 Introduction

Neurospora crassa is a well-known model organism that has been used for over
90 years to study genetics, biochemistry and fungal biology (62). Many N. crassa
isolates have been recovered from sugar cane, which is closely related to Miscanthus,
an attractive crop for biofuel production (63-65). Although it was shown to degrade
cellulose more than 30 years ago (66, 67), relatively little has been reported on plant
biomass utilization by N. crassa. The N. crassa genome is predicted to contain twice as
many cellulases as H. jecorina (68), as well as many hemicellulases and other enzymes
involved in plant biomass degradation. Genetic and molecular tools to manipulate N.
crassa are extensive (62) as are genomic resources, including whole genome
microarrays and a near full genome deletion strain set (69). N. crassa is the only
example of a model organism that also happens to be a proficient degrader of plant cell
walls.

In this study, we exploit functional genomic resources to perform a systems
analysis of the N. crassa transcriptome associated with complex plant biomass and
pure cellulose utilization. In addition, the secretome of N. crassa grown under identical
conditions was analyzed using a shotgun proteomics approach. We evaluated strains
containing deletions in genes encoding proteins identified from overlapping
transcriptome and secretome datasets for their ability to utilize cellulose and for
cellulase activity. From this analysis, we identified known proteins involved in plant cell
wall degradation, but also proteins of unknown function that affect cellulose degradation
and cellulase activity. Taken together, these data begin to unravel the functionally
distinct strategies used by N. crassa to degrade plant cell walls and highlight how a
systems biology approach using genomic resources is a powerful tool to identify novel
and industrially important components associated with plant cell wall degradation.

2.3 Results
2.3.1 Transcriptome analysis of N. crassa grown on Miscanthus and Avicel

Growth and cellulase activity of N. crassa (FGSC 2489) cultured on minimal
medium with crystalline cellulose (Avicel) as the sole carbon source was similar to that
of H. jecorina (QM9414) (Fig. 1); N. crassa completely degraded Avicel in ~4 days. N.
crassa also grew rapidly on ground Miscanthus stems, suggesting functional cellulase
and hemicellulase degradative capacity. To determine the transcriptome associated
with plant cell wall deconstruction, we used full genome microarrays (70-72) to monitor
gene expression profiles during growth of N. crassa on ground Miscanthus stems. RNA
sampled from N. crassa grown for 16 hours of growth on sucrose was compared to
RNA from N. crassa grown on Miscanthus medium at 16 hours, 40 hours, 5 days and
10 days (Fig. 2).
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Figure 1. Analysis N. crassa FGSC2489 and T. reesei QM9414 endoglucanse activity when grown on
Miscanthus and Avicel as a sole carbon source. Endoglucanase activity in culture filtrates of N. crassa
WT strain FGSC2489 and T. reesei QM9414. N. crassa was grown on Vogel's minimal medium
containing 2% of either Avicel or Miscanthus powder as a sole carbon source at 25°C T. reseei strain was
inoculated in MA medium with either 1% Avicel or Miscanthus powder as sole carbon source at 25 °C
Both strains were inoculated with the same amount of conidia (1 x 1076 /ml in 100ml culture). The
endoglucanase activity in the cultures at different time points were measured at pH 4.5 using Azo-CM-
cellulose as a substrate according to the manufacturer’s instructions (Megazyme, Ireland).

A total of 769 N. crassa genes showed a statistically significant difference in
relative expression level among the four Miscanthus samples as compared to the
sucrose sample. Hierarchical clustering showed that these genes fell into three main
clusters (Fig. 2A). The first cluster of genes (C1; 300 genes) showed the highest
expression levels in minimal medium with sucrose. Functional category (FunCat)
analysis (73) of these genes showed an enrichment for ribosomal proteins and other
functional categories associated with primary metabolism. The second cluster (C2)
included 327 genes that showed the highest expression levels in Miscanthus cultures at
later time points (40 hrs to 10 days; Fig. 2A). Within this group were 89 genes that
showed a high relative expression level in Miscanthus cultures at all time points. FunCat
analysis (73) of the remaining 238 genes showed one functional category (C-compound
and carbohydrate metabolism) was slightly enriched.
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Figure 2. Transcriptional profiling of N. crassa grown on Miscanthus and Avicel. (A) Hierarchical
clustering analysis of 769 genes showing expression differences in Miscanthus culture. Red indicates
higher relative expression and green indicates lower relative expression. Lane 1: A 16 h N. crassa culture
grown in sucrose minimal medium. Lane 2: A 16 h culture with Miscanthus as a sole carbon source.
Lanes 3-5: Expression profiles from cultures grown on Miscanthus for 40 h, 5 days, and 10 days. The C3
cluster showed increased expression levels of most of the cellulase and hemicellulase genes (boxed). (B)
Overlap in expression profiles between the N. crassa Miscanthus versus Avicel grown cultures (Top).
Overlap of proteins in culture filtrates detected by tandem mass spectrometry (Bottom). (C) Functional
category analysis (16) of the 231 genes that showed a significant enrichment (P < 0.001) in relative
expression levels in Miscanthus cultures.

A third cluster of 142 genes showed the highest relative expression level after 16
hours of growth of N. crassa on Miscanthus (C3, Fig. 2A). FunCat analysis (73) of these
142 genes plus the 89 genes that showed high expression levels in Miscanthus cultures
at all time points (C3+ cluster; total 231 genes) showed an enrichment for proteins
involved with carbon metabolism, including predicted cellulases and hemicellulases
(Fig. 2C). Of the 23 predicted cellulase genes in the N. crassa genome, 18 showed
significant increases in expression levels during growth on Miscanthus (Table 1),
particularly at the 16 hour time point (Fig. 3). Five genes showed an increase in
expression level over 200-fold (cbh-1 (CBH(l); NCUQ07340, gh6-2 (CBH(ll)-like gene;
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NCU09680), gh6-3 (NCUO7190) and two GH61 genes (gh671-4; NCU01050 and
NCU07898)).
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Figure 3. Fold change induction of cellulases during growth on Miscanthus relative to sucrose. Most
cellulases show highest induction at 16 hours, then a lower, but steady level of induction at later time
points.
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Plant cell walls are complex structures composed of cellulose microfibrils,
hemicellulose, lignin, pectin, cutin, and protein. Thus, we compared expression profiles
of N. crassa grown on Miscanthus to expression profiles of N. crassa grown on Avicel, a
pure form of crystalline cellulose. Over 187 genes showed a significant increase in
relative expression level during growth of N. crassa on Avicel. Of these genes, 114
overlapped with the 231 genes in the C3+ cluster (Fig. 2B). FunCat analysis of the 114-

Table 1. Predicted cellulases genes in Neurospora crassa

Gene GH family CBM1 SP MS EL Miscanthus EL Avicel
NCU00762 5 Yes Yes Both 29.6 31.5
NCU03996 6 No No ND ND ND
NCU07190 6 No Yes Both 526.0 119
NCU09680 6 Yes Yes Both 230.9 251.3
NCU04854 7 No Yes ND 32.9 10.8
NCU05057 7 No Yes Both 8.7 7.4
NCU05104 7 No Yes ND 11.6 NC’
NCU07340 7 Yes Yes Both 426.4 382.2
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Gene GH family CBM1 SP MS EL Miscanthus EL Avicel

NCU05121 45 Yes Yes avi 8.6 17.2
NCU00836 61 Yes Yes ND 91.2 31
NCU01050 61 No Yes Both 206.7 382.1
NCU01867 61 Yes Yes ND 2.2 NC
NCU02240 61 Yes Yes avi 193.5 84
NCU02344 61 No Yes ND 8.1 4.1
NCU02916 61 Yes Yes ND 85.2 17.7
NCU03000 61 No Yes ND NC ND
NCU03328 61 No Yes ND 26.4 23.8
NCU05969 61 No Yes ND ND 12.7
NCU07520 61 No Yes ND ND ND
NCU07760 61 Yes Yes ND 3.7 NC
NCU07898 61 No Yes Both 376.3 230
NCU07974 61 No Yes ND NC NC
NCU08760 61 Yes Yes Both 107.5 447

* GH, glycoside hydrolase; CBM1, carbohydrate binding module; SP, signal peptide prediction; MS, mass
spectrometry analysis; EL, relative expression level; ND, not detected; NC, no change.

overlap gene set showed a clear enrichment for genes predicted to be involved in
carbon metabolism. Within this gene set, there was a further enrichment for secreted
proteins (53 of the 114 gene products). Of the 53 genes, 32 encode predicted proteins
with annotation suggesting a role in plant cell wall degradation, while 16 encode
putative or hypothetical proteins. The remaining 61 genes encode predicted intracellular
proteins, including ten predicted major facilitator superfamily transporters (NCU00801,
NCUO00988, NCU01231, NCU04963, NCU05519, NCU05853, NCU05897, NCU06138,
NCU08114 and NCU10021) and 23 putative or hypothetical proteins.

Of the 117 genes within the Miscanthus-specific cluster (Fig. 2B), 37 encoded
proteins predicted to be secreted. Nine predicted hemicellulases or enzymes related to
the degradation of hemicellulose were identified (NCU0O0710, NCU04265, NCU04870,
NCU05751, NCU05965, NCU09170, NCU09775, NCU09923 and NCUQ09976). The
remaining 80 Miscanthus-specific genes encode predicted intracellular proteins,
including genes involved in the metabolism of pentose sugars (for example, NCU00891,
xylitol dehydrogenase and NCUO00643, a predicted arabinitol dehydrogenase), a
predicted sugar transporter (NCU01132), and 48 proteins of unknown function.
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2.3.2 Secretome analysis of N. crassa grown on Miscanthus and Avicel

Lignocellulose degradation by fungi requires the secretion of proteins associated
with depolymerization of cell wall constituents (74). To compare with transcriptional
profiling data, we analyzed the secretome of N. crassa using a shotgun proteomics
approach (Fig. 1B). Supernatants from three and seven day old Miscanthus and Avicel
cultures were digested with trypsin and analyzed by liquid chromatography nano-
electrospray ionization tandem mass spectrometry (MS); datasets from the 3 and 7 day
samples showed no significant difference. Secreted proteins that bound to phosphoric
acid swollen cellulose (PASC) were enriched and also analyzed by MS.

A total of 50 proteins were identified with confidence by tandem MS (Table 2).
There were 34 proteins detected in the Miscanthus grown N. crassa cultures, while 38
proteins were identified from Avicel grown cultures; twenty-two proteins were detected
in both samples. Of these 22 proteins, 21 were predicted to be secreted based on
computational analyses and 19 showed increased expression levels in both the
Miscanthus and Avicel grown cultures. The overlap dataset included eight of the 23
predicted cellulases in N. crassa (Table 1). There were also five predicted
hemicellulases, a predicted B-glucosidase (gh3-4; NCU04952), five proteins with
predicted activity on carbohydrates, and two proteins with unknown function
(NCUO07143 and NCU05137) (Table 2).

There were 16 proteins identified with confidence in the Avicel culture only and
14 of these were predicted to be secreted (Table 2) including two predicted cellulases
(gh61-1; NCU02240 and gh45-1; NCU05121), one xylanase (gh11-1; NCU02855), one
predicted protease (NCU04205), three other proteins with predicted activity on
carbohydrates (NCU08909, NCU05974 and gh30-1 (NCU04395)), three Neurospora-
specific proteins of unknown function, and four conserved hypothetical proteins,
including one protein with a cellulose binding domain (NCU09764). Twelve proteins
were specific for culture filtrates of Miscanthus cultures and seven of these had
predicted secretion signals (Table 2). Three of the five predicted intracellular proteins
were conserved hypothetical proteins. The remaining two included a predicted glyoxal
oxidase (NCU09267, identified from the N. crassa Miscanthus transcriptome) and a
nucleoside diphosphate kinase (ndk-1; NCU04202, not identified in the N. crassa
transcriptome). The seven proteins predicted to be secreted included three predicted
esterases (NCU04870, NCU05159, and NCUQ8785), two predicted xylanases (GH51;
NCU02343 and GH54; NCU09775), a predicted B-xylosidase (gh3-7; NCU09923) and a
conserved hypothetical protein (NCU05751).

Many plant cell wall degrading enzymes contain a cellulose-binding module
(CBM), which aids in attachment of the enzyme to the substrate (75). Within the N.
crassa genome, 19 genes are predicted to encode proteins with a CBM1 domain (76).
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Sixteen of these genes showed an increase in relative gene expression in Miscanthus-
grown cultures. From the 50 proteins identified by MS, 11 contain a CBM1 domain. We
used PASC to enrich for proteins that bind to cellulose (see Materials and Methods).
Nine proteins that bound to PASC from the supernatant of Miscanthus-grown N. crassa
cultures and eight proteins from Avicel supernatant were identified by MS; seven
proteins were identified in both. These included NCUO00206, a predicted cellobiose
dehydrogenase; gh5-1 (NCUO00762), a predicted endoglucanase; NCU05955, a
predicted GH74 xyloglucanase; gh11-2 (NCU07225), a predicted endoxylanase; cbh-1
(NCUOQ7340); gh61-5 (NCUO08760), a predicted endoglucanase, and gh6-2 (NCU09680),
a predicted cellobiohydrolase 2 precursor.

Table 2. Proteins identified by LC-MS/MS in culture filtrates of Neurospora crassa grown on

Avicel or Miscanthus.

GENE ID ANNOTATION CULTURE
NCUO00206 | cellobiose dehydrogenase BOTH
NCUO00762 | endoglucanase Il (GH5) BOTH
NCU01050 | GH61 protein BOTH
NCU04952 | B-glucosidase (GH3) BOTH
NCUO05057 | endoglucanase | (GH7) BOTH
NCUO05137 | hypothetical protein BOTH
NCU05924 | endoxylanase (GH10) BOTH
NCUO05955 | xyloglucanase (GH74) BOTH
NCUO07143 | hypothetical protein BOTH
NCUO07190 | endoglucanase 6 (GH6) BOTH
NCU07225 | endoxylanase (GH11) BOTH
NCUO07326 | arabinofuranosidase (GH43) BOTH
NCUO07340 | cellobiohydrolase | (GH7) BOTH
NCUOQ07898 | GH61 protein BOTH
NCU08189 | endoxylanase (GH10) BOTH
NCU08398 | aldose-1-epimerase BOTH
NCUO08412 | conserved hypothetical protein BOTH
NCU08760 | GH61 protein BOTH
NCU09024 | conserved hypothetical protein BOTH
NCUO09175 | conserved hypothetical protein BOTH
NCU09491 | feruloyl esterase B BOTH
NCUO09680 | cellobiohydrolase Il (GH6) BOTH
NCUO00798 | hypothetical protein AV
NCU01595 | SOF1 AV
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Table 2 continued

GENE ID ANNOTATION CULTURE
NCU02240 | GH61 protein AV
NCU02696 | DEAD DEAH box RNA helicase AV
NCU02855 | endoxylanase (GH11) AV
NCU04205 | peptidase A4 family AV
NCUO04395 | endo-1,6-b-d-glucanase (GH30) AV
NCUO05121 | endoglucanase V (GH45) AV
NCUO05134 | hypothetical protein AV
NCU05852 | hypothetical protein AV
NCU05974 | similar to Mwg1 AV
NCUO08171 | predicted protein AV
NCUO08909 | beta-1,3 glucanosyltransferase AV
NCUO08936 | hypothetical protein AV
NCU09046 | hypothetical protein AV
NCU09764 | hypothetical protein AV
NCUO01651 | hypothetical protein MIS
NCU02343 | a-l-arabinofuranosidase MIS
NCU04202 | nucleoside diphosphate kinase MIS
NCUO04870 | acetyl xylan esterase MIS
NCUO05159 | acetylxylan esterase MIS
NCUO05751 | hypothetical protein MIS
NCU06239 | hypothetical protein MIS
NCUO08785 | hypothetical protein MIS
NCU09267 | hypothetical protein MIS
NCUO09708 | hypothetical protein MIS
NCUQ9775 | a-L-arabinofuranosidase MIS
NCU09923 | B-xylosidase (GH3) MIS

20

2.3.3 Characterization of extracellular proteins and cellulase activity in strains
containing deletions in genes identified in the overlap of the transcriptome and
secretome datasets.

Of the 22 extracellular proteins detected in both the Miscanthus and Avicel grown
cultures, homokaryotic strains containing deletions in 16 genes are available (69). None
of these 16 deletion strains have been previously characterized with respect to plant cell
wall or cellulose degradation by N. crassa. The 16 deletion strains were grown in media
containing sucrose or Avicel as a carbon source. All strains showed a wild-type




phenotype on sucrose medium. The total secreted protein, endoglucanase activity, f3-
glucosidase activity, and aggregate Avicelase activity of Avicel-grown culture filtrates
was measured after seven days and compared to the wild-type strain from which all
mutants were derived (Fig. 4). SDS-PAGE of unconcentrated culture supernatants
assessed the relative abundance of secreted proteins.

There were growth deficiencies on Avicel for strains containing deletions of two
predicted exoglucanases, Acbh-1 (NCUQ7340) and Agh6-2 (NCU09680), plus a
predicted pB-glucosidase, 4gh3-4 (NCU04952). The phenotype of the cbh-1 mutant was
the most severe; after seven days in culture much of the Avicel remained, while in the
wild-type strain all of the Avicel was degraded. SDS-PAGE of extracellular proteins from
10 of the 16 deletion strains showed an altered protein profile with loss of a single band,
allowing assignment of a particular protein band to a predicted gene (Fig. 4A, boxes).
These included NCUO00762 (gh5-1), NCU04952 (gh3-4), NCUO05057 (gh7-1),
NCUO05137, NCU05924 (gh10-1), NCUO05955, NCUO07190 (gh6-3), NCUO07326,
NCUOQ7340 (cbh-1) and NCU09680 (gh6-2).

For the maijority of the deletion strains, the total secreted protein, endoglucanase,
B-glucosidase, and Avicelase activities of the culture supernatants were similar to wild
type (WT) (Fig. 4B, C). Deviations from this trend were seen with Agh5-7 (NCU00762),
Agh3-4 (NCU04952), ANCU05137, Acbh-1 (NCUO07340) and Agh6-2 (NCUQ09680). In
Aghs-1 (NCUO00762), Agh3-4 (NCU04952), and Acbh-1 (NCUO07340) Avicelase,
endoglucanase or [B-glucosidase activities were lower than the corresponding WT
activities. In particular, the deletion of NCU04952 eliminated all B-glucosidase activity
from the culture supernatant, as evidenced by PNPGase activity and by higher levels of
cellobiose and lower levels of glucose in the Avicelase enzyme assays (Fig. 4B, C).
Unlike a WT strain, culture filtrates from ANCU04952 were completely unable to
hydrolyze cellobiose to glucose, consistent with loss of B-glucosidase activity. Despite
lowering endoglucanase activity, the culture filtrate from Agh5-1 (NCU00762) showed
no significant deficiency in Avicelase activity relative to the WT strain (Fig. 4C). As
expected, mutations in cbh-1 (NCUO07340) resulted in lower endoglucanase and
Avicelase activity. A strain containing a deletion of NCU09680, encoding a CBH(ll)-like
protein (gh6-2), also showed reduced cellobiose accumulation (Fig. 4C).

Mutations in three strains resulted in an increased level of secreted proteins,
especially CBH(l) (Fig. 4A); A4gh3-4 (NCU04952), A4gh7-1 (NCUO05057) and a
hypothetical protein gene, ANCU05137. The ANCU05137 mutant also showed
increased endoglucanase, B-glucosidase and Avicelase activity (Fig. 4B, C). NCU05137
is highly conserved in the genomes of a number of filamentous ascomycete fungi,
including other cellulolytic fungi, but notably does not have an ortholog in H. jecorina. It
is possible that the increase in CBH(l) levels observed in A4gh3-4, Agh7-1 and
ANCUO05137 could be due to either increased secretion, protein stability or feedback
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Figure 4. Protein profile and enzymatic activity of culture supernatants from strains containing deletions
of genes encoding secreted proteins identified by MS. (A) SDS/PAGE of proteins present in the culture
filtrates of 16 deletion strains as compared to WT when grown on Avicel for 7 days. Missing protein bands
that correspond to the deleted genes are marked with boxes. (B) Total secreted protein, azo-CMCase,
and B-glucosidase activity assays performed on 16 deletion strains and the WT parental strain (FGSC
2489) using the same sample from A. (C) Cellulase activity of the culture filtrates from the 16 deletion
strains using the same samples as in A. Bars, standard deviation. Glucose (black) and cellobiose (white)
were measured after 8 h of incubation at 40 °C. Bars, standard deviation.
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Figure 5. Time Course Analysis of Secreted Protein in WT and ANCU04952, ANCU05137.

(A.) SDS-PAGE of total secreted proteins in WT, ANCUO04952, and ANCUO05137. The cultures were
grown on Avicel and harvested at 30 hours, 48 hours, and 72 hours. Lanes 1-3, 20x concentrated culture
filtrates after 30 hours of growth on Avicel from WT, ANCUO04952, and ANCUO05137. Lanes 4-6,
unconcentrated culture filtrates after two days of growth from WT, ANCU04952, and ANCU05137. Lane
7-9, unconcentrated culture filtrates after three days of growth from WT and ANCUO04952 and
ANCUO05137. (B) RT-PCR of CBHI and CBHII in the WT, ANCU04952, and ANCU05137 during growth on
Avicel (see materials and methods).

that results in increased expression of cbh-1. To differentiate these possibilities, we
compared the profile of extracellular proteins produced by ANCU05137 and Agh3-4
(NCU04952) with gene expression levels of cbh-1 (NCU07340) and gh6-2 (CBH(ll);
NCU09680) as assayed by quantitative RT-PCR (Fig. 5). The ANCU05137 and Agh3-4
strains showed a higher level of CBH(l) protein as early as two days in an Avicel-grown
culture (Fig. 5a) and higher expression levels of both cbh-1 and gh6-2 at three days of
growth, while expression of both of these genes decreased significantly in the WT strain
(Fig. 5b). Sustained expression of cbh-1 and gh6-2 genes in the ANCU05137 and Agh3-
4 mutants could be responsible for the observed increase in CBH(l) and CBH(ll) protein
levels.

2.4 Discussion

Degradation of plant biomass requires production of many different enzymes,
which are regulated by the type and complexity of the available plant material (Fig. 6)
(77). Here, we report on the systematic analyses of plant cell wall degradation by a
cellulolytic fungus, which includes transcriptome, secretome and mutant analyses. Our
profiling data shows that N. crassa coordinately expresses a host of extracellular and
intracellular proteins when challenged by growth on Miscanthus or Avicel (Fig. 6). The
most highly expressed genes encode proteins predicted to be involved in the
metabolism of plant cell wall polysaccharides, many of which were identified by MS
analyses. The genomes of flamentous fungi have a large number of predicted glycosyl
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hydrolases (~200) with varying numbers of predicted cellulases, from 10 in H. jecorina
(68) to 60 in Podospora anserina (78). A comparison between our results and a cDNA
expression/Northern analysis of 8 endoglucanases and 7 B-glucosidases in H. jecorina
(79) showed complete overlap with our profiling data, with the exception of one ortholog
of a B-glucosidase (cel-3e=NCU05577). However, a recent transcriptome/secretome
study on the white rot basidiomycete fungus, Phanerochaete chrysosporium (80)
showed little overlap. These data suggest that different fungi may utilize different gene
sets for plant cell wall degradation. One aspect all of these studies have in common is
the high number of uncharacterized genes/proteins associated with cellulose
degradation. Using the functional genomic tools available with N. crassa, we can
address both function and redundancy of plant cell wall degrading enzyme systems to
create optimal enzyme mixtures for industrial production of liquid fuels from
lignocellulose biomass.

N. crassa cellobiohydrolase(l) (CBHI) is the most highly produced extracellular
protein during growth on Avicel or Miscanthus, and deletion of this gene causes the
most severe growth deficiencies on cellulosic substrates. By contrast, in H. jecorina,
deletion of cbhll caused the most severe phenotype (87-83). In N. crassa, deletion of
cellobiohydrolase(ll) also causes growth deficiencies on cellulosic substrates, but to a
much lesser extent than CBH(l), suggesting that exoglucanase activity in N. crassa is
predominantly from CBH(l) and that cellulases and other CBHs do not compensate for
the loss of CBH(l). The three most highly produced endoglucanases are proteins
encoded by NCU05057, NCU00762, and NCUO07190. These proteins have homology to
endoglucanases EG1, EG2, and EGB6, respectively. Deletion of these genes did not
affect growth on Avicel, although differences in secreted protein levels and
endoglucanase activity were observed. Unexpectedly, in ANCU05057, extracellular
protein levels were much higher, especially CBH(I), suggesting increased production of
other cellulases or that the products of NCU05057 catalysis may repress cellulase
production to maintain the WT growth phenotype on crystalline cellulose. We conclude
that no one endoglucanase in N. crassa is required for growth on crystalline cellulose
and that different endoglucanases have overlapping substrate specificities.

The glycoside hydrolase family 61 enzymes are greatly expanded in N. crassa
compared to H. jecorina (68). These enzymes have poorly defined biological function,
but their general conservation and abundance in cellulolytic fungi suggests an important
role in plant cell wall metabolism. Genes for 10 of the 14 GH61 enzymes were identified
in the N. crassa transcriptome, suggesting that these enzymes are utilized during
growth on cellulosic biomass. The four GH61 deletion strains tested showed only small
differences compared to wild type in the secreted protein levels, endoglucanase, and
total cellulase activities. However, analyses of additional GH61 mutants and the
capacity to create strains containing multiple mutations in N. crassa via sexual crosses
will address redundancy and expedite functional analysis of this family.

24



Induction
Transcription

— e signals
Factors ‘ J

cellulase genes i e | %

hemicellulase genes secretion
transporter genes

Utilization
Transcription < {} signals ——5137

Factors O oo O &)
cellulase genes % f

hemicellulase genes secretion
transporter genes

Figure 6. Model of plant cell wall deconstruction in N. crassa. Induction: Extracellular enzymes expressed
at low levels generate metabolites that signal N. crassa to dramatically increase the expression level of
genes encoding plant cell wall degrading enzymes. Utilization: Extracellular enzymes and transporters
specific for translocation of cell wall degradation products enable N. crassa to use plant cell material for
growth. Some extracellular proteins may generate metabolites that modulate gene expression of
cellulases and hemicellulases during the utilization phase. Double red hexagon (cellobiose), double teal
pentagon (xylobiose), black hexagon (glucose), and blue pentagon (xylose). Blue, CBH(l); red, CBH(ll);

purple, EG2; green, EG1; orange, EG6; and yellow, xylanase. Additional cellulolytic enzymes not shown.
Thickness of arrows indicates relative strength of response.
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In addition to predicted cellulase genes, genes encoding hemicellulases,
carbohydrate esterases, B-glucosidases, p-xylosidases and other proteins predicted to
have activity on carbohydrates were identified in the N. crassa transcriptome from both
Miscanthus and Avicel. Expression of hemicellulase genes even when N. crassa was
grown on bacterial cellulose indicates that cellulose is the primary inducer of genes
encoding plant cell wall degrading enzymes. However, genes encoding some
hemicellulases and carbohydrate esterases were only expressed during growth on
Miscanthus. Similarly, in other cellulolytic fungi such as H. jecorina and Aspergillus
niger, genes encoding some cellulases and hemicellulases are coordinately regulated,
while others are differentially regulated (84). As expected, deletions of non-cellulase
genes had little effect on growth on Avicel or cellulase activity, with the exception of
NCU05137 and gh3-4. The ANCUO05137 strain secreted more protein, had higher
cellulase activity and showed higher expresssion of cbh-1 (CBH(l)) and gh6-2 (CBH(ll))
than WT. NCUO05137 encodes a secreted protein that lacks homology to proteins of
known function, but is highly conserved in other cellulolytic fungi. NCU05137 also has
distant homologs of unknown function in a number of bacterial species. We hypothesize
that the NCUO05137 protein may affect signaling processes associated with the
regulation of cellulase gene expression N. crassa (Fig. 6). Similarly, mutations in gh3-4
(NCUO04952) also increased CBH(l) activity. Deletion of Agh3-4 completely removed
PNPGase activity and resulted in cellobiose accumulation in in vitro cellulase assays.
These data suggest that NCU04952 encodes the primary extracellular 3-glucosidase in
N. crassa.

Extracellular degradation of plant cell walls results in the formation of soluble
carbohydrates that are subsequently transported into the cell (Fig. 6). In this study, we
identified 10 genes encoding permeases/transporters whose expression increased
significantly when N. crassa was grown on Miscanthus or Avicel. The major degradation
products by cellulases and hemicellulases in vitro are cellobiose, glucose, xylobiose,
and xylose. Some of these transporters may be functionally redundant or capable of
transporting oligosaccharides. Construction of downstream processing strains capable
of transporting oligosaccharides by heterologous expression of N. crassa transporters
may improve industrial fermentation of biomass hydrolysis products. None of these
transporters or what they may transport has been characterized at the molecular or
functional level in any filamentous fungus.

Many genes that increased in expression level during growth on Miscanthus and
Avicel encode proteins of unknown function and are conserved in other cellulolytic fungi.
By assessing the phenotype of only 16 strains, we identified a mutation in a protein of
unknown function that significantly affected cellulase activity. The well understood
genetics and availability of functional genomic resources make N. crassa an ideal model
organism to assess biological function of these proteins, examine regulatory aspects of
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cellulase and hemicellulase production, and dissect redundancies and synergies
between extracellular enzymes involved in the degradation of plant cell walls.

2.5 Materials and Methods

Strains. The sequenced N. crassa strain (FGSC 2489) was used for transcriptional
profiling. Gene deletion strains were generated from the N. crassa functional genomics
project (69); all mutations were verified by PCR.. H. jecorina QM9414 was a gift from
Dr. Monika Schmoll (Vienna University of Technology). Strains were grown on Vogel's
salts (85) with 2% (w/v) carbon source (Miscanthus, sucrose or Avicel (Sigma)). Growth
of N. crassa on Avicel and Miscanthus was monitored by macroscopic and microscopic
visual assessment. Deletion strains were obtained from the Fungal Genetics Stock
Center (FGSC), including FGSC 16747 (ANCUO00762), FGSC 16543 (ANCU01050),
FGSC 13732 (ANCU04952), FGSC 13343 (ANCU05057), FGSC 11682 (ANCU05137),
FGSC 15626 (ANCU05924), FGSC 13535 (ANCU05955), FGSC 19315 (ANCU07190),
FGSC 19534 (ANCUO07326), FGSC 15630 (ANCU07340), FGSC 19600 (ANCUO07898),
FGSC 19861 (ANCU08189), FGSC 20310 (ANCU08398), FGSC 15664 (ANCU08760),
FGSC 11750 (ANCU09175), FGSC 15633 (ANCU09680). Stem and leaf tissues from
Miscanthus gigantaeus were harvested from field-grown plants at the University of
lllinois, Urbana-Champaign (2007) at the end of the growing season, air dried, and
milled to a particle size of 100 um.

Enzyme activity measurements. Total extracellular protein content was determined by
a Bio-Rad DC Protein Assay kit (Bio-Rad). Endoglucanase activity in culture
supernatants was measured with an azo-CMC kit (Megazyme SCMCL). B-glucosidase
activity was measured by mixing 10x diluted culture supernatant with 500 uM 4-
nitrophenyl B-D-glucopyranoside in 50 mM sodium acetate buffer, pH 5.0, for 10
minutes at 40C. The reaction was quenched with 5% w/v sodium carbonate and the
absorbance at 400 nm was measured. Avicelase activity was measured by mixing 2X-
diluted culture supernatant with 50 mM sodium acetate pH 5.0 and 5 mg/mL Avicel at
40C. Supernatants were analyzed for glucose content using a coupled enzyme assay
with glucose oxidase/peroxidase. 50 uL of the avicelase reaction was transferred to
150 uL of glucose detection reagent containing 100 mM sodium acetate pH 5.0, 10
U/mL horseradish peroxidase, 10 U/mL glucose oxidase, and 1 mM o-dianisidine. After
30 minutes absorption was measured at 540 nm. Cellobiose concentrations in the
avicelase reaction mixture were determined using a coupled enzyme assay with
cellobiose dehydrogenase (CDH) from Sporotrichum thermophile. CDH was isolated
from S. thermophile similar to previous reports (86). 50 uL of the Avicelase reaction
was transferred to 250 uL of cellobiose detection reagent containing 125 mM sodium
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acetate pH 5.0, 250 uM dichlorophenol indophenol, and 0.03 mg/mL CDH. After 10
minutes absorption was measured at 530 nm.

Transcriptome analysis. N. crassa strain FGSC 2489 was inoculated onto slants of
Vogel’s minimal medium (MM) with 1.5% agar and 2% sucrose and grown for 10 days
at 25°C. A conidial suspension was inoculated into 50 ml of Vogel’s liquid medium (85)
in 250 ml Pyrex flasks supplemented with either 2% Avicel, Miscanthus powder or
sucrose as sole carbon sources at a final concentration of 10° conidia per ml. Cultures
were grown under controlled temperature (25°C) with constant shaking and light (300
lux). Mycelia was harvested by vacuum filtration using Whatman paper #1, frozen
immediately in liquid nitrogen and stored at 80°C. Two independent biological
duplicates (flasks) were evaluated for each time point.

RNA isolation and cDNA labeling. Total RNA from frozen samples was isolated using
Zirconia/silica beads (0.2 g, 0.5-mm diameter; Biospec) and a MiniBeadBeater
(Biospec) with 1 ml of TRIzol reagent (Invitrogen Life Technologies) according to
manufacturer’s instructions. Total RNA (100 pg) was further purified using RNAeasy kit
(Qiagen). RNA integrity was checked by Nanodrop and agarose gel electrophoresis.
cDNA synthesis and labeling followed the protocol of ChipShot indirect labeling kit from
Promega (Catalog #Z4000). The dyes Cy3 and Cy5 (Amersham; catalog no. RPN5661)
were incorporated into cDNA by adding Cy3 or Cy5 monofunctional N-
hydroxysuccinimide ester dye to the cDNA solution for 1 h at 22°C. The cDNA was
subsequently cleaned by using a ChipShot membrane column and dried under vacuum.

Hybridization and image acquisition. A set of 10,910 70-mers representing predicted
genes in N. crassa were printed onto gamma amino propyl silane slides (Corning) at the
University of California—San Francisco Center for Advanced Technology
(http://cat.UCSF.edu/). N. crassa microarray slides are available from the Fungal
Genetics Stock Center (http://www.fgsc.net/). Information on the oligonucleotide gene
set is available at the Neurospora functional genomics database

(http://www.yale.edu/townsend/Links/ffdatabase/introduction.htm). Pre-hybridization and
hybridization of slides used the Pronto kit (Corning; catalog no. 40076) according to
manufacturer’s instructions. Microarray slides were added to a pre-soak solution that
was pre-warmed to 42°C and incubated for 20 min. Slides were subsequently washed
(Pronto kit) and transferred to pre-warmed pre-hybridization solution (42°C) for 15 min,
and rewashed. Labeled cDNA was resuspended in 30 ul of hybridization solution
(Pronto kit). The suspension was heated at 95°C for 5 min and then pipetted into the
space between the microarray slide and a LifterSlip cover glass (Erie Scientific,
Portsmouth, NH). Hybridization was performed at 42°C for 16 hr. Unbound DNA was
washed off according to manufacturer’s instructions (Pronto kit).
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Hybridized slides were scanned using Genepix 4000B. Four independent
hybridizations were performed per sample. Genepix6 software was used for alignment
of hybridization spots and initial analysis (.GPR files). Hybridized spots with a mean
fluorescence intensity for at least one of the Cy3 and Cy5 dyes that was greater than
the mean background intensity plus three standard deviations were scored for further
analysis. For quality control, slides were used where the ratio of Cy5:Cy3 signal was
approximately one. Global normalization was performed to each GPR file using in-
house excel-based Macro (72). The Macro is available at
http://glasslab.weebly.com/links.html and Yale Microarray Experimental Design site.

Experimental design and data analysis. A closed-circuit design for microarray
comparisons was used because they are statistically robust and improve resolution in
identifying differentially regulated genes compared to designs for microarrays that use a
universal reference (87-89). The gene relative expression data was estimated by
BAGEL software (90). BAGEL explores the ratio for all samples using a Markov Chain
Monte Carlo (MCMC) approach in a Bayesian framework, and infers relative expression
levels and statistical significance from the parameter values it samples. BAGEL also
provides gene-by-gene 95% credible intervals, values in which 95% of the samples from
the chain are bounded. The 769 N. crassa genes indentified in this study that were
identified as showing a significant difference in expression between Miscanthus and
minimal sucrose medium passed two filters. The first filter was that the 95% credible
interval of a gene expressed under Miscanthus versus sucrose conditions showed no
overlap and the closest boundary value between the two samples showed at least 1.5
fold difference in expression level. The second filter used was the average expression
of a gene in Miscanthus versus sucrose grown cultures was required to have at least a
2-fold change at one of four time points. These data were obtained by in-house PERL
script “strict-errobar.pl” which is available in http://glasslab.weebly.com/links.html.
Clustering analysis performed by HCE3 (Hierarchical Clustering Explorer 3.0), using
default parameter in which a Euclidean Distance model (97) is used to join genes and
clusters successively. Distances between clusters represent the average distances
between genes in the clusters.
The MIPs functional catalog (FunCat) was used to associate functional annotation (73)
with Neurospora genes. The overrepresentation of Neurospora gene groups in
functional categories relative to the whole genome was determined using
hypergeometric distribution for P value calculation.

Signal peptides were predicted using the N-terminal 70 amino acid region of
each predicted protein with the signalP3 program (
http://www.cbs.dtu.dk/services/SignalP-3.0/).
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Protein gel electrophoresis. Except where otherwise noted, unconcentrated culture
supernatants were treated with 5x SDS loading dye and boiled for 5 minutes before
loading onto Criterion 4-15% Tris-HCI polyacrylamide gels. Coomassie dye was used
for staining.

Preparation of tryptic peptides for secretome analysis. Culture supernatants were
concentrated with 10 kDa MWCO PES spin concentrators. Cellulose binding proteins
were isolated from the culture supernatant by addition of phosphoric acid swollen
cellulose (PASC). 5 mL of a suspension of 10 mg/mL PASC was added to 10 mL of
culture supernatant. After incubation at 4C for 5 minutes, the mixture was centrifuged
and the pelleted PASC was then washed with 20 pellet volumes of 100 mM sodium
acetate pH 5.0. The supernatant after treatment with PASC was saved as the unbound
fraction and concentrated. 36 mg of urea, 5 uL of 1M Tris PH 8.5, and 5 uL of 100 mM
DTT were then added to 100 uL of concentrated culture supernatant or protein-bound
PASC and the mixture was heated at 60C for 1 hour. After heating 700 uL of 25 mM
ammonium bicarbonate and 140 uL of methanol were added to the solution followed by
treatement with 50 uL of 100 ug/mL trypsin in 50 mM sodium acetate pH 5.0. For the
PASC bound proteins, the PASC was removed by centrifugation after heating, and the
supernatant was then treated with trypsin. The trypsin was left to react overnight at
37C. After digestion the volume was reduced by speedvac and washed with MilliQ
water three times. Residual salts in the sample were removed by using OMIX
microextraction pipette tips according to the manufacturer’s instructions.

Liquid chromatography of tryptic peptides. Trypsin-digested proteins were analyzed
using a tandem mass spectrometer that was connected in-line with ultraperformance
liquid chromatography (UPLC). Peptides were separated using a nanoAcquity UPLC
(Waters, Milford, MA) equipped with C4g trapping (180 ym x 20 mm) and analytical (100
gm x 100 mm) columns and a 10 yL sample loop. Solvent A was 0.1% formic
acid/99.9% water and solvent B was 0.1% formic acid/99.9% acetonitrile (v/v). Sample
solutions contained in 0.3 mL polypropylene snap-top vials sealed with septa caps
(Wheaton Science, Millville, NJ) were loaded into the nanoAcquity autosampler prior to
analysis. Following sample injection (2 pL, partial loop), trapping was performed for 5
min with 100% A at a flow rate of 3 yL/min. The injection needle was washed with 750
ML each of solvents A and B after injection to avoid cross-contamination between
samples. The elution program consisted of a linear gradient from 25% to 30% B over
55 min, a linear gradient to 40% B over 20 min, a linear gradient to 95% B over 0.33
min, isocratic conditions at 95% B for 11.67 min, a linear gradient to 1% B over 0.33
min, and isocratic conditions at 1% B for 11.67 min, at a flow rate of 500 nL/min. The
analytical column and sample compartment were maintained at 35 °C and 8 °C,
respectively.
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Mass spectrometry. The column was connected to a NanoEase nanoelectrospray
ionization (nanoESI) emitter mounted in the nanoflow ion source of a quadrupole time-
of-flight mass spectrometer (Q-Tof Premier, Waters). The nanoESI source parameters
were as follows: nanoESI capillary voltage 2.3 kV, nebulizing gas (nitrogen) pressure
0.15 mbar, sample cone voltage 30 V, extraction cone voltage 5 V, ion guide voltage 3
V, and source block temperature 80 °C. No cone gas was used. The collision cell
contained argon gas at a pressure of 8 x 10 mbar. The Tof analyzer was operated in
“v” mode. Under these conditions, a mass resolving power’ of 1.0 x 10* (measured at
m/z = 771) was routinely achieved, which is sufficient to resolve the isotopic
distributions of the singly and multiply charged peptide ions measured in this study.
Thus, an ion’s mass and charge could be determined independently, i.e., the ion charge
was determined from the reciprocal of the spacing between adjacent isotope peaks in
the m/z spectrum. External mass calibration was performed immediately prior to
analysis, using solutions of sodium formate. Survey scans were acquired in the positive
ion mode over the range m/z = 450-1800 using a 0.95 s scan integration and a 0.05 s
interscan delay. In the data-dependent mode, up to five precursor ions exceeding an
intensity threshold of 35 counts/second (cps) were selected from each survey scan for
tandem mass spectrometry (MS/MS) analysis. Real-time deisotoping and charge state
recognition were used to select 2+, 3+, 4+, 5+, and 6+ charge state precursor ions for
MS/MS.  Collision energies for collisionally activated dissociation (CAD) were
automatically selected based on the mass and charge state of a given precursor ion.
MS/MS spectra were acquired over the range m/z = 50-2500 using a 0.95 s scan
integration and a 0.05 s interscan delay. lons were fragmented to achieve a minimum
total ion current (TIC) of 30,000 cps in the cumulative MS/MS spectrum for a maximum
of 3 s. To avoid the occurrence of redundant MS/MS measurements, real time
exclusion was used to preclude re-selection of previously analyzed precursor ions over
an exclusion width of + 0.25 m/z unit for a period of 180 s.

Mass spectrometry data analysis. The data resulting from LC-MS/MS analysis of
trypsin-digested proteins were processed using ProteinLynx Global Server software
(version 2.3, Waters), which performed background subtraction (threshold 35% and fifth
order polynomial), smoothing (Savitzky-Golay® 10 times, over three channels), and
centroiding (top 80% of each peak and minimum peak width at half height four
channels) of the mass spectra and MS/MS spectra. The processed data were searched
against the N. crassa database (Broad Institute)® using the following criteria: tryptic
fragments with up to five missed cleavages, precursor ion mass tolerance 50 ppm,
fragment ion mass tolerance 0.1 Da, and the following variable post-translational
modifications: carbamylation of N-terminus and Lys side chains, Met oxidation, and
Ser/Thr dehydration. The identification of at least three consecutive fragment ions from
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the same series, i.e., b or y-type fragment ions, was required for assignment of a
peptide to an MS/MS spectrum. The MS/MS spectra were manually inspected to verify
the presence of the fragment ions that uniquely identify the peptides.

Quantitative RT-PCR. The RT-PCR was performed in a ABI7300 with reagents from
Qiagen (SYBR-green RT-PCR kit (cat#204243)) or Invitrogen (EXPRESS One-step
SYBR GreenER Kits (cat#11790-200)). The primers for CBHI (NCUO07340) were:
forward 5-ATCTGGGAAGCGAACAAAG-3’ and reverse 5'-
TAGCGGTCGTCGGAATAG-3'. The primers for CBHII (NCU09680) were: forward 5’-
CCCATCACCACTACTACC-3 and reverse 5-CCAGCCCTGAACACCAAG-3'. The
primers for NCU02855 were: forward 5’-CTT CAA CAA CGG CTT CTA-3’ and reverse
5-TGC CAG TTC ACA GAG TAA-3'. The primers for NCU05924 were: forward 5-AGG
GGC CAA TAT AAC TTT-3’and reverse 5-GAG TGC CAG AGG AAG GTA TG-3. The
primers for NCU08189 were: forward 5-AGC ATG TCG CTG CCA TTA-3’ and reverse
5-GCC ATT CTT ATA CGC CTC CT-3'. Actin was used as a control for normalization.
The primers for actin were: forward 5-TGA TCT TAC CGA CTA CCT -3’ and reverse 5’-
CAG AGC TTC TCC TTG ATG -3’). Quantitative R-PCR was performed according to
(92).

Complementation and segregation analysis. The genotype of all deletion strains was
confirmed by using a gene-specific primer and a common primer for the hygromycin
(hph) cassette. The forward primer for hph was 5’-TGC AAT AGG TCA GGC TCT-3.
Reverse primers were: NCU00762: 5-GGA AGA ACA CTG TCT TGA GG-3
NCU01050: 5-TTG CAC TCC ATC TCT ACA CC-3’; NCU04952: 5-AAC ACA CAC
ACA CAC ACT GG-3; NCU05057: 5-GGA AGG AGT TCC TCA AGT GG-3;
NCU05137: 5’-CTT ATC TCC AGT CAC GAT CC-3’; NCU05924: 5'-CTG ATC TAT
CGG TGT TCA GC-3’; NCU05955: 5-CCT TCC AAT CTG TCT CTT GC-3;
NCUO07190: 5-CTG GTA TGT AGT CCT GAA GC-3’; NCU07326: 5°-GTG GTG GTA
CAA GTA GAT GG-3’; NCUO07340: 5-CGT CTG ATT TGT CCA GTA CC-3;
NCU07898: 5- GCC CAC AGT ACC TAC CCT GT-3’; NCU08189: 5-TCT ATT CTC
GAT TCC CGT CC-3; NCU08398: 5-TAC CAA GGT ACA CCC TAT CG-3;
NCU08760: 5-AAA CTG TCT CTG TGG TCT GC-3’; NCU09175: 5-GGT AAG AGA
GAG ATC GAT GG-3’; NCU09680: 5-AAC TTA CCA CTC ACT CCT CC-3'.

A his-3 plasmid (93) was used target NCU05137-GFP and NCU00762-GFP to the his-3
locus of FGSC 6103 (his-3) via transformation. Transformants that were His+ and GFP
positive were crossed to ANCU05137 or ANCUO00762 and progeny were screened for
hph resistance and GFP fluorescence. Positive transformants were grown in Vogel’s
(85) plus 2% Auvicel for 4 days; an analysis of total secreted protein, cellulase activity
and protein profile by SDS-PAGE of secreted proteins of complemented strains was
identical to wild-type. The phenotype of the remaining mutants was assessed by
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segregation analysis. Crosses analyzed were ANCU04952 a (FGSC 13731) X mus-
52::bar his-3 A; ANCU09680 a (FGSC 13731) X mus-52::bar his-3 A; ANCU07340 A
(FGSC 15633) X mus-52::bar his-3 a (FGSC 9539). Twenty-four germinated ascospore
progeny inoculated onto VMM slants with histidine for 5 days and then conidia from
each progeny were screened for hygromycin resistance, histidine auxotrophy and
cellulase phenotype via analysis of secreted proteins and cellulase activity using assay
described above. In all cases, hygromycin resistance co-segregated with cellulase
phenotype.
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Chapter 3: Extracellular aldonolactonases from Myceliophthora thermophila
3.1 Abstract

Fungi secrete many different enzymes to deconstruct lignocellulosic biomass,
including several families of hydrolases, oxidative enzymes, and many uncharacterized
proteins. Here we describe the isolation, characterization, and primary sequence
analysis of an extracellular aldonolactonase from the thermophilic fungus
Myceliophthora thermophila (syn. Sporotrichum thermophile). The lactonase is a 48
kDa glycoprotein with a broad pH optimum. The enzyme catalyzes the hydrolysis of
glucono-d-lactone and cellobiono-d-lactone with an apparent second order rate
constant, kea/Ku, of ~ 1 x 10° M s™ at pH 5.0 and 25 °C, but is unable to hydrolyze
xylono-y-lactone or arabino-y-lactone. Sequence analyses of the lactonase show that it
has distant homology to cis-carboxy-muconate lactonizing enzymes as well as 6-
phosphogluconolactonases present in some bacteria. The M. thermophila genome
contains two predicted extracellular lactonases and expression of both genes is induced
by the presence of pure cellulose. Homologues of the M. thermophila lactonase, which
are also predicted to be extracellular, are present in nearly all known cellulolytic
ascomycetes.
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3.2 Introduction

The thermophilic fungus, Myceliophthora thermophila (syn. Sporotrichum
thermophile), very rapidly degrades cellulose and metabolizes powdered cellulose at
nearly the same rate as glucose (94). The thermostability of the hydrolytic enzymes
from this organism provides some practical advantages over those from the mesophilic
fungus, Hypocrea jecorina (syn. Trichoderma reesei), which has traditionally been used
for production of biomass degrading enzymes. During growth on cellulosic substrates,
M. thermophila secretes cellulases, hemicellulases (95), oxidative enzymes (96), and
many proteins of unknown function.

CDH/GOX Lactonase
-OH e 2 H* =g  HO

Figure 1. Extracellular sugar oxidation and lactone hydrolysis. Reducing sugars are initially converted to
sugar lactones by extracellular oxidizing enzymes, including glucose oxidase(GOX) and cellobiose
dehydrogenase(CDH). Conversion to the corresponding sugar acid is catalyzed by extracellular
lactonases.

Cellobiose dehydrogenase (CDH) is an extracellular hemo-flavoprotein that is
produced in large amounts by M. thermophila during growth on cellulose (96). CDH is
produced by many cellulolytic fungi, although the biological function of the enzyme is
still unclear (97). CDH oxidizes the reducing end of cellobiose and longer cellodextrins
to the corresponding aldonolactones (Figure 1). Sugar lactones have been shown to
inhibit many different types of glycosyl hydrolases (98). For example, glucono-&-lactone
is a potent inhibitor of B-glucosidases (99). The product of CDH catalysis, cellobiono-6-
lactone, has been shown to be a strong inducer of cellulase in the filamentous fungus
Hypocrea jecorina (syn. Trichoderma reesei) (100). However, the mechanism of
cellulase induction and the metabolism of cellobiono-6-lactone by fungi have not been
studied in detail.

Sugar lactones are unstable in aqueous solution and undergo hydrolysis to form the
corresponding aldonic acids. The extent and rate of uncatalyzed hydrolysis are
dependent on the specific lactone, pH and temperature. The equilibrium constant
between glucono-6-lactone and gluconic acid is 7.7, favoring gluconic acid, and the half-
life of glucono-6-lactone in water at room temperature and pH 5.0 is approximately one
hour (701). Despite this lack of stability, enzymes have evolved to catalyze the
hydrolysis of sugar lactones.
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Enzymatic hydrolysis of sugar lactones has been studied most thoroughly in the
context of the pentose phosphate pathway (702-705). In the pentose phosphate
pathway, glucose-6-phosphate is converted to 6-phosphogluconolactone by glucose-6-
phosphate  dehydrogenase. The lactone is then hydrolyzed by 6-
phosphogluconolactonase (PGL) to generate 6-phosphogluconate and finally converted
to ribulose-5-phosphate. In glycolysis-deficient strains of Escherichia coli, pgl deletion
leads to severe inhibition of growth on glucose (706), clearly demonstrating that
spontaneous hydrolysis of 6-phosphogluconolactone is insufficient in vivo.

There have been reports of lactonase activity secreted into the culture filtrates of
diverse fungi (107, 108). A lactonase from Aspergillus niger was purified by Bruchmann
et al. (107) and was shown to be an important part of the fungal cellulolytic system.
They speculated that the principal function of the lactonase was to relieve inhibition of
cellulases and [-glucosidases by glucono-6-lactone and cellobiono-6-lactone.
However, the gene responsible for extracellular lactonase activity in fungi and details of
its kinetic properties remains unknown.

Here we report the purification, identification, and characterization, of an enzyme
responsible for extracellular lactonase activity in the thermophilic ascomycete,
Myceliophthora thermophila. Orthologues of the lactonase in M. thermophila are
widespread among ascomycetes, but may be absent in basidiomycetes.

3.3 Results
3.3.1 Purification and properties of M. thermophila lactonase.

Extracellular lactonase was purified from the culture broth of M. thermophila
grown on rich media containing Avicel as the carbon source in five steps (Table 1). The
lactonase was purified 25-fold with an overall yield of 25%. Two key purification steps
were the Q HP ion-exchange chromatography and the hydrophobic interaction
chromatography (Figure 2). SDS-PAGE of the purified lactonase suggested a
molecular mass of approximately 48 kDa. LC-MS analyses of the intact lactonase
showed several species centered around 44 kDa and differing in mass by approximately
162 daltons, which corresponds to the mass of a hexose subunit (CeH100s; Figure 3).
This result suggested the presence of protein glycosylation, a common post-
translational modification in extracellular proteins secreted by fungi. Native protein LC-
MS analyses of the lactonase in 10 mM ammonium acetate suggested the protein is a
monomer in solution, consistent with gel filtration retention times (data not shown).
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Table 1. Purification of M. thermophila extracellular lactonase.

Step Volume Protein I\ztiavlity“ ist Purification R:ecovery
(mL) my) Uimg) (01 (%)

Crude

Concentrate 175 162.1 101,140 620 1 100

Avicel Binding 120 68.2 60,060 880 1.4 60

QHP 10 14.6 39,510 2,710 4.3 39

MonoQ 6 3.9 24,930 6,430 10.3 25

Resource PHE 9 1.6 25,160 15,360 24.6 25

¢ Activity was measured by adding diluted enzyme mixture with 50 mM glucono-d-lactone and quenching the
reaction after 1 minute. One unit of activity is defined as the hydrolysis of 1 pmol of glucono-&-lactone per
minute at 25 °C.

All enzyme activity assays were conducted at 25 °C due to the instability of the sugar
lactones being assayed. The enzyme is stable for several days at 48 °C, as this is the
growth temperature for the organism. The apparent second-order rate constant, kc./Ku,
for the lactonase with glucono-d-lactone as a substrate at pH 5.0 and 25 °C is ~ 6 x 10°
M s7. This activity is approximately 20-fold higher than reported for lactonases
isolated from other filamentous fungi (707). The lactonase reaction velocity shows a
broad pH optimum, with only a 3-fold change in activity from pH 3.0 to pH 7.0 (data not
shown). Twelve hours of incubation with 5.0 mM EDTA at 4 °C had no effect on
hydrolysis of glucono-6-lactone by the lactonase.

3.3.2 Substrate specificity of M. thermophila extracellular lactonase.

Pentose and hexose sugar lactones were synthesized as described under Materials
and Methods. The glucono, cellobiono, and lactono &-lactones were hydrolyzed
completely by the lactonase to the corresponding aldonic acids at pH 5.0. The initial
rates of hydrolysis
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Figure 2. SDS-PAGE of fractions from the purification of M. thermophila extracellular lactonase.
Fractions were denatured by boiling in SDS buffer containing DTT. Lanes 1 and 7, Benchmark protein
ladder; lane 2, crude supernatant concentrate; lane 3, after removal of Avicel binding proteins; lane 4,
QHP ion-exchange; lane 5, MonoQ ion-exchange; lane 6, Resource PHE hydrophobic interaction
chromatography.

20000 -
18000 4 43804

16000 4 43968

44128
14000 -
12000 -
10000 -
8000 4 44291

6000 { 43643

Signal Intensity (a.u.)

4000 A

2ooz-k A,‘J ‘J ,IJL.\

43500 43700 43900 44100 44300
Mass (Da)

Figure 3. Deconvoluted mass spectrum of purified, intact M. thermophila extracellular lactonase. Mass
difference between glycoforms is approximately 162 daltons. Mass difference for double peaks is
approximately 20 daltons.
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were also similar (Table 2). The kc./Ku for the three substrates varied by less than 3
fold, suggesting that the reducing-end glucose moiety of each substrate is what
principally interacts with the lactonase. Xylonolactone and arabinolactone, which are
present as y-lactones in aqueous solution (98), were not hydrolyzed by the enzyme.
Glucono-d-lactone can be partially converted to glucono-y-lactone by heating in water
above 100 °C. When a supersaturated aqueous solution of glucono-d-lactone was
autoclaved for 15 minutes and then provided as a substrate, a portion of the lactone
was rapidly hydrolyzed, while the remaining lactone was hydrolyzed at a much slower
rate (data not shown). This result is consistent with rapid, enzyme catalyzed hydrolysis
of the &-lactone ring, and slow, uncatalyzed hydrolysis of the y-lactone ring.

Table 2. Steady-state kinetic constants for various aldonolactones.

Substrate Ky (mM) Keat () Koot/ K (10° M7's™)

D-Glucono-0-lactone 20.3+4.1 11,700 £ 1000 58+ 13
D-Cellobiono-0-lactone 216+1.8 29,100 +£1,100 135+ 1.2
D-Lactono-0-lactone 59+24 7,400 + 600 125+5.2

3.3.3 Amino acid sequence of extracellular lactonase.

The purified lactonase was digested with trypsin and the tryptic peptides were
analyzed using liquid chromatography and tandem mass spectrometry. A database
search against all possible tryptic fragments in the M. thermophila proteome (Joint
Genome Institute, Myceliophthora thermophila v1.0) revealed seven peptides matching
Spoth1|109678, and one peptide matching Spoth1|103702 (Figure 4). The signal
intensity for the Spoth1|103702 peptide was 20- to 100-fold lower than the signal
intensity for peptides from Spoth1|109678, indicating that it is a trace impurity of the
protein preparation. Based on the number of peptides detected and relative signal
intensity for those peptides, the lactonase enzyme was identified as Spoth1|109678.

The gene encoding Spoth1[109678 is 1,491 base pairs and contains three introns.
The open reading frame is 1,206 base pairs encoding a 401 amino acid polypeptide
with a calculated mass of 42,509 Da. The protein is predicted to contain a 20 amino
acid N-terminal signal peptide (709), however Edman degradation sequencing of the
mature protein to confirm this prediction was unsuccessful. There are also three
predicted N-linked glycosylation sites (http://www.cbs.dtu.dk/services/NetNGlyc/) and no
peptides were detected by MS in regions with predicted glycosylation.
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MRISYGVAFALSAGFRLATAAPVCGGGSASDLLWVTTYPAGEGAQGKLLTLKLDGSKLEV
VAESDTCGPYPSWLTQAGDVLYCVDEAWGGDHGTLHSLKINDDHSEFTNLSQHETVGGPVS
TVIYGKDGLGLAVADYAGGGIDTFNIADPAAIKLIRKSLVYPAPTDGLPDPONSARPHEAT
LDPTGEFLVEFPDLGADQIRVLKVDKETLEYVEKPSYTDFDRGTGPRHGAFFKSGDKTFEY
LVGELSNLLOGFSVAYNDDDSLTFTRIHNSTTHGDDKPLPEDTAAAELWIAPGSNFLTLS
SRFESSLEYTVANGTKVPSDPLITFSIDKETGALTHVQSAPAGGINPRHFSFNSDGTRVA

SALQSDGRVVVFERDPSTGKIGKATAEGDVEGMPNFATFKQ

Figure 4. Amino acid sequence of the extracellular lactonase Spoth1|109678. Underlined; signal peptide,
Green; predicted N-linked glycosylation site, Salmon; peptide detected by LC-MS/MS.

3.3.4. Sequence alignments and phylogenetic relationships of the lactonase.

The lactonase amino acid sequence was analyzed for conserved domains using the
Pfam database (7170). Immediately after the predicted signal peptide is a 370 amino
acid domain classified as a 3-carboxy-cis,cis-muconate lactonizing enzyme (CMLE).
The overall sequence identity of the M. thermophila lactonase with Neurospora crassa
cis-carboxy-muconate lactonizing enzyme (111, 112) is only 13%; however, all of the
predicted active site residues in N. crassa CMLE (711) are conserved in the lactonase
(Figure 5). The cDNA sequence for lactonase 1 has been deposited at Genbank
(HQ437658).

Predicted homologues of the lactonase were retrieved from NCBI and JGI based on
amino acid sequences showing significant similarity by BLAST. Homologues of the
extracellular lactonase are present in many filamentous ascomycetes, and most are
predicted to be secreted. The M. thermophila genome contains an additional protein
with sequence similarity to the lactonase characterized in this work. Some
basidiomycetes have distant homologues, which are not predicted to be secreted.
Distant homologues, showing 25 to 30% sequence identity, are present in many species
of bacteria. The closest biochemically characterized bacterial proteins with homology to
the M. thermophila lactonase were shown to have 6-phosphogluconolactonase activity
in Escherichia coli (104, 105) and multifunctional lactonase activity in Pseudomonas
aeruginosa (113). No homologues were found in plants or animals with sequenced
genomes.
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Figure 5. Multiple sequence alignment of proteins showing sequence similarity to S.thermophile
lactonase 1. Full circle indicates a residue in the predicted active site of NC_cmle. MT_1;
Myceliophthora thermophila lactonase 1, PA; Podospora anserina lactonase 1, TR Trichoderma reesei,
AN; Aspergillus niger, MT_2; Myceliophthora thermophila lactonase 2, EC_pgl; Escherichia coli 6-
phosphogluconolactonase, NC_cmle; Neurospora crassa cis-carboxy-muconate-lactonizing enzyme
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Figure 6. Phylogenetic tree of representative sequences showing sequence similarity with M. thermophila
lactonase 1. Bootstrap values from 100 iterations are listed. (*) M. thermophila lactonase 1, (m) protein
that has been characterized biochemically, (A) protein for which an x-ray crystal structure has been
solved. Full amino acid sequences are available in supplemental materials.

A sequence alignment and maximum likelihood phylogeny of representative
homologues shows two distinct clades within the ascomycetes (Figure 6). Many
sordariomycetes have two proteins with homology to the M. thermophila lactonase,
represented as group 1 and group 2 lactonases in Figure 5. The lactonase
characterized in this study is part of the group 1 lactonases, and will be referred to as
lactonase 1. Group 1 lactonases are less conserved than group 2 lactonases, and the
sequence identity between the two groups is 25-30%. The aspergilli only possess a
single copy of a group 2 lactonase. Expression of the group 2 lactonase in N. crassa
was shown to be highly upregulated in response to growth on pure cellulose or ground
Miscanthus stems and was identified in the secretome under both conditions (774).

3.3.5 Induction of extracellular lactonases by cellulose.

Lactonase activity in the culture broth of M. thermophila was approximately 4-fold
higher on Avicel compared to glucose after four days of growth (Figure 7a). Knowing
the nucleotide sequence, we investigated the expression levels of Spoth1|109678
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(lactonase 1) and Spoth1|89286 (lactonase 2), a group 2 lactonase, the two lactonases
present in the M. thermophila genome, using mRNA-Seq (7115) under the same growth
conditions (Figure 7b). Lactonase 1 showed a relatively high basal expression level on
glucose, but was upregulated six fold during growth on Avicel. Lactonase 2 was
expressed at extremely low levels on glucose, and strongly induced by Avicel, although
the absolute level of expression was substantially lower than that of lactonase 1.
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Figure 6. Induction of extracellular lactonase by M. thermophila in response to Avicel. (a) Specific activity
of culture broth after 4 days of growth on Vogel's salts supplemented with 2% glucose or Avicel. Activity
represented in arbitrary units (a.u.). (b) RNA-seq expression profiling of lactonase 1 (Spoth1|109678) and
lactonase 2 (Spoth1|89286) after 20 hours of growth on glucose or Avicel. Expression is normalized
based on the number of mapped reads per kilobase transcript per million mapped reads (RPKM).
Absolute expression of lactonase 1 is approximately 20 fold higher than lactonase 2. Light gray;
lactonase 1, black; lactonase 2.

3.4 Discussion

Two evolutionarily distinct groups of enzymes have previously been described with 6-
phosphogluconolactonase (PGL) activity. PGL activity in eukaryotes and some bacteria
is catalyzed by enzymes with homology to the E.coli glucosamine-6-phosphate
isomerase, NagB (702). Recently, the gene responsible for PGL activity was determined
in E. coli (104, 105). E. coli PGL has no sequence similarity with the NagB-like PGLs,
and 13% sequence identity with N. crassa cis-carboxy-muconate-lactonizing enzyme
(CMLE), an enzyme involved in the B-ketoadipate pathway (772). Homologues of E.
coli PGL are ubiquitous throughout the bacteria and fungi. In M. thermophila and other
ascomycetes, the NagB-like PGL is probably responsible for PGL activity in the pentose
phosphate pathway because it is predicted to be intracellular and shows ~40%
sequence identity to human and yeast PGL. Interestingly, in addition to the NagB-like
PGL, many ascomycetes have distant homologues of E. coli PGL that are predicted to
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be extracellular proteins and probably have functions unrelated to that of PGL in the
pentose phosphate pathway.

In this work we identified a gene, with low homology to E.coli PGL, that encodes an
enzyme responsible for extracellular lactonase activity in M. thermophila. Lactonase 1,
encoded by Spoth1|109678 is a glycoprotein and has a broad pH optimum, similar to
the pH profile reported for N. crassa CMLE. The enzyme displays high activity with
hexose O&-lactone substrates, but no detectable activity with pentose y-lactones.
Notably, there is only a threefold difference in k..#/Ky values for the &-lactones of
glucose, cellobiose, and lactose, suggesting that the enzyme is only interacting with the
glucose moiety. This is in stark contrast to the substrate specificity of cellobiose
dehydrogenase and many cellulases, which often have much higher affinity for
cellobiose over glucose (97, 116). Structural studies on N. crassa CMLE and E. coli
PGL have shown that the active sites of these enzymes are highly conserved and
probably on or near the surface of the protein (777). A surface exposed active site is
consistent with our kinetic results and may explain the small differences in substrate
specificity for mono and disaccharides. The complete lack of activity on the pentose
lactones is probably due to the smaller 5-membered ring structure and different
geometry of the pentose y-lactones. Cellobiose dehydrogenase and glucose oxidase
both have very low activities on pentose sugars, so pentose lactones may be
uncommon under physiological conditions.

During growth on lignocellulosic biomass, M. thermophila induces the expression of
two E.coli PGL-like lactonases. A recent, genome wide expression profiling study of N.
crassa identified NCUQ7143, a protein with sequence homology to the M. thermophila
lactonases, as being strongly upregulated during growth on lignocellulose and pure
cellulose (774) NCUO07143 was also detected in the secretome of N. crassa while
growing on cellulose and lignocellulose, confirming that it is also an extracellular
enzyme. M. thermophila lactonase 1 and lactonase 2 share approximately 33%
sequence identity. Despite the low sequence identity, all of the predicted active site
residues are conserved in both lactonases and they are more closely related to one
another than any predicted bacterial lactonases. It is unclear what the functional
differences between the two M. thermophila lactonases may be, but orthologues of
lactonase 2 are more widespread and have a higher degree of sequence conservation
than lactonase 1, suggesting a potentially more essential biological role. The direct
orthologue of lactonase 1 in N. crassa, NCUQ7703, was not expressed under any
condition tested by Tian et al (174). The induction characteristics of lactonase 2, and its
orthologue in N. crassa, NCUQ7143, are very similar to the expression profile for
cellulases and other enzymes known to be essential for plant cell wall metabolism.

Genes with sequence similarity to the N. crassa and M. thermophila lactonases are
also present in Aspergillus niger and Trichoderma reesei, and are probably what was
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isolated in Bruchmann’s studies on the role of lactonases in cellulose degradation (707).
Extracellular lactonase-like genes appear to be absent in yeasts, but widespread in
filamentous ascomycetes. All cellulolytic ascomycetes with sequenced genomes have
genes with homology to M. thermophila lactonase 1 or lactonase 2. BLAST queries
against the genomes of currently sequenced basidiomycetes only return proteins with
very low homology, none of which are predicted by SignalP to be extracellular. The
genome of the basidiomycete, Phanerochaete chrysosporium (117), contains two
proteins, Pchr1|3055 and Pchr1|7029, with 15-19% sequence identity to M. thermophila
lactonase 1, but neither are predicted to be secreted. These proteins may function
similarly to ascomycete lactonases, but experimental characterization of the localization
and substrate specificities are necessary. The ascomycete lactonases may be working
synergistically with cellobiose dehydrogenases (CDH) or glucose oxidases (GOX),
although the genes do not appear to be co-conserved since the filamentous
ascomycete, Trichoderma reesei, has a gene for a lactonase, but does not possess
genes for CDH or GOX.

A periplasmic gluconolactonase (PpglL) with low sequence homology to the M.
thermophila lactonases was recently characterized in the bacterium Pseudomonas
aeruginosa (113). Like in fungi, P. aeruginosa contains a NagB-like intracellular PGL
that provides lactonase activity in the pentose phosphate pathway (703). Deletion of
PpglL caused severe growth phenotypes on gluconate, 2-ketogluconate, and mannitol
as well as a decrease in pigment formation. P. aeruginosa is not cellulolytic, so the
PpgL is not involved in any cell wall degradation processes, highlighting the diverse role
of lactonases in metabolism. Further studies will need to be conducted in fungi,
particularly gene deletion experiments, to clarify the biological role of the extracellular
lactonases.

3.5 Materials and Methods

Chemicals. With the exception of the sugar lactones, all chemicals were of reagent
grade quality and purchased from commercial vendors. The cellulose used for growth
studies was Avicel PH-101 purchased from Fluka. The sugar lactones were
synthesized by a modified Frush and Isbell procedure (778). In 100 mL of ice-cold
water, 0.015 mole of sugar, 0.03 mole of calcium carbonate, and 0.02 mole of bromine
were mixed and stored in the dark for 24 hours at room temperature. Residual bromine
was removed by purging the solution with nitrogen gas for 1 hour. Excess silver
carbonate was then added to the solution and the precipitate removed by filtration. The
filtrate was then applied to an amberlite IR-120(H+) resin. The column was washed with
5 column volumes of water and the eluate was collected. The eluate was then
concentrated on a rotary evaporator at 55 °C to dryness. Purity was confirmed by
HPLC.
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Strains and growth conditions. M. thermophila ATCC strain 42464 was obtained
from the American Type Culture Collection. M. thermophila was maintained on Vogel’s
salts agar (779) containing 2% cellobiose. Conidia were isolated from agar plates
grown for 7 days at 48 °C. For induction studies fresh M. thermophila conidia were
inoculated into liquid culture containing Vogel's salts supplemented with either 2%
glucose or Avicel and grown at 48 °C and 200 RPM shaking.

For lactonase purification, M. thermophila conidia were inoculated into a complex
media containing 1.0 g/L casamino acids, 1.0 g/L yeast extract, 0.5 g/L potassium
chloride, 0.2 g/L magnesium sulfate heptahydrate, 1.0 g/L potassium dihydrogen
phosphate, and trace elements solution. The culture was grown at 48 °C with shaking
at 200 rpm for 24 hours and then the mycelia was harvested by filtration and used to
inoculate fresh complex media, containing 5 g/L Avicel to induce expression of the
lactonase.

Enzyme assays. Lactonase activity was measured as described by Hestrin (720).
Freshly dissolved sugar lactone (100 uL) was immediately mixed with 100 mM buffered
solutions containing enzyme (100 uL) for 1 minute at 25 °C. The reaction was
quenched by the addition of alkaline hydroxylamine (2.0 M hydroxylamine
hydrochloride, 1.5 M sodium hydroxide, 40 yL) for 1 minute. Hydrochloric acid was then
added to acidify the solution and stabilize the hydroxamate (4.0 M HCI, 20 pL). Color
was developed by the addition of ferric chloride (FeCls, 0.5 M, 20 yL) and absorbance at
540 nm was used for quantification. For all experiments, control measurements were
made where no enzyme was added. The background hydrolysis was subtracted from
the total hydrolysis in the presence of enzyme. This typically amounted to less than
10% of the total lactone.

Protein purification. After 48 hours of growth on complex media containing Avicel, M.
thermophila mycelia and residual Avicel were removed from the culture by filtering over
0.2 micron polyethersulfone (PES) filters. The filtered culture broth was then
concentrated and buffer exchanged using tangential flow filtration with a 10 kDa MWCO
PES membrane (Millipore, Billerica, MA) into 25 mM HEPES buffer pH 7.4. The
concentrated culture broth was then mixed with excess Avicel to remove cellulose-
binding proteins and the Avicel particles were separated by vacuum filtration over a
glass microfiber filter. The filtrate was then loaded onto a 5 mL QHP column (GE
Healthcare) at 5 mL/min. Lactonase was eluted from the Q HP column with a linear
gradient from 0 to 0.5 M NaCl over 15 column volumes. Fractions with the highest
lactonase activity were pooled and buffer exchanged into 25 mM HEPES buffer pH 7.4.
The protein was then loaded onto a MonoQ 10/100 GL column (GE Healthcare) and
eluted with a linear gradient from 0 to 0.5 M NaCl over 8 column volumes. Fractions
containing lactonase activity were pooled and adjusted to 1.5 M ammonium sulfate, 25
mM HEPES pH 7.4. The sample was then loaded onto a 1.0 mL Resource PHE

47



column. Lactonase does not bind the PHE column and flows through as a pure
species. The purified lactonase was concentrated and buffer exchanged with 10 kDa
MWCO spin concentrators (Millipore) and stored at -80 °C. Lactonase activity is stable
for several months under these conditions.

Mass spectrometry peptide fingerprinting. Thirty-six milligrams of urea, 5 uL of 100
mM DTT, and 5 yL of 1.0 M Tris pH 8.5, were added to a 100 pyL aqueous solution of 10
MM lactonase and heated at 70 °C for 1 hour. After heat denaturation, 700 pL of 25 mM
ammonium bicarbonate and 140 uL of methanol were added to the solution followed by
treatment with 50 yL of 100 pg/mL trypsin in 50 mM sodium acetate, pH 5.0. The
protein was digested with trypsin overnight at 37 °C. After digestion the volume was
reduced by Speedvac and washed with Milli-Q water three times. Residual salts in the
sample were removed by OMIX microextraction pipette tips according to the
manufacturer’s instructions (Varian, Palo Alto, CA). Peptides from the trypsin digest
were analyzed using a tandem mass spectrometer that was connected in-line with
ultraperformance liquid chromatography as described elsewhere (1714).

LC-MS analysis of proteins. Protein samples were analyzed using an Agilent 1200
series liquid chromatograph (LC; Santa Clara, CA) that was connected in-line with an
LTQ Orbitrap XL hybrid mass spectrometer equipped with an lon Max electrospray
ionization source (ESI; Thermo Fisher Scientific, Waltham, MA).

The LC was equipped with Cg guard (Poroshell 300SB-C8, 5 ym, 12.5 x 2.1 mm,
Agilent) and analytical (75 x 0.5 mm) columns and a 100 yL sample loop. Solvent A
was 0.1% formic acid/99.9% water and solvent B was 0.1% formic acid/99.9%
acetonitrile (v/v). Sample solutions contained in autosampler vials sealed with rubber
septa caps were loaded into the Agilent 1200 autosampler compartment prior to
analysis. For each sample, approximately 100 picomoles of protein analyte was
injected onto the column. Following sample injection, analyte trapping was performed
for 5 min with 99.5% A at a flow rate of 90 yL/min. The elution program consisted of a
linear gradient from 30% to 95% B over 24.5 min, isocratic conditions at 95% B for 5
min, a linear gradient to 0.5% B over 0.5 min, and then isocratic conditions at 0.5% B for
9.5 min, at a flow rate of 90 yL/min. The column and sample compartments were
maintained at 35 °C and 10 °C, respectively. Solvent (Milli-Q water) blanks were run
between samples, and the autosampler injection needle was rinsed with Milli-Q water
after each sample injection, to avoid cross-contamination between samples.

The connections between the LC column exit and the ESI probe of the mass
spectrometer were made using PEEK tubing (0.005” i.d. x 1/16” o.d., Western
Analytical, Lake Elsinore, CA). External mass calibration was performed prior to
analysis using the standard LTQ calibration mixture containing caffeine, the peptide
MRFA, and Ultramark 1621 dissolved in 51% acetonitrile/25% methanol/23% water/1%
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acetic acid solution (v/v). The ESI source parameters were as follows: ion transfer
capillary temperature 275 °C, normalized sheath gas (nitrogen) flow rate 25%, ESI
voltage 2.5 kV, ion transfer capillary voltage 33 V, and tube lens voltage 125 V. Mass
spectra were recorded in the positive ion mode over the range m/z = 500 to 2000 using
the Orbitrap mass analyzer, in profile format, with a full MS automatic gain control target
setting of 5 x 10° charges and a resolution setting of 6 x 10* (at m/z = 400, FWHM).
Raw mass spectra were processed using Xcalibur software (version 4.1, Thermo) and
measured charge state distributions were deconvoluted using ProMass software
(version 2.5 SR-1, Novatia, Monmouth Junction, NJ), using default “large protein”
parameters and a background subtraction factor of 1.5.

Nanoelectrospray ionization mass spectrometry of native proteins. Mass spectra
of native proteins were acquired using a quadrupole time-of-flight (Q-Tof) mass
spectrometer equipped with a Z-spray electrospray ionization (ESI) source (Q-Tof
Premier, Waters, Milford, MA). lons were formed from aqueous solutions containing 10
MM analyte protein and 10 mM ammonium acetate, using positive-ion nanoelectrospray
ionization (nanoESI). NanoESI emitters were made from borosilicate glass capillary
tubes (1.0 mm 0.d./0.78 mm i.d, Sutter Instruments, Novato, CA) that were pulled to a
tip with an inner diameter of approximately 5 to 20 ym using a Flaming/Brown
micropipette puller (Model P-87, Sutter). Approximately 10 uL of the sample solution
was added into a nanoESI emitter using a 10 uL syringe (Hamilton, Reno, NV). The
electrospray was initiated by gradually increasing the DC potential applied to a platinum
wire (0.127 mm diameter, Aldrich, Milwaukee, W1), which was inserted into the nanoESI
emitter to within approximately 2 mm of the tip, until the onset of mass spectral signal.
No back pressure was used for nanoESI. Instrument parameters during data collection
were as follows: nanoESI voltage 1.8 kV, sampling cone voltage 30 V, extraction cone
and ion guide voltages both 4.0 V, source block temperature 80 °C, accelerating voltage
into the argon-filled cell 2 V, ion transfer stage pressure 6 x 10~ mbar, argon-filled cell
pressure 8 x 10 mbar, Tof analyzer pressure 8 x 10”7 mbar. The pressure in the first
pumping stage was increased to 7.4 mbar by adjusting a Speedivalve (BOC Edwards)
to favor the preservation of non-covalent complexes in gas phase. No cone gas flow
was used. The Tof analyzer was operated in “V” mode. External mass calibration of
the TOF analyzer was performed immediately prior to measurements. Mass spectra
were processed using MassLynx software (version 4.1, Waters).

Multiple sequence alignments and phylogenetics. Homologues of the lactonase
were found with a BLAST (727) query of the lactonase sequence against a database of
predicted fungal proteins from finished and ongoing fungal genome projects. Bacterial
sequences were obtained by BLAST against the NCBI database. Multiple sequence
alignments were done locally using T-COFFEE (722). A maximum likelihood phylogeny
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was determined using PhyML version 3.0 with 100 bootstraps through the Phylogeny.fr
webserver (123).

mMRNA-Seq expression profiling. Messenger RNA was isolated from M. thermophila
after 20 hours of growth and lllumina cDNA libraries were generated following standard
protocols according to the manufacturer's instructions (724). Sequencing was
performed on the lllumina Genome Analyzer Il. Read lengths were trimmed to 31 nt
and mapped against all predicted transcripts in the M. thermophila genome using MAQ
software (725). Expression was normalized by counting the number of reads mapped
per kilobase of exon model divided by the total number of mapped reads in the whole
dataset, RPKM (115).
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Hausmann, Jamie H.D. Cate and Michael A. Marletta.

51



Chapter 4: Contribution of cellobiose dehydrogenase to the degradation of
cellulose

4.1 Abstract

Enzymatic hydrolysis of lignocellulose by cellulases is a slow and expensive
process which must be improved for the economical production of cellulosic biofuels. In
addition to cellulases, many fungi secrete cellobiose dehydrogenases during growth on
lignocellulose. Here we report on the deletion of cdh-1, the gene encoding the major
cellobiose dehydrogenase (CDH) of Neurospora crassa. Deletion of cdh-1 reduced
cellulase activity in the culture filtrate of the Acdh-1 strain to levels 37-49% lower than in
the wild-type strain. Addition of purified CDHs to the Acdh-1 strain culture filtrate
resulted in a 1.6 to 2.0-fold stimulation in cellulase activity, which restored activity to
wild-type levels, while addition of CDH to a mixture of purified cellulases showed no
stimulatory effect. Domain truncations of a full length CDH showed that the heme
domain is required for the observed stimulatory effects on cellulase activity. The
stimulatory effect of CDH requires the presence of molecular oxygen and likely other
metalloproteins. The discovery that cellobiose dehydrogenase plays an integral role in
degradation of pure cellulose is a significant shift from previous models centered on the
degradation of cellulose by mixtures of glycosyl hydrolases.

52



4.2 Introduction

Fungi play a central role in the degradation of plant biomass in terrestrial
environments (726). They use a wide variety of secreted enzymes to break down
biopolymers present in the plant cell wall, including cellulases, hemicellulases,
pectinases, proteases, and oxidative enzymes (79, 127-129). Many of these fungal
enzymes are produced industrially and used in diverse applications (730). Currently,
the cost of cellulose degrading enzymes is still a major barrier to the economical
production of liquid fuels from lignocellulose (737). Considerable effort has focused
recently on the discovery and development of cellulases with better properties, but
improvement of the catalytic activity of cellulases has proved to be a slow and
challenging process.

The filamentous ascomycete, Neurospora crassa, is a well-known genetically
tractable organism that proficiently degrades plant cell walls (728, 132). N. crassa
secretes more than 30 different enzymes during growth on pure cellulose. Many of
these enzymes are similar to cellulases and hemicellulases that have been extensively
studied in other organisms, but there are also a significant number of enzymes with
poorly defined or no known biological functions. In addition to hydrolytic enzymes, N.
crassa also produces large amounts of cellobiose dehydrogenase (CDH) (7133-135).
CDH-1 is the major oxidoreductase secreted by N. crassa during growth on crystalline
cellulose, and accounts for approximately 1-3% of the total secreted protein, suggesting
a potential role in the degradation process.

CDH was first described over 35 years ago and since then has been identified in
phylogenetically diverse fungi (708), but is notably absent from the industrial workhorse
Hypocrea jecorina (anamorph Trichoderma reesei). The CDH from the white-rot
fungus, Phanerochaete chrysosporium, has been extensively studied biochemically and
by x-ray crystallography (58, 136, 137). CDH catalyzes the oxidation of cellobiose and
longer cellodextrins to the corresponding 1-5-6-lactones. All CDH enzymes contain an
N-terminal heme domain and a C-terminal flavin domain. The flavin domain is part of
the larger glucose-methanol-choline (GMC) oxidoreductase superfamily (738), which is
widespread throughout all domains of life, while orthologs of the heme domain are only
found in fungi (739). Oxidation of cellobiose takes place in the flavin domain with
subsequent electron transfer to the heme domain. The biological electron acceptor for
CDH is unknown, but the reduced heme is able to reduce a wide variety of substrates
including quinones, metal ions, and organic dyes. Reduced CDH can also react with
molecular oxygen, but at a 10-20 fold slower rate than organic dyes and metal ions
(7140).

Several hypotheses have been proposed for the function of CDH including the
oxidative degradation of cellulose or lignin via hydroxyl radical production (53, 137, 141,
142), reduction of feedback inhibition of cellulases by cellobiose (7143) or support of
ligninolytic enzymes by quinone and/or manganese reduction (7144). The most
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prominent hypothesis is that involving the generation of hydroxyl radicals formed via
oxidation of cellobiose followed by heme domain reduction of an extracellular ferric
complex, most likely Fe(lll)-oxalate (737). Ferrous iron can then take part in a Fenton
reaction in the presence of hydrogen peroxide produced by CDH or another oxidase.
While the scope of these reactions is possible, control of hydroxyl radical reactivity
would be particularly challenging.

In this study, we have determined the contribution of CDH to cellulose
degradation in N. crassa using a combination of genetic and biochemical techniques.
CDH enhances the degradation of cellulose by the cocktail of enzymes secreted by
Neurospora nearly 2-fold, but this enhancement is not dependent on low molecular
weight ferric ion complexes. This enhancement of activity is also not seen when CDH is
added to purified N. crassa cellulases. Taken together, our results show that in N.
crassa, CDH is a central component in cellulose degradation and works in conjunction
with other factors to facilitate the degradation of crystalline cellulose by cellulases.

4.3 Results
4.3.1 Production of a strain of N. crassa containing a deletion of NCU00206, cdh-1
The Neurospora functional genomics project has generated knockout strains for
most of the genes in the N. crassa genome using targeted gene replacement through
homologous recombination (745). A heterokaryon strain of Acdh-1 is available through
the Fungal Genetic Stock Center (FGSC), but despite numerous attempts, a
homokaryon strain could not be generated due to an ascospore-lethal linked mutation.
To obtain a clean deletion of cdh-1, a N. crassa strain deficient in non-homologous end
joining recombination was transformed with a cassette provided by the Neurospora
functional genomics project (746). Heterokaryon transformants showing hygromycin
resistance were genotyped using PCR to confirm the deletion of cdh-71. Transformants
were crossed with wild-type N. crassa and several hygromycin resistant progeny were
then screened for the production of CDH during growth on cellulose. The strains that
showed the best growth on Avicel®, a microcrystalline cellulose, and that were also
deficient in CDH activity in the culture filtrate were genotyped. Multiple homokaryon
strains in which cdh-1 was deleted were confirmed by PCR. Growth of the Acdh-1
strains in liquid culture on Vogel’s salts supplemented with 2% sucrose was identical to
that of wild-type. There was only a slight growth defect on cellulose. Both the wild-type
and Acdh-1 strains completely degraded all the cellulose in the culture after 6-7 days of
growth, as determined by light microscopy. The proteins present in the culture filtrate
were analyzed by SDS-PAGE (Fig. 1A) and the extracellular proteins secreted by the
Acdh-1 strains were very similar to those of the wild-type, with the exception of the loss
of the CDH-1 band between 100 and 120 kDa. The total secreted protein in the Acdh-1
strains varied from ~40% lower than the wild-type strain to equal to the wild-type strain
for the different transformants. CDH activity in the culture filtrate of the Acdh-1 strains
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was 800 x 300-fold lower than in the wild-type culture filtrates (Fig. 1B). Cellulase-
specific activities of the Acdh-1 strains and the wild-type were then compared. The
endoglucanase activity and cellobiohydrolase activity, as measured by the azo-CMC
and MULAC assays, respectively, were similar for the wild-type and Acdh-1 strains
when equal levels of total protein were added. Cellulase activity was 37-49% lower in
the Acdh-1 strain culture filtrates than in those from wild-type when added on an equal
protein basis (Fig. 1C). HPLC analysis of hydrolysis products after 24 hours of reaction
time showed that in the Acdh-1 strain culture filtrate, glucose (>90%) was the main
sugar produced followed by cellobiose. Glucose remained the dominant product
(>80%) in assays of wild-type culture filtrate, followed by cellobiose, cellobionic acid and
trace amounts of gluconic acid. No additional peaks were present in the
chromatograms.
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Figure 1. Deletion of N. crassa CDH-1. (A) SDS-PAGE of proteins present in the culture filtrate of the
wild-type and the Acdh-1 strain of N. crassa after 7 days of growth on Avicel®. Missing protein band that
corresponds to CDH-1 is marked by a box. (B) CDH activity in the culture filtrate of the wild-type and
Acdh-1 cultures as measured by the cellobiose-dependent reduction of DCPIP. Values are the mean of
three biological replicates. Error bars are the SD between these replicates. (C) Cellulase activity of the

55



wild-type (e) and Acdh-1 (o) culture filtrates. Values are the mean of three biological replicates performed
in technical triplicate. Error bars are the SD between these replicates.
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Figure 2. Stimulation of cellulose degradation by the addition of partially purified N. crassa CDH-1 to the
Acdh-1 culture filtrate. (A) SDS-PAGE of partially purified N. crassa CDH-1. (B) Cellulase activity of the
Acdh-1 culture filtrate. (o) Represent experiments where 400 ug N. crassa CDH-1 per gram of cellulose

was added. (o) Represent experiments where no exogenous CDH was added. Values are the mean of
three replicates. Error bars are the SD between these replicates.

4.3.2 Stimulation of cellulose degradation by CDH

To more directly assess the contribution of CDH-1 to the degradation of
cellulose, in vitro complementation assays were undertaken using purified CDHs. CDH-
1 is difficult to purify from N. crassa culture filtrates, and only a partially purified
preparation of N. crassa CDH-1 could be isolated (Fig. 2). The orthologous protein in
the closely related thermophilic fungus, Myceliophthora thermophila (140), can be
purified to homogeneity and was used for most of the complementation assays (Fig. 3).
M. thermophila and N. crassa CDH-1 share 70% sequence identity, the same domain
architecture and a C-terminal fungal cellulose binding domain. CDH-1 from M.
thermophila had no activity on cellulose, while the partially purified N. crassa CDH-1
had a slight contaminating hydrolytic activity.
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30 .

Figure 3. SDS-PAGE of purified proteins used throughout the study. All proteins were loaded at 5 ug
per lane in the following order: (1) M. thermophila CDH-1, (2) M. thermophila CDH-2, (3) M. thermophila
CDH-2 flavin, (4) N. crassa CBH-1, (5) N. crassa GH6-2, (6) N. crassa GH5-1, (7) N. crassa GH3-4.
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Figure 4. Stimulation of cellulose degradation by the addition of M. thermophila CDH-1 to the Acdh-1
culture filtrate. (o) No exogenous CDH added, (o) 400 ug M. thermophila CDH-1 per gram of Avicel®
added. Cellulase assays with or without addition of M. thermophila CDH-1 to (A) Acdh-1 N. crassa culture
filtrate, (B) Wild-type N. crassa culture filtrate, or (C) a mixture of purified cellulases (CBH-1, GH6-2,
GH5-1, GH3-4) from N. crassa. Values are the mean of three replicates. Error bars are the SD between
these replicates.
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Figure 5. Stimulation of cellulose degradation by different isoforms of CDH. (A) Domain architectures of
M. thermophila CDH-1 and CDH-2. Red C-terminal domain on CDH-1 is a fungal cellulose-binding
domain (CBM1). (B) Cellulose binding assay for M. thermophila CDH-1 and CDH-2. Lane 1 M.
thermophila CDH-1, Lane 2 M. thermophila CDH-2, Lane 3 CDH-1 bound to Avicel®, Lane 4 CDH-2
bound to Avicel®. (C) Stimulation of cellulose degrading capacity of the Acdh-1 culture filtrate (o) by
addition of CDH-1 (o), or CDH-2 (V). (D) Effect of the concentration of M. thermophila CDH-1 (black)
and M. thermophila CDH-2 (gray) on cellulase activity of the Acdh-1 culture filtrates at 12 hours. Values
are the mean of three replicates. Error bars are the SD between these replicates.
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Addition of M. thermophila CDH-1 or partially purified N. crassa CDH-1 to the

culture filtrate of the Acdh-1 strains stimulated cellulose hydrolysis substantially (Fig. 2
Fig. 4). The cellulase activity was 1.6- to 2.0-fold higher than the Acdh-1 culture filtrate
alone. Addition of CDH-1 to wild-type culture filtrate had no stimulatory effect on
cellulose hydrolysis (Fig. 4B). Further, CDH-1 was unable to stimulate a mixture of
purified cellulases (Fig. 4C) from N. crassa including 2 cellobiohydrolases (CBH-1 and
GH6-2), an endoglucanase (GH5-1), and a R-glucosidase (GH3-4) (Fig. 3).
M. thermophila also produces a second CDH during growth on cellulose, CDH-2, which
does not contain a fungal cellulose binding module (Fig. 5A). The cellulose binding
propensity of M. thermophila CDH-1 and CDH-2 was determined using pull down
experiments with cellulose (Fig. 5B). M. thermophila CDH-1 binds strongly to cellulose,
while M. thermophila CDH-2 has only a very weak affinity. Aside from the different
affinities for cellulose, M. thermophila CDH-1 and CDH-2 have very similar steady-state
kinetic properties (740). At a CDH loading of 0.4 mg/g cellulose, CDH-2 was able to
stimulate the hydrolysis of cellulose to the same extent as CDH-1 (Fig. 5C).

To further investigate the role of the cellulose binding module on the ability of
CDH to stimulate cellulose hydrolysis, a titration experiment was performed (Fig. 5D).
CDH-1 was able to stimulate the activity of the Acdh-1 strain culture filtrate at a 10-fold
lower loading than CDH-2. A stimulatory effect on cellulase activity in the Acdh-1
culture filtrate was observed at a loading of 5 ug of CDH-1 per gram of cellulose, while
50 pg of CDH-2 was required for a similar stimulation (Fig. 5D). At 4 mg CDH/g
cellulose, both M. thermophila CDH-1 and CDH-2 have an inhibitory effect on cellulase
activity relative to the lower loadings.

The flavin and heme domains of M. thermophila CDH-2 can be separated by
cleavage with papain (740). To determine the contribution of the heme domain to the
stimulation of activity, M. thermophila CDH-2 was cleaved with papain and the flavin
domain isolated by size exclusion chromatography (Fig. 3). The flavin domain oxidizes
cellobiose at the same rate as the full length enzyme when 2,6-
dichlorophenolindophenol (DCPIP) is used as an electron acceptor, but has no activity
with cytochrome c, reflecting on the importance of the heme domain for transfer to 1
electron acceptors (740). The flavin domain, when added on an equal activity basis as
the full length CDH-2, is unable to stimulate the hydrolysis of cellulose when added to
the Acdh-1 culture filtrate, despite production of cellobionic acid (Figure 6). Even at a
loading 10-fold higher than the full length CDH-2, the flavin domain is still unable to
stimulate cellulose hydrolysis, suggesting that the heme domain is essential for the
stimulatory effect.
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Figure 6. Stimulation of cellulose hydrolysis by domain truncations of CDH-2. Stimulation of cellulose

degrading capacity of the Acdh-1 culture filtrate (o) by addition of CDH-2 (m), CDH-2 flavin domain (V), or
recombinant CDH-2 heme domain (¢). Values are the mean of three replicates. Error bars are the SD
between these replicates.

The heme domain of M. thermophila CDH-2 could not be sufficiently purified from
the papain digestion of the full length protein and was thus recombinantly expressed in
the yeast Pichia pastoris. The heme domain from CDH-2 was purified by nickel metal
affinity chromatography and has the same spectral properties of the full length CDH-2
(Fig. 7). The recombinant heme domain was then tested for the ability to stimulate
cellulose hydrolysis of the Acdh-1 strain culture filtrate (Figure 6). Addition of the ferric
heme domain at the same molar concentration as the full length CDH-2 required for
maximum stimulation had no stimulatory effect. However, at a loading of 1 pM, the
ferric heme domain was able to stimulate cellulase activity to nearly the same extent as

the full length enzyme at 23 nM (200 pg/g cellulose) (Figure 6).
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Figure 7. Purity and spectral properties of recombinant CDH-2 heme domain expressed in Pichia
pastoris. (A) SDS-PAGE of purified recombinant CDH-2 heme domain. (B) UV-vis spectra of the oxidized
(black) and reduced (red) CDH-2 heme domain.

61



4.3.3 Oxygen and metal ion dependence on the stimulation of cellulose
degradation by CDH

A prevalent hypothesis for the biological function of CDH postulates that
electrons from the heme domain of CDH are transferred to ferric complexes, quinones,
molecular oxygen, or other redox mediators which lead to the production of radical
species that can non-specifically degrade cellulose or lignin. Experiments were carried
out to address if the stimulation of activity observed with CDH addition to the Acdh-1
culture filtrate was due to a direct reaction with the cellulose or an indirect effect where
metals or small molecules became reduced by CDH and subsequently contributed to
the degradation.

To test for the effect of small molecules in the Acdh-1 culture the culture filtrate
was buffer exchanged 10,000-fold using 10,000 MWCO spin concentrators. After this
treatment, CDH-1 was still able to stimulate the activity of the Acdh-1 culture filtrate to
the same extent. To test if there was a metal dependence for the stimulation, buffer
exchanged culture filtrates from the Acdh-1 cultures were incubated with 100 uM EDTA

25

Acdh-1  +CDH-1  +EDTA +EDTA
+CDH-1
Figure 8. Contribution of metals or small molecules to the CDH dependent stimulation. (A) Cellulase
activity of 10,000-fold buffer exchanged Acdh-1 secretome in the presence or absence of 0.004 mg/mL
CDH-1. For reactions containing EDTA, 100 uM EDTA was preincubated with the sample for 2 hours and
then assayed.
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for 1 hour, and then assayed for cellulase activity. EDTA had no effect on the cellulase
activity of the Acdh-1 culture filtrate; however, when M. thermophila CDH-1 was added
to the EDTA treated Acdh-1 culture filtrate, no stimulatory effect was observed (Fig. 8).
Addition of EDTA to wild-type culture filtrate reduced cellulase activity by ~50% (data
not shown). Taken together, these results suggest that there is a protein bound metal
ion essential for the stimulation of cellulose degradation by CDH. Overnight incubation
of M. thermophila CDH-1 with 1.0 mM EDTA had no effect on the oxidation of cellobiose
with DCPIP or cytochrome c as electron acceptors.
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Finally, the role of molecular oxygen on the stimulation of activity by CDH-1 in the
Acdh-1 culture filtrate was explored. Cellulase activity of the Acdh-1 culture filtrates is
not affected by the absence of molecular oxygen, while in wild-type culture filtrates
activity is reduced by ~40%. When purified M. thermophila CDH-1 was added to the
Acdh-1 culture filtrate under anaerobic conditions no stimulatory effect on cellulase
activity was observed (Fig. 9).
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Figure 9. Oxygen dependence of the stimulation of cellulase activity by CDH. Black bars indicate
experiments conducted anaerobically, gray bars indicate experiments conducted aerobically. Values are
the mean of three replicates. Error bars are the SD between these replicates.

4.4 Discussion

The chemical makeup of the plant cell wall makes it a highly recalcitrant source
of nutrients for animals and microbes. The structural backbone of the plant cell wall is
the crystalline polysaccharide, cellulose, which typically constitutes 30-40% of the dry
weight of terrestrial plants (72). During growth on pure cellulose, N. crassa increases
the expression of more than 100 different genes and secretes more than 30 different
proteins (728). Many of these proteins have high sequence homology to known
hydrolytic enzymes, but there are also proteins predicted to be involved in oxidative
reactions and proteins of unknown function. CDH-1 is the most abundant secreted
oxidoreductase produced by N. crassa during growth on cellulose, constituting as much
as 3% of the total secreted protein. Using a combination of genetic and biochemical
techniques, we report here that CDH-1 is a major contributor to the depolymerization of
cellulose by N. crassa. The deletion of CDH-1 lowers the aggregate cellulase activity of
the culture filtrates by 37-49%. Addition of purified CDH-1 back to the Acdh-1 culture
filtrate stimulates the cellulase activity back to the wild-type level. A stimulatory effect
was seen with an addition of CDH-1 equivalent to only 0.1% of the total protein in the
culture filtrate.
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In the cellulolytic Sordariales sequenced thus far, all species have two copies of
CDH (134), one containing a C-terminal fungal cellulose binding domain (CBM), and
one without a CBM. In N. crassa, only the CBM-containing CDH-1 is produced in
significant amounts during growth on cellulose. However, in the closely related
thermophilic fungus, M. thermophila, both CDHs are produced at high levels during
growth on cellulose (740). Both CDHs from M. thermophila have been previously
shown to have very similar steady-state kinetic properties with soluble substrates (740),
and we now show that both enzymes can stimulate hydrolysis of cellulose to the same
extent. A key difference between the two CDHs is that CDH-1 was functional at a 10-
fold lower concentration than CDH-2. Cellulose binding modules are known to increase
the local concentration of cellulases on the surface of cellulose, and the results here are
consistent with the stimulatory effect being due to a reaction taking place on or near the
surface of the cellulose.

The isolated and catalytically active flavin domain of CDH-2 is unable to stimulate
hydrolysis of cellulose, whereas the CDH-2 heme domain was able to stimulate
cellulose hydrolysis to the same extent as full length CDH-2, at a 20 to 50-fold higher
concentration. The iron in the heme domain of CDH is axially ligated by absolutely
conserved methionine and histidine residues. These two residues cannot be displaced
by cyanide, azide when ferric, or carbon monoxide when ferrous (747), supporting the
hypothesis that the heme domain is likely involved in outer sphere electron transfer
reactions. The results presented here suggest that 1-electron transfer, mediated
through the heme domain, is essential for the stimulatory effect. The stimulatory effect
of the ferric heme domain was unexpected, as it would have no electron source.
However, the Acdh-1 culture solution contains a trace CDH activity, due to a very low
level expression of CDH-2. Full length CDH-2 is able to reduce free CDH heme
domains in the presence of cellobiose and likely accounts for the stimulation in activity
by the free heme domain.

Proteins with sequence homology to the heme domain of CDH are widespread
throughout the fungal kingdom. As more fungal genome sequences have become
available, CDH-like heme domains have been found in proteins with diverse domain
architectures. In addition to a canonical CDH, the basidiomycete, Phanerochaete
chrysosporium also produces a secreted CDH-like heme domain with a C-terminal
fungal cellulose binding domain (748). In the N. crassa genome there are three genes
encoding proteins predicted to contain stand alone CDH-like heme domains with N-
terminal signal peptides; however, previous transcriptional profiling of N. crassa did not
show them upregulated during growth on cellulose. These free heme domains are
conserved throughout the Sordariales with sequenced genomes and all are predicted to
have the same methionine and histidine axial iron ligation.

The prevailing hypothesis for the biological function of CDH in the degradation of
lignocellulose involves flavin oxidation of cellobiose with sequential electron transfer to
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the heme and then heme reduction of a one electron acceptor, speculated to be an
Fe(lll)-oxalate complex (7137). This ferrous iron is then proposed to take part in a
Fenton reaction with peroxide generated by CDH or other extracellular oxidases to
generate hydroxyl radicals which non-specifically degrade plant cell wall
polysaccharides. Fenton chemistry requires ferrous iron and peroxide, and has been
routinely used in DNA footprinting experiments (749). After a 10,000-fold buffer
exchange of the Acdh-1 culture filtrate, the free iron in solution is less than 1 nM;
however, CDH was still able to fully stimulate cellulase activity. Treatment of the culture
filtrate with EDTA completely blocks the stimulation by CDH, although EDTA should not
prevent ferrous iron from participating in Fenton reactions. In fact, iron-EDTA chelates
are often used to generate hydroxyl radicals (749). Taken together, these results do not
support the involvement of Fenton chemistry in the stimulation of cellulase activity by
CDH in Neurospora. The requirement of molecular oxygen for the stimulation in activity;
however, suggests that oxidation reactions may play an important role.

Our results are consistent with the heme domain of CDH contributing to the
degradation of cellulose through interaction with other metalloproteins that are larger
than 10,000 daltons. Potential candidates include metal-dependent glycosyl hydrolase
family 61 proteins or other metal-dependent proteins of unknown function present in the
culture filtrate. GH61 family proteins were recently shown to stimulate the hydrolysis of
pretreated corn stover when added to a cocktail of industrial cellulases (750). The
stimulation by GHG61 proteins is completely inhibited by addition of EDTA. This
inhibition of activity by EDTA has been ascribed to the removal of an essential surface
exposed divalent metal ion from the protein, and can be rescued by addition of divalent
metal ions to the reaction. Interestingly, no stimulation of activity by GH61 proteins was
observed on pure cellulosic substrates (750). CBP21, a protein structurally related to
GHG61 proteins, from the chitinolytic bacterium Serratia marcescens, was recently shown
to stimulate the hydrolysis of crystalline chitin (757, 152), presumably by the same
mechanism as GH61 proteins. CBP21 requires divalent metal ions for activity, as well
as the presence of molecular oxygen (7153). Addition of CBP21 to chitin in the presence
of molecular oxygen and ascorbic acid leads to the formation of oxidized chito-
oligosaccharides by an unknown mechanism. If fungal GH61 proteins stimulate
hydrolysis by the same mechanism as CBP21, it is possible that CDH is functioning as
an extracellular reductant. The N. crassa genome contains fourteen genes encoding
predicted extracellular GH61 proteins, of which, at least nine are upregulated during
growth on cellulose (728). There are also multiple hypothetical proteins secreted by
Neurospora which could be involved in the CDH stimulated degradation pathway.

The discovery that cellobiose dehydrogenase plays a major role in pure cellulose
degradation by some fungi is a significant shift from previous models centered on the
degradation of cellulose by a mixture of glycoside hydrolases. The well understood
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genetics and resources available in Neurospora should facilitate the discovery of CDH’s
other partners so that the full system can be reconstituted in vitro.

4.5 Materials and Methods

Strains. All Neurospora crassa strains were obtained from the Fungal Genetics Stock
Center (FGSC) including wild-type N. crassa (FGSC 2489) and the Amus-51 (FGSC
9717) used for generating gene deletions. The Aghb-1 (FGSC 1647) was from the
Neurospora functional genomics project.

Preparation of Acdh-1 strains. The DNA cassette used to delete cdh-1 was provided
by the Neurospora functional genomics project. Details about how the cassette was
generated are available online at
(http://www.dartmouth.edu/~neurosporagenome/protocols.html). FGSC 9717 was
grown on Vogel’'s minimal media (779) slants for 21 days at room temperature. Conidia
from the FGSC 9717 slant were transformed by electroporation with 1 ug of the Acdh-1
(ANCUO00206) cassette and plated onto media containing hygromycin.  Positive
transformants were then crossed with wild-type N. crassa. Ascospores were
germinated on media containing hygromycin and several hygromycin resistant
transformants were harvested and screened for production of CDH. The genotypes of
three transformants that showed good growth on cellulose and lacked CDH activity
were confirmed by PCR using primers specific to cdh-1 and the hygromycin resistance
cassette.

Growth and harvest of N. crassa culture filtrates. Wild-type or Acdh-1 N. crassa was
inoculated onto slants of Vogel’s minimal media and grown for 3 days at 30 °C in the
dark followed by 7 days at room temperature. A conidial suspension was then
inoculated into 100 mL of Vogel’s salts supplemented with 2 % Avicel® PH101 in a 250
mL Erlenmeyer flask. After 7 days of growth on Avicel®, cultures were filtered over a
0.2 ym polyethersulfone (PES) filter.

Protein purification. For isolation of Myceliophthora thermophila (ATCC 46424) CDH-
1 and CDH-2, 10 day old conidia from cultures of M. thermophila were inoculated into
1.0 liter of Vogel’'s salts supplemented with 40 g/L cotton balls in 2.8 liter Fernbach
flasks. After 6 days of growth at 48 °C and 200 RPM shaking, fungal biomass and
residual cotton was removed by filtration using 0.2 ym PES filters. The culture filtrate
was then passed over CaptoQ resin (GE Healthcare) at 20 mL/min. CDH-1 and CDH-2
were eluted from the CaptoQ resin with buffer containing 500 mM sodium chloride and
25 mM HEPES pH 7.4. The pooled CaptoQ concentrate was then desalted into 25 mM
HEPES pH 7.4 using a HiPrep 26/10 desalting column (GE Healthcare). The protein
was further purified on a 10/100 GL MonoQ column (GE Healthcare) and eluted with a
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linear gradient from 0 to 500 mM sodium chloride. CDH-1 elutes from the column
between 180 and 220 mM sodium chloride; CDH-2 elutes between 280 and 320 mM
sodium chloride. CDH-1 was then further purified by binding to 1.0 grams of Avicel® in
50 mM sodium acetate buffer pH 5.0 for 5 minutes at 50 °C. The Avicel® was removed
by centrifugation in 50 mL conical tubes then washed with 50 mL of acetate buffer three
times. CDH-1 was eluted from the Avicel® by addition of 50 mL of 50 mM pH 11.3
phosphate buffer. The eluted CDH-1 was concentrated using 10,000 molecular weight
cutoff (MWCO) PES spin concentrators and stored at -80 °C. CDH-2 was further
purified by gel filtration chromatography using a 16/60 Sephacryl S200 column (GE
Healthcare) with a mobile phase of 25 mM HEPES pH 7.4 and 150 mM sodium
chloride. The flavin domain of CDH-2 was isolated by treatment of the full length
enzyme with papain (740). After papain cleavage, the fragments were separated by gel
filtration chromatography using a 16/60 Sephacryl S100 column (GE Healthcare) with a
mobile phase of 25 mM HEPES pH 7.4 and 150 mM sodium chloride. The fractions
enriched in flavin domain were then further purified using a 10/100 GL MonoQ column
and eluted with a linear gradient from 0 to 500 mM sodium chloride.

N. crassa CDH-1 (NCU00206) was partially purified from wild-type N. crassa.
Phosphoric acid swollen cellulose (PASC) was added (20 mL) to the culture filtrate at 4
°C and mixed for 10 minutes. The PASC was then removed from the culture filtrate by
centrifugation for 10 minutes at 4,000 RPM. Next, 724 g/L ammonium sulfate was
added to the culture filtrate and stirred at 4 °C for one hour. The precipitated proteins
were then isolated by centrifugation at 8,000 RPM for 25 minutes. The pellet was
resuspended in a minimal volume of water and then buffer exchanged into 25 mM Tris
pH 8.5 using a HiPrep 26/10 desalting column. The buffer exchanged proteins were
then loaded onto a 10/100 GL MonoQ column and eluted with a linear gradient from 0 to
500 mM sodium chloride. CDH-1 elutes from the column between 50 and 100 mM
sodium chloride and is ~80% pure by SDS-PAGE. N. crassa CBH-1 (NCUQ7340),
GH6-2 (NCU09680), GH5-1 (NCU00762), and GH3-4 (NCU04952) were purified as
previously described (154, 155).

Cellulase assays. All cellulase assays were performed in triplicate with 10 mg/mL
Avicel® PH101 (Sigma) in 50 mM sodium acetate pH 5.0 at 40 °C. Assays were
performed in 1.7 mL microcentrifuge tubes with 1.0 mL total volume and were inverted
20 times per minute. Each assay contained 0.05 mg/mL culture filtrate or 0.05 mg/mL
reconstituted cellulase mixture containing CBH-1, GH6-2, GH5-1, and GH3-4 present in
a ratio of 6:2.5:1:0.5. The concentration of heme domain used in stimulatory assays
was 1.0 uM as determined by absorption at 430 nm of the fully reduced protein.

Assays were centrifuged for two minutes at 4000 rpm to pellet the remaining
Avicel® and 20 ML of assay mix was removed per well. Samples were incubated with
100 pL of desalted, diluted Novozyme 188 (Sigma) at 40 °C for 20 minutes to hydrolyze
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cellobiose and then 10-30 pL of the Novozyme 188 treated cellulase assay supernatant
was analyzed for glucose using the glucose oxidase/peroxidase assay as described
previously (728). Percent degradation was calculated based on the amount of glucose
measured relative to the maximum theoretical conversion of 10 mg/mL Avicel®.

Metal chelating reaction. To determine the requirement for small molecules and
metals, wild-type or Acdh-1 culture filtrate was buffer exchanged more than 10,000 fold
in a 10 kba MWCO spin concentrator (Sartorius). The culture filtrate was then
incubated with 100 yM EDTA for 2 hours. EDTA or metal reconstituted culture filtrate
was then assayed as described above.

CDH binding to Avicel®. Purified CDH-1 or CDH-2 (20 pg) was added to 1.0 mL of 10
mg/mL Avicel® in 50 mM sodium acetate buffer pH 5.0. After incubation for 5 minutes at
room temperature, the Avicel® was spun down by centrifugation at 10,000 RPM. The
supernatant was removed and the Avicel® pellet was washed with 1.0 mL of fresh 50
mM sodium acetate buffer pH 5.0. The washing step was repeated three times and
then the Avicel® pellet was boiled in SDS loading buffer. After boiling, the Avicel® was
spun down and the supernatant loaded onto a 10% Tris-HCI polyacrylamide gel.

Anaerobic assays. Anaerobic cellulase assays were performed as above except all
assays were conducted in an anaerobic chamber (Coy) at room temperature. Buffers
were sparged with nitrogen for 1 hour and culture filtrates were concentrated more than
20-fold to volumes of less than 300 pL before introduction into the anaerobic chamber.
All solutions were left open in the anaerobic chamber, and buffer solutions were stirred
vigorously for 72 hours before use to fully remove dissolved oxygen. Aerobic reactions
were prepared in the anaerobic chamber in 3 mL reactivials and then removed from the
anaerobic chamber, exposed to air, sealed, and returned to the anaerobic chamber. At
specified timepoints, assays were centrifuged in the glove bag and 100 uL of assay mix
was removed and analyzed by the glucose-oxidase peroxidase assay as described
above.
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*Footnote to chapter 4

This chapter, presented here with modifications from its original format, represents part
of a peer-reviewed paper published in ACS Chemical Biology (2011), In press. The
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Chapter 5: Identification of GH61 proteins as an integral part of the of the CDH-
dependent enhancement of cellulose degradation

5.1 Abstract

Gene deletion and complementation studies demonstrated that cellobiose
dehydrogenase enhances the cellulose degrading capabilities of N. crassa by
approximately 1.6-2.0 folds. This stimulatory effect is dependent on molecular oxygen
and other, unknown factors. Here, using a combination of protein purification
techniques, mass spectrometry, and a novel activity screen we identify the other factors
involved in the stimulation of cellulose hydrolysis by CDH as glycosyl hydrolase family
61 proteins. Taking advantage of the metal binding properties of GH61 proteins, we
developed a purification strategy to isolate them free of cellulase contaminants. When
added to a defined mixture of cellulases from N. crassa, GH61 proteins were found to
enhance cellulose degradation.
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5.2 Introduction

Recent transcriptomic and proteomic analyses of cellulolytic fungi have identified
oxidative enzymes involved in degradation of plant biomass (7127, 156, 157). Despite
the widespread occurrence of these enzymes in fungi, the specific function of these
oxidative enzymes in cellulose degradation is unknown (Fig. 1). The filamentous
ascomycete, Neurospora crassa, is a proficient degrader of plant cell walls. During
growth on cellulose N. crassa produces cellobiose dehydrogenase (CDH) and many
other enzymes(43, 1568, 159). CDH catalyzes the oxidation of cellobiose or longer
cellodextrins to the corresponding 1-5-0-lactones (760).

OH OH

woml oxidized CDH
HO HO OH
© OH (oo flavin | O heme)

OH ® oxidized
FAD, Fe>* /

m Electron
transfer
OH OH
HO o ¢] FADH, Fe?*
0T O\ ?
oH OH g (@0 flavin | @ heme| * reduced

reduced CDH

Figure 1. Schematic of CDH catalyzed reaction.

During turnover electrons are transferred from the cellodextrin to the CDH flavin
domain and then a single electron is transferred to the heme domain (Figure 1). The
biologically relevant terminal electron acceptor for CDH is unknown. Molecular oxygen
is a poor substrate for CDH, however it reacts rapidly with quinones, metal ions, or
organic dyes. A prominent hypothesis for CDH involves the generation of hydroxyl
radicals through reduction of extracellular ferric complexes. Once reduced, the ferrous
iron takes part in Fenton chemistry to generate hydroxyl radicals that randomly
depolymerize plant cell wall polysaccharides.

The biological function of CDH is unknown; however, recent studies in N. crassa
suggest that it plays a role in cellulose degradation. CDH shows no beneficial effect
when added to a mixture of pure cellulases, but when added to a N. crassa secretome
deficient in CDH activity, enhances cellulase activity by 1.6-2.0 folds. The enhancement
of cellulose degradation is not due to Fenton chemistry, but does require other unknown
factors, hypothesized to be metalloproteins. In this report we use a CDH from M.
thermophila and a fractionation strategy to identify a novel family of copper dependent
enzymes in N. crassa that are necessary for CDH dependent enhancement of cellulose
degradation.
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5.3 Results

5.3.1 Identification of GH61 proteins as part of the CDH dependent cellulose
degradation pathway

As reported in chapter 4, addition of CDH to a mixture of purified cellulases
showed no enhancement of activity, suggesting that additional factor(s) were required.
The strong inhibition by EDTA noted in chapter 4, is consistent with the hypothesis that
these factors were metalloproteins. Based on this information, an approach was
developed to identify the other factors in the N. crassa secretome involved in CDH
dependent enhancement of cellulose degradation. The secretome of the Acdh-1 strain
grown on Avicel for 7 days was fractionated using a 10/100 GL MonoQ column. The
flow through, and fractions eluting from the column were then added to a core mixture of
N. crassa cellulases, including CBH-1 (NCUQ07340), GH6-2, a CBH-2; GH5-1, an
endoglucanase; and GH3-4, a B-glucosidase. If the factor was present in the fraction,
then addition of CDH would increase Avicel hydrolysis, and addition of EDTA would

block the stimulation. A typical fractionation is summarized in Figure 2.

~
r

£ A MonoQ Fractions
9 4 10mMNacCl > 300 mMNaCl

Fold Stimulation 1.8 1.6 1.0 1.5 15 13 1.3 11 1.0 1.0 11 11 1.0 1.0

Activity(Core + Fraction + CDH-1)

Fold stimulation =
Activity(Core + Fraction)

Figure 2. Fractionation of the Acdh-1 secretome to identify other factors involved in CDH dependent
enhancement of cellulase activity. SDS-PAGE analysis of fractions from MonoQ separation of the Acdh-1
secretome. Above each lane is the fold stimulation of the fraction when added to a mixture of purified N.
crassa cellulases in the presence or absence of CDH-1. Fractions highlighted in red were analyzed by
mass spectrometry and showed the presence of four glycosyl hydrolase family 61 proteins (indicated by
black boxes).
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From the initial fractionation, it was clear that the flow-through fractions and
fractions eluting from the column between 3-8 mS/cm contained the factors required for
stimulation of hydrolysis by CDH. Since the stimulatory activity was present in multiple
fractions, it was likely that multiple proteins could potentiate the CDH-dependent
stimulation of cellulose hydrolysis. The proteins present in all of the fractions from the
MonoQ column were identified by in-gel and solution tryptic digests coupled with LC-
MS/MS. A clear trend that emerged from this analysis was that in fractions where there
was CDH-dependent stimulation of cellulase activity, there were also GH61 proteins
(Figure 2). The GHG61 proteins identified in the fractions showing stimulatory activity
were NCU01050, NCU02240, NCUO07898, and NCU08760. Each of the fractions with
stimulatory activity; however, contained at least two GH61 proteins, so further
purification was required to confirm if a single GH61 protein could potentiate cellulose
degradation.

5.3.2 Purification strategy to isolate high purity native GH61 proteins from N.
crassa

After the initial MonoQ fractionation, the protein was less than 10% pure as
judged by SDS-PAGE. Previous reports on the x-ray crystal structure of GH61 proteins
had revealed an absolutely conserved divalent metal binding site on the surface of the
protein. We hypothesized that the affinity of GH61 proteins for the MonoQ column,
which binds proteins based on the amount of surface negative charge, would change if
the protein was in apo or fully metal bound forms. To test this hypothesis, the MonoQ
flow-through fraction, which contained NCU08760 and NCU01050, was treated with 1.0
mM EDTA for 12 hours and then reloaded onto the column. After EDTA treatment, the
majority of the proteins still flowed through the column; however, on the application of a
slight salt gradient two well defined peaks eluted between 1 and 3 mS/cm (Figure 3).
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Figure 3. Fractionation of EDTA treated N. crassa MonoQ flow-through. Peaks indicated with arrows
contain NCU08760 and NCUO01050.
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Figure 4. SDS-PAGE and lane guide for MonoQ fractionation of EDTA treated original MonoQ flow
through. Comparing the load to the new flow through, it is clear that the bands between 25-30 kDa and
between 40-50 kDa are dramatically decreased or absent in the new flow through and then elute with a
shallow salt gradient. NCU01050 is predominantly in fraction A4 and NCUO08760 is in fraction A5.
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SDS-PAGE analysis of the fractions is shown in Figure 4. After EDTA treatment,
the MonoQ flow-through is clearly deficient in two proteins. One migrates between 40-
50 kDa and the other between 25-30 kDa. The 25-30 kDa protein elutes from the
column in the first sharp peak, and the 40-50 kDa protein in the second sharp peak.
Tryptic digests and LC-MS/MS analysis of the proteins in these two fractions confirmed
the presence of NCU01050 and NCUQ08760. These results are consistent with removal
of positive charge from the surface of the protein causing them to bind the column more
tightly. The same approach was used to separate NCU02240 and NCUQ07898 from
other proteins in the secretome (see Materials and Methods). After that native metal is
stripped from GH61 proteins, the metal site can be reloaded with exogenous divalent
metal ions including zinc and cobalt. The reconstituted protein can again be
fractionated on a MonoQ column to increase purity. After the GHG61 proteins are
separated from all the other proteins in the secretome, a gel filtration column can be
used to separate GH61 proteins with cellulose binding modules from GH61 proteins
without cellulose binding modules. The four N. crassa GH61 proteins are more than
98% pure based on SDS-PAGE analysis (Figure 5)
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Figure 5. SDS-PAGE of natively purified GH61 proteins.

5.3.3 Metal analysis of the secretome and natively purified GH61 proteins

Previous studies have reported that GH61 proteins can bind to a variety of
divalent metal ions. We wanted to determine the native metal present in GH61 proteins
produced by N. crassa. After extensive dialysis, the metal content of the Acdh-1
secretome was analyzed using inductively coupled plasma atomic emission
spectroscopy (ICP-AES). Only copper and zinc were present in the secretome, with
copper 10-fold more abundant than zinc (Figure 6). However, no N. crassa proteins
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secreted during growth on cellulose are predicted to bind copper. Metal analysis of the
fractions from the 10/100 GL MonoQ column showed that fractions containing GH61
proteins were also enriched in copper (Figure 7). Three of the natively purified GH61
proteins were analyzed by ICP-AES and found to bind copper with a 1:1 stoichiometry
(Figure 8). NCUO02240 was not present in sufficient purity or yield for further
characterization.

5.3.4 Stimulation of Avicel and pretreated corn stover hydrolysis by purified GH61
proteins.

Next, we studied the ability of the natively purified GH61 proteins to stimulate the
hydrolysis of Avicel or pretreated corn stover by a defined mixture of N. crassa
cellulases (Figure 9). In the absence of CDH, there was only a 1.1-1.2 fold
enhancement of cellulase activity on Avicel by each of the GH61 proteins tested. When
CDH was added to the core cellulases and NCU01050 or NCU02240 there was a
substantial increase in hydrolytic activity. However, for NCU07898 and NCUO08760,
there was no stimulatory effect on cellulase activity.

Degradation of pretreated corn stover was enhanced by the GH61 proteins to a
greater extent in the absence of CDH (1.3 to 1.5 fold) than Avicel hydrolysis was (Figure
9b). When CDH was added to the core cellulase plus GH61 mixture, a further
enhancement in cellulase activity was observed. On pretreated corn stover, a
stimulatory effect on hydrolysis was observed for all four GH61 proteins tested.
NCU08760 was especially stimulatory, with an overall stimulation in the presence of
CDH of more than 2 folds.

76



20 W - CDH
' [0+ CDH
18
16
14

1.2

1.0
0.8
0.6
0.4
0.2
0.0

Cellulase only  +NCU01050  +NCU02240  +NCUO7898  +NCU0BTED

Relative Activity

B.
25 B - CDH
23 [+ CDH
> 2.0 I I
= 18
©
< 1.5
@
=
=
o
o

- I
1.3
1.0 I
0.8
0.5
0.3
0.0

Cellulase only  +MNCU01050  +NCU02240  +NCUO7898  +NCUDSBTED

Figure 9. Stimulation of (A) Avicel or (B) pretreated corn stover hydrolysis by natively purified GH61
proteins. GH61 proteins (0.015 mg/mL) were added to N. crassa cellulases (0.05 mg/mL CBH-1, GH6-2,
and the R-glucosidase GH3-4 (0.005mg/mL) in the presence (black bars) or absence (gray bars) of
MtCDH-1 (0.004 mg/mL).
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5.4 Discussion

During growth on cellulose many different proteins are secreted by N. crassa.
CDH-1 is the major known oxidoreductase secreted by N. crassa and constitutes
approximately 2-3% of the secretome by weight. Despite only making up 2-3% of the
secretome, deletion of CDH-1 reduced aggregate cellulase activity by approximately
50%. Here we show that CDH-1 dependent enhancement of cellulose degradation also
requires the presence of GH61 proteins. GH61 proteins constitute 15-20% of the N.
crassa secretome and their biological function is unknown.

Figure 10. Comparison of the metal binding sites in CopC (left) and GH61E from Thielavia terrestris
(right). Copper is bound in the CopC structure and zinc is bound in GHG61E.

GH61 proteins have been studied by x-ray crystallography and contain a highly
conserved metal binding site that includes two histidine residues. One of the histidines
is the N-terminal residue and functions as a bidentate ligand involving the amine and
ring N2. Crystal structures of GH61 proteins with nickel (767), magnesium, or zinc
(762), have been reported. Redox chemistry involving O, generally requires a transition
metal. Copper was found to be the metal natively bound to GH61 proteins from N.
crassa and is found in many enzymes that activate molecular oxygen. These results
suggest that copper-bound GH61 proteins may accept electrons from the reduced CDH-
heme domain. Hence, the copper in GH61 proteins could function as redox couple with
CDH. Two other proteins that contain bidentate N-terminal histidine ligands were found
in the protein databank. One of them, CopC, is part of the cop operon involved in
copper resistance in bacteria and has been shown to bind Cu(ll) with picomolar affinity
(Figure 10) (163). The other, particulate methane monooxygenase (pMMO), uses a
trinuclear copper site to oxidize methane (764). Combining our experimental results
with the similar ligation in CopC and pMMO, we conclude that copper is the native metal
in GH61 proteins.

78



[836] [1050] [2240] [2344] [2916] [3328] [5969] [7760] [7898] [8760]
[836] 100 30 42 38 41 39 26 26 31 38
[1050] 30 | 100 57 39 46 34 25 28 34 40
[2240] 42 57 100 37 48 33 26 25 30 41
[2344] 38 39 37 100 36 50 21 27 33 30
[2916] 41 46 48 36 100 27 32 35 34 40
[3328] 39 34 33 50 27 100 26 25 28 36
[5969] | 26 25 26 21 32 26 100 64 38 25
[7760] = 26 28 25 27 35 25 64 100 38 29
[7898] 31 34 30 33 34 28 38 38 100 34
[8760] 38 40 41 30 40 36 25 29 34 100

Figure 11. Identity matrix for the ten GH61 proteins upregulated two folds or more during growth on
cellulose or lignocellulose.

The N. crassa genome contains fourteen genes encoding proteins predicted to
contain GH61 domains. Of these fourteen genes, ten of them were upregulated 2 fold
or more during growth on cellulose or lignocellulose. Six of these predicted GH61
proteins also contain C-terminal fungal cellulose binding domains (CBM1), suggesting
that they directly interact with crystalline cellulose. There is a high amount of sequence
diversity in the N. crassa GH61 proteins, with most sharing approximately 30% pairwise
sequence identity. When incubated with CDH and a mixture of core cellulases, Avicel
hydrolysis was enhanced by GH61 proteins NCU01050 and NCU02240, while
NCUO07898 and NCUO08760 showed little or no beneficial effects. Both NCU07898 and
NCUO08760 are probably functional, because they did show a stimulatory effect on
pretreated corn stover hydrolysis. Differences in the activities of GH61 proteins on
different cellulosic materials might be due to sequence variation on the surface of the
protein.

5.5 Materials and Methods

Growth of N. crassa. The Acdh-1 strain of N. crassa was inoculated onto slants of
Vogel's minimal media and grown for 3 days at 30 °C in the dark followed by 7 days at
room temperature with ambient lighting. A conidial suspension was then inoculated into
100 mL of Vogel's salts supplemented with 2% Avicel® PH101 (Sigma) in a 250 mL
Erlenmeyer flask. After 7 days of growth on Avicel®, cultures were filtered over 0.2 pm
polyethersulfone (PES) filters.

Purification of GH61 proteins. N. crassa GH61 proteins were partially purified from
the N. crassa Acdh-1 strain. Culture filtrates from multiple flasks were pooled and
concentrated 100-fold using a tangential flow filtration system with a 5,000 MWCO PES
membrane (Millipore, Billerica, MA). The concentrated culture filtrate was then buffer
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exchanged into 10 mM Tris pH 8.5 using a HiPrep 26/10 desalting column. The
concentrated and buffer exchanged protein was then fractionated using an
AKTAexplorer FPLC system (GE Healthcare) and a 10/100 GL MonoQ column. The
mobile phases for the anion-exchange fractionation were buffer A: 10 mM Tris pH 8.5
and buffer B: 10 mM Tris pH 8.5 with 1.0 M sodium chloride. For each run on the
MonoQ column approximately 100 mg of total secretome protein was loaded and eluted
from the column with a linear gradient from 0 to 50% buffer B over six column volumes.
NCUO08760 and NCU01050 do not bind the column under these conditions and are
present in the flow through. NCU02240 and NCU07898 elute from the column between
4-9 mS/cm. Fractions containing the target proteins were pooled and treated with 1.0
mM EDTA overnight to strip bound metals. The EDTA treated samples were then
concentrated using 3,000 MWCO PES spin concentrators and desalted into 10 mM Tris
pH 8.5 using a 26/10 desalting column. Removal of the bound metal ion increases the
affinity of the GH61 proteins for the anion-exchange resin and causes them to elute at
higher salt concentrations. For NCU08760 and NCU01050, removal of bound metal ion
causes the proteins to bind to the MonoQ column. The apo NCU01050 and NCU08760
are then eluted from the column using the same buffers as above with a linear gradient
from 0 to 3.5% buffer B over 3 column volumes. NCUO01050 elutes at ~1.6 mS/cm and
NCU08760 at ~2.2 mS/cm conductivity. The apo forms of NCU02240 and NCU(07898
elute from the MonoQ column between 7-9 mS/cm. The purity of the PMOs can be
further improved by reconstituting the apo GH61 proteins with Zn(ll) and repeating the
anion-exchange fractionation. Other proteins in the secretome do not change their
affinity for the resin in the presence or absence of metal ions and can be effectively
removed from GH61 proteins by cycles of stripping the metal, fractionating,
reconstituting, and fractionating again. NCU01050 and NCU08760 can then be
separated from one another by size exclusion chromatography using a Sephacryl S100
column with a mobile phase of 10 mM Tris pH 8.5 with 150 mM sodium chloride.
NCU02240 and NCUQ7898 are separated from one another using the same method as
used for NCU01050 and NCUQ8760. The four natively purified PMOs from N. crassa
are stable for several months at 4 °C.

Analysis of copper and zinc in the secretome by ICP-AES. The N. crassa Acdh-1
strain was grown on 2% w/v Avicel® as previously described with an additional 5 yM
copper sulfate, and 30 uM zinc sulfate supplemented in the minimal media. The culture
filtrate was concentrated using tangential flow filtration and buffer exchanged into 10
mM Tris pH 8.5. The concentrated and buffer exchanged culture filtrate was loaded
onto a 10/100 GL MonoQ column and separated into 5 fractions with a linear salt
gradient. Each fraction was then analyzed for the presence of copper or zinc. Metal
analysis was performed using a Perkin Elmer inductively coupled plasma atomic
emission spectrometer (ICP-AES). and nm were The wavelengths used for
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quantification for copper were 327.393 or 324.752 nm and for zinc, 213.857 or 206.200
nm. Add a statement here saying what other metals we looked for and that they were
present at less than 1 uM in our mixture of concentrated proteins.

Copper stoichiometry of apo-PMOs. Apo-PMO stocks of NCU01050, NCUO07898,
and NCUO08760 were diluted to a final concentration of 1.0 mg/mL in 10 mM Tris pH 8.5
buffer and incubated with 200 yM copper sulfate at room temperature for 16 hours.
After reconstitution, the protein was diluted 5-fold into 10 mM Tris pH 8.5 and desalted
using a 26/10 desalting column to remove unbound copper. The desalted protein was
concentrated to a final volume of 2.5 mL using 3,000 MWCO PES spin concentrators.
The absorption at 280 nm was recorded for each sample and used to determine the
concentration of the protein. The concentration of copper in the sample was measured
using a Perkin Elmer 7000 series ICP-AES. The wavelengths used for copper
quantification were 327.393 and 324.752 nm.

5.6 Acknowledgements

S. Bauer for advice and technical assistance with LC-MS. W. Beeson and C. Phillips
are recipients of NSF pre-doctoral fellowships. This work was funded by a grant from
the Energy Biosciences Institute to J. Cate and M. Marletta.

81



*Footnote to chapter 5

This chapter, presented here with modifications from its original format, represents part
of a peer-reviewed paper published in ACS Chemical Biology (2011), In press. The
authors are Christopher M. Phillips, William T. Beeson, Jamie H.D. Cate and Michael A.
Marletta.

82



Chapter 6: Oxidative cleavage of cellulose by polysaccharide monooxygenases

6.1 Abstract

Glycosyl hydrolase family 61 (GH61) proteins were identified as essential to the
cellobiose dehydrogenase (CDH) dependent stimulation of cellulase activity. Here, the
mechanism of action of these proteins is elucidated. GHG61 proteins were found to
oxidatively cleave cellulose in the presence of oxygen and CDH or chemical reductants.
The products of the reaction included oligosaccharides oxidized at the C1 or C4
position, depending on the GH61 examined. Isotope labeling experiments showed that
an oxygen atom from molecular oxygen was inserted into the oxidized oligosaccharides.
Based on these results a potential chemical mechanism for the enzymes is proposed.
Our data supports that GH61 proteins should be renamed polysaccharide
monoyxgenases.
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6.2 Introduction

In chapter 5, GH61 proteins were found to be copper metalloproteins that were
necessary for CDH dependent enhancement of cellulase activity. The mechanism by
which the GH61 protein was enhancing cellulose degradation is unknown. Many
copper metalloproteins are involved in the binding or activation of molecular oxygen.
The CDH dependent enhancement of cellulase activity was found in chapter 3 to be
oxygen dependent. Taken together, it is likely that the GH61 protein is binding to
molecular oxygen and using it to enhance cellulose degradation.

Recently, CBP21, a protein with structural homology to GH61 proteins (less than
10% sequence identity), was identified as an oxidative enzyme important for chitin
degradation in the bacterium Serratia marcescens. When CBP21 was incubated with
crystalline chitin and a reductant, a series of oxidized chito-oligosaccharides were
released from the chitin. These oligosaccharides were found to be oxidized at the C1
position, forming aldonic acids. A metal and oxygen dependence was also reported for
the formation of oxidized products. All of these properties are similar to what we had
observed for the CDH dependent enhancement of cellulose degradation in N. crassa.
In the N. crassa system, CDH could be acting as the reductant, substituting for ascorbic
acid in the bacterial chitin degrading system. If GH61 proteins were making
cellodextrins oxidized at the C1 position, they may have been missed because CDH
generates the same product.

Here we use a combination of analytical techniques to better understand the
mechanism by which GH61 proteins and CDH enhance fungal cellulose degradation. In
contrast to the widely accepted Fenton model, which involves random attack of hydroxyl
radicals on the surface of cellulose, we find that CDH and GH61 proteins work together
to directly oxidize internal regions of the cellulose chains. This direct oxidative cleavage
probably enhances cellulose degradation by making new sites for exoglucanases to act.

6.3 Results

6.3.1 Product analysis of GH61 proteins.

The phylogenetic diversity of 10 N. crassa GH61s whose transcripts are
upregulated during growth on cellulose (43) suggests that these enzymes may target a
wide array of substrates in lignocellulose, or generate different products (Fig. 2). To
investigate the reaction products of the purified GH61s, assays were performed on
phosphoric acid swollen cellulose (PASC). When PASC was treated with GH61 and
CDH, a series of aldonic acids two to nine glucose residues in length (A2-A9) were
identified by high performance anion exchange chromatography (HPAEC). In addition
to aldonic acids, the combination of CDH and GH61s NCUO01050 or NCUO07898
produced peaks at a later retention time (Fig. 3A). Product analysis by liquid
chromatography-mass spectrometry confirmed the presence of aldonic acids (Gx+15
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a.m.u.), as well as masses of Gx + 13 a.m.u. and Gx + 31 a.m.u (Fig. 3B). The Gx +13
mass is consistent with a doubly oxidized cellodextrin. Cellulose cleavage by these
GH61s likely results in oxidation at the non-reducing end followed by oxidation at the
reducing end by CDH. Given the necessity to cleave a 1,4-glycosidic bond, these
products are likely oligosaccharides with a 4-keto sugar at the non-reducing end. The
Gx + 31 mass is consistent with the hydrate of this product, a ketal. Ketoaldoses are
unstable in aqueous solution and are known to decompose spontaneously into many
different species (765). The third purified GH61, NCU08760, did not form the late
eluting peak on the HPAEC, or Gx + 13 and Gx + 31 species (Fig. 3A and 3B),
consistent with oxidation exclusively at the reducing end on C1 to form aldonic acids.
Incubation of PASC with GH61 alone led to the formation of low amounts of hydrolytic
products. The formation of hydrolytic products could be due to low levels of cellulase
contamination.

NCU02344
0.99
- NCU03328
048 NCU00836
NCU08760 @
0.99
NCU01050 @
0.85
5 .- NCU02240 @
NCU02916
NCU07898 @
e NCU05969
1
0.2 NCU07760

Figure 2. Phylogeny of GH61 proteins in N. crassa. Shown are the upregulated GH61
proteins. Of the 14 GH61 proteins in the N. crassa genome, 10 are upregulated >2-fold
in response to growth on cellulose relative to sucrose (43). Proteins identified via
proteomics and purified here are marked (e).

Since CDH is known to oxidize the C1 position of cellodextrins, a reaction with
NCUO08760 was carried out with ascorbic acid substituted for CDH. In the presence of
ascorbic acid and copper, NCU0O8760 produced a ladder of aldonic acids (Fig. 4).
Under identical conditions, NCU01050 produced a ladder of products with a later
retention time when analyzed by HPAEC and 100-fold less aldonic acid than NCU08760
(Fig. 4b). The formation of oxidized sugars by the GH61s was also oxygen dependent,
suggesting that GH61s are oxidases (data not shown).
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Figure 3. Reaction products of cellulose cleavage by CDH and GH61. GH61 (5.0 uM ) and 0.5 yM CDH-
2 were incubated with 5 mg/mL phosphoric acid swollen cellulose for 2 hours in 10 mM ammonium
acetate pH 5.0 at 40°C. Products of CDH-2 in combination with each GH61 protein (NCUO01050-top,
NCUO07898-middle), or NCU08760-bottom)) were analyzed by HPAEC (A) and LC-MS (B). HPAEC
standards were used to determine retention times of cellodextrins (G1-G6) and the respective aldonic
acid derivatives (A2-A9). LC-MS of reaction mixtures in negative ion mode shows reaction mixtures
comprised of masses consistent with a ladder of aldonic acids (Gx + 15 a.m.u.) separated by an
anhydroglucose unit. Inset is a zoom around the G3 series. NCU01050 and NCU07898 show additional
masses consistent with a keto-aldonic acid (Gx + 13 a.m.u.) or the hydrate of that product, a ketal-aldonic
acid (Gx + 31 a.m.u.).
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Figure 4. (A) Incubation of 5.0 uM apo-, Zn-bound, or Cu-bound NCU08760 with 2 mM ascorbic acid
confirms that Cu-bound GH61 is required for generation of oxidative products. Error bars represent
standard deviation of assays performed in triplicate (B) Ascorbic acid (2 mM) and 5.0 yM GH61 were
assayed on PASC and analyzed by HPAEC. Products of NCUO01050 include a ladder of cello-
oligosaccharides (G2-G7) and a ladder of later eluting products that are likely oxidized at the non-
reducing end to generate 4-keto sugars (K2-8). Products of NCUO08760 include a ladder of cello-
oligosaccharides (G3-G6) and aldonic acids (A2-A7). Trace amounts of aldonic acids were produced by
NCUO01050 but these are 100-fold less abundant than those produced by NCU08760 suggesting different
regiospecificities for the 2 proteins. AA designates the peak due to ascorbic acid.
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Next experiments were designed to determine if oxygen from molecular oxygen
was incorporated into the oxidized cellodextrins. To show oxygen insertion from Oy,
reactions were prepared anaerobically that contained NCUO08760, ascorbic acid, and
5.0 mg/mL phosphoric acid swollen cellulose (PASC). The solutions were sealed in 1.0
mL vials and then the headspace was replaced with 80, on a Schlenk line or opened to
atmospheric oxygen. Cellulase and our previous GH61 reactions were typically
performed at pH 5.0. A more basic pH was chosen here in order to limit the exchange
of bulk water into the products. Figure 5 shows the mass spectra confirming
incorporation of 1 atom of 0 into the aldonic acid products, providing evidence that the
enzyme functions as a monooxygenase. Similar experiments were performed where
the ascorbic acid was substituted with CDH (Figure 6). 'O incorporation into the
products was also observed at both pH 5.0 and pH 7.8. NCU01050 did not produce
products labeled with '®0; however, the predicted 4-keto-aldose products are present as
hydrates in aqueous solutions and would rapidly exchange with bulk water.

The identity of the non-reducing end product generated by the NCU01050 was
then investigated. Direct chemical hydrolysis, using trifluoro-acetic acid (TFA), of the
NCUO01050 and CDH reaction products generated three peaks on a Dionex PA-200
column (Figure 7). As expected, glucose and gluconic acid are formed from the internal
carbohydrates and the oxidation of the reducing end by CDH. The third peak, eluting at
6.4 minutes, is absent in control reactions with NCU08760 and CDH and probably is the
GH61-oxidized non-reducing end carbohydrate. If a ketone functional group was
introduced in the ring, reduction with sodium borohydride would convert it back to a
racemic mixture of alcohols at that position (Figure 8a). Galactose is the C4 epimer of
glucose and can be readily separated from glucose using a Dionex PA-20 column.
Initial reaction products from the NCUO01050 reaction were treated with sodium
borohydride. Analysis of the monosaccharide products on a Dionex HPAEC confirmed
the formation of galactose (Figure 8b). In control experiments where NCU08760 was
substituted for NCU01050, 10-fold less galactose was formed (data not shown).
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Figure 5. Mass spectra illustrating the incorporation of '®O from '®O, into the aldonic acid products of
NCU08760 with ascorbic acid as the reductant. Assays were performed with '°0, (A) or '°0, (B) and the
products were analyzed by LC-MS. Shown is a ladder of aldonic acid products (DP 3-7). The inset is an
expanded region around the mass of the cellotrionic acid ion.
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Figure 6. Mass spectra illustrating the incorporation of 'O from '®O, into the aldonic acid products of
NCUO08760 with CDH as the reductant. Assays were performed with NCU08760 and CDH in %0, at pH
7.8 (A) or pH 5.0 (B) and the products were analyzed by LC-MS.
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Figure 7. TFA hydrolysis of PMO reaction products. The products of PASC degradation by MtCDH-2
and NCUO08760 (A) or NCU01050 (B) were hydrolyzed by TFA for 1 hour and analyzed by HPLC (Dionex
PA-200). Both reactions produced a mixture of glucose and gluconic acid. Gluconic acid is formed from
the reaction of CDH on the reducing ends of cellodextrins and is also a product of NCU08760. The
NCUO01050 reaction contained an additional peak with a retention time of 6.4 minutes.
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Figure 8. Products generated by NCU01050 after sodium borohydride reduction and TFA
hydrolysis. (A) Chemical structures of predicted products. (B) Dionex HPAEC of products showing
production of galactose.
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6.4 Discussion

Evidence that GH61s are copper enzymes requiring electron transfer from CDH
to cleave cellulose in an oxygen dependent manner provides the basis to propose a
chemical mechanism for a new group of enzymes acting as polysaccharide
monooxygenases (PMOs) (Fig. 9). Precedent is drawn from the well-studied copper
monooxygenases (166, 167). The work reported here supports one electron reduction
of PMO-Cu(ll) to PMO-Cu(l) by the CDH heme domain followed by oxygen binding and
internal electron transfer to form a copper superoxo intermediate. Hydrogen atom
abstraction by the copper superoxo at the 1-position (by NCU08760) or the 4-position
(by NCUO01050) of an internal carbohydrate then takes place, generating a copper
hydroperoxo intermediate and a substrate radical. The 2™ electron from CDH then
facilitates O-O bond cleavage releasing water and generating a copper oxo radical that
couples with the substrate radical, thereby hydroxylating the polysaccharide at the 1- or
4-position. The additional oxygen atom destabilizes the glycosidic bond leading to
elimination of the adjacent glucan and formation of a sugar lactone or ketoaldose. This
elimination would be facilitated by a general acid, possibly a third absolutely conserved
histidine that is located on the surface of all fungal PMO proteins near the metal binding
site (1617). ltis possible that a 2-electron reduction of oxygen to a Cu-OOH intermediate
could abstract the hydrogen. However, peroxide is not able to shunt the reaction in the
absence of CDH, and catalase showed no inhibitory effect (data not shown).
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Figure 9. PMO reactions and proposed mechanism. (Top) Type 1 PMOs abstract a hydrogen atom
from the 4 position leading to formation of 4-ketoaldose products. Type 2 PMOs catalyze hydrogen atom
abstraction from the 1 position leading to formation of aldonic acids. (Bottom) PMO mechanism: An
electron from the heme domain of CDH reduces the PMO Cu(ll) to Cu(l) and then O, binds. Internal
electron transfer takes place to form a copper superoxo intermediate, which then abstracts a He from the
1 or 4 position on the carbohydrate. A second electron from CDH leads to homolytic cleavage of the Cu-
bound hydroperoxide. The copper oxo species (Cu-Oe¢) then couples with the substrate radical,

hydroxylating the substrate. Addition of the oxygen atom destabilizes the glycosidic bond and leads to
elimination of the adjacent glucan.
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6.5 Materials and methods

Assays on PASC Phosphoric acid swollen cellulose (PASC) was prepared by addition
of 10g Avicel® to 500 mL 85% phosphoric acid and blended for 30 minutes. The
cellulose was then precipitated by the addition of 4L of ice cold water and washed with
water multiple times until the pH was >4. The concentration of PASC was determined
by the phenol-sulfuric acid assay. Assays contained 5.0 yM PMO, 0.5 uM CDH-2, and
9 mg/mL PASC in 10 mM ammonium acetate pH 5.0 and were performed at 40 °C
unless otherwise noted. In some assays, 2 mM ascorbic acid was used in place of
CDH-2.

Product analysis by HPAEC. Cellulase assays were mixed with 1 volume of 0.1 M
NaOH to quench the reaction and then centrifuged to remove the supernatant.
Samples were analyzed on a Dionex ICS-3000 HPAEC. Products were separated on a
PA-200 HPAEC column using 0.1 M NaOH in the mobile phase with the concentration
of sodium acetate increasing from 0 to 140 mM (14 min), 140-300 mM (8 min), 300 to
400 mM (4 min) and then held constant at 500 mM (3 min) before re-equilibration in 0.1
M NaOH (4 min). The flow rate was set to 0.4 mL/min, the column was maintained at a
temperature of 30 °C, and samples were detected on an electrochemical detector.
Authentic standards of glucose, cellodextrins, glucono-6-lactone and cellobiono-0-
lactone were used to determine retention times and for quantification. Cellobiono-6-
lactone was synthesized as previously described (768).

Product analysis by LC-MS. Samples were analyzed by an Agilent HPLC (1200
series) connected to an electrospray ionization emitter in a linear ion trap mass
spectrometer (LTQ XL, Thermo Scientific). Carbohydrates were separated using a
SeQuant ZIC®-HILIC column (150 x 2.1 mm, 3.5 yM 100A) with a SeQuant ZIC®-HILIC
guard column (20 x 2.1 mm, 5 pm). Solvent A was 5 mM ammonium acetate pH 7.2
and solvent B was 90% acetonitrile and 10 mM ammonium acetate pH 6.5. Samples
were prepared by centrifugation of the assay mixture followed by the addition of 1
volume of 100% acetonitrile and 1% formic acid to the supernatant. Sample injection
was set to 5 yL. The elution program consisted of a linear gradient from 80% B to 20%
B over 14 minutes followed by 5 minutes at 20% B then re-equilibration for 2 minutes at
80% B. The column temperature was maintained at 25 °C and the flow rate was 0.2
mL/minute. Mass spectra were acquired in negative ion mode over the range m/z =
310-2000. Data processing was performed using Xcalibur software (version 2.2,
Thermo Scientific).

Metal dependence of PMO activity. Apo-PMO was prepared by treatment of as
purified PMO with 10 mM EDTA for 24 hours. Protein was then concentrated in a 3 kDa
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spin concentrator and loaded onto a Sephacryl S100 column with 10 mM Tris pH 8.0
and 100 uM EDTA in the mobile phase. Following elution, Sigma TraceSELECT grade
buffers, metals, and water were used for all assays and only extensively washed and
rinsed plastics were used due to problems with copper contamination. The protein was
buffer exchanged > 100-fold into 10 mM sodium acetate (Sigma Cat # 59929 and
#07692) in water (Sigma Cat # 14211) to a final concentration of >40 yM PMO. Cu- or
Zn-bound PMO was then produced by reconstitution with a 2-fold molar excess of
CuSOQOq4 (Sigma Cat #: 203165) or ZnSO4 (Sigma Cat #: 204986).

PASC Assays to determine the metal dependence of NCU08760 activity were
performed as described above except TraceSelect grade buffer and water were used
with equimolar amounts of apo-, Zn-, or Cu-bound PMO. Before the assay, PASC was
mixed in a large volumetric excess of 100 uM EDTA for 48 hours. The PASC was then
washed multiple times with Traceselect water until the concentration of residual EDTA
was < 1nM.

Reactions in "0 or '®0 gas. '®0 labeled molecular oxygen was purchased from
Sigma (99 atom % '®0). For experiments with '®0,, all reagents were made anaerobic
by incubation in an anaerobic glove bag for at least 48 hours. Reactions were setup in
the glove bag (Coy) in oxygen impermeable vials with double faced PTFE/silicone
septa. The sample was then attached to a Schlenk line, then vacuum applied followed
by 0, delivery to the headspace of the sample.

Reduction with sodium borohydride. PMO reaction supernatant (100 yL) was mixed
with freshly prepared 20 mg/mL sodium borohydride in 1.0 M ammonium hydroxide
(100 uL). The reaction was allowed to proceed for 2 hours at room temperature with
occasional mixing. Glacial acetic acid was added until bubbling ceased (25 pL). Next,
200 uL of a 9:1 methanol:acetic acid mixture was added to the reaction and the samples
were then dried under a stream of nitrogen at 40 °C. The resulting sample was
hydrolyzed by TFA as described below.

TFA hydrolysis. Samples were incubated with 2.0 M TFA at 121 °C on a heating block
for 1 hour. The samples were then removed from the heat block, cooled on ice,
centrifuged briefly, and dried under a stream of nitrogen at 40 °C. After drying the
sample was washed with 300 uL of isopropanol and dried under a stream of nitrogen
twice. Dried samples were then dissolved in 1.0 mL of water for analysis on a PA-20
column (Dionex) or 1.0 mL 0.1 M sodium hydroxide for analysis on a PA-200 column
(Dionex).

Monosaccharide analysis on Dionex HPAEC. The products of sodium borohydride
reduction and TFA hydrolysis were separated isocratically on a PA-20 column.
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Products were eluted with 10 mM potassium hydroxide for 20 minutes followed by a 5
minute wash with 100 mM potassium hydroxide and a 5 minute equilibration at 10 mM
potassium hydroxide. Standards for glucose, galactose, sorbitol, gluconic acid, and
glucuronic acid were purchased from Sigma.

Isotope labeled oxygen incorporation analysis by LC-MS. Samples were analyzed
on an Agilent HPLC (1200 series) connected to an electrospray ionization emitter in a
linear ion trap mass spectrometer (LTQ XL, Thermo Scientific) as described
previously(769) with the following modifications. To limit the exchange of bulk water
into the oxidized products, the mobile phases were changed to contain 10 mM
ammonium bicarbonate pH 8.0 in both solvent A and solvent B. Following
centrifugation of the assays and removal of the supernatant, 1 volume of 100%
acetonitrile was added to the samples. Samples were immediately injected into the LC-
MS and the injection was set to 5 uL. The elution program consisted of a linear gradient
from 80% B to 20% B over 7 minutes followed by 5 minutes at 20% B then re-
equilibration for 2 minutes at 80% B.

6.6 Acknowledgements

S. Bauer for advice and technical assistance with LC-MS. W. Beeson and C. Phillips
are recipients of NSF pre-doctoral fellowships. This work was funded by a grant from
the Energy Biosciences Institute to J. Cate and M. Marletta.

94



*Footnote to chapter 6

This chapter, presented here with modifications from its original format, represents part
of a peer-reviewed paper published in ACS Chemical Biology (2011), In press. The
authors are Christopher M. Phillips, William T. Beeson, Jamie H.D. Cate and Michael A.
Marletta. This chapter also represents part of a paper under peer-review. The authors

are William T. Beeson, Christopher M. Phillips, Jamie H.D. Cate, and Michael A.
Marletta.

95



7. Conclusions and Outlook.

In closing, the data reported in this thesis shows that oxidative enzymes are key
components of the enzyme cocktails secreted by fungi for plant cell wall degradation.
Based on the results from numerous biochemical experiments we have proposed a
chemical mechanism for the action of a new family of metalloenzymes, the
polysaccharide monooxygenases. In contrast to the widely discussed Fenton model,
our data supports a direct enzymatic oxidation of cellulose leading to glycosidic bond
cleavage. The genetic and biochemical experiments reported here with CDH show that
in N. crassa, CDH-1 functions as the sole extracellular reductase and that the heme
domain of CDH is required for enhancement of cellulose degradation. In many highly
cellulolytic ascomycetes, CDH contains a C-terminal cellulose-binding module which
targets the enzyme to the cellulose surface, probably to facilitate electron transfer to
PMOs. Basidiomycete CDHs do not contain CBMs; however, many basidiomycetes
secrete high levels of a protein with a CDH heme domain fused to a CBM (7170). These
“free” heme domains would require electrons from another, unidentified reductase, to
potentiate the action of PMOs. Reductases functionally similar to CDH presumably
exist in bacteria, but to our knowledge none have been identified.

Bacterial proteins with structural homology to fungal PMOs have recently been
biochemically characterized and shown to oxidize cellulose (7771) and chitin (753).
These bacterial proteins have the same conserved metal ligands as fungal PMOs and
are likely copper metalloenzymes employing a similar mechanism. Further work is
needed to confirm that the activity of these proteins is dependent on bound copper.
PMOs are conserved in every cellulolytic fungus studied to date, and are generally
expressed at very high levels during growth on cellulose. In the white rot fungus, P.
chrysosporium, and the brown rot fungus, S. lacrymans expression profiling
experiments revealed that a PMO is the most highly upregulated protein in response to
growth on biomass (756, 172).

N. crassa has a potent genome defense mechanism, RIP, which prevents nearly
all gene duplications (61). Surprisingly, in the N. crassa genome, there are 14 genes
encoding predicted PMOs. Previous expression profiling studies showed that
expression of at least 10 of the PMOs was induced during growth on cellulose. The
average pairwise sequence identity between PMOs in N. crassa is only 33%,
suggesting that these proteins may have diverse functions. The biochemical
characterization of three members of the PMO superfamily reported here showed that
different PMOs catalyze reactions with different regiospecificity. At this point,
phylogenetic inference in uncharacterized clades does not allow for the prediction of
regioselectivity.  Further work exploring the activity of the PMOs encoded by
NCUO00836, NCU03328, and NCUO07760 may reveal new reactions or phylogenetic
trends that allow for functional prediction.
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In addition to their prevalence in nature, supplementation of cellulase cocktails
with PMOs can significantly reduce the enzyme loading required for saccharification of
lignocellulose. Because several different PMOs are produced by fungi, and PMOs work
through a mechanism completely orthogonal to that of cellulases, it is likely that addition
of multiple PMOs to cellulase cocktails will further reduce enzyme loadings. Additional
mechanistic insights into this large family of enzymes may facilitate their development
for commercial applications.
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