UC Riverside
UC Riverside Electronic Theses and Dissertations

Title

Artificial Cellulosomes and Arsenic Cleanup: From Single Cell Programming to Synthetic
Yeast Consortium

Permalink
https://escholarship.org/uc/item/0fb629h4]
Author

Tsai, Shen-Long

Publication Date
2011

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/0fb629h4
https://escholarship.org
http://www.cdlib.org/

UNIVERSITY OF CALIFORNIA
RIVERSIDE

Artificial Cellulosomes and Arsenic Cleanup:
From Single Cell Programming to Synthetic Yeast Consortium

A Dissertation submitted in partial satisfaction
of the requirements for the degree of
Doctor of Philosophy
in
Chemical and Environmental Engineering
by
Shen-Long Tsai

December 2011

Dissertation Committee:
Dr. Wilfred Chen, Co-Chairperson
Dr. Nosang Myung, Co-Chairperson
Dr. Ashok Mulchandani



Copyright by
Shen-Long Tsai
2011



The Dissertation of Shen-Long Tsai is approved:

Committee Co-Chairperson

Committee Co-Chairperson

University of California, Riverside



ACKNOWLEGEMENTS

On the last stop of this long and arduous but precious journey, | owe my gratitude to
those who ever participated in this journey starting from its inception and assisted me
through its completion. Without their help and encouragement, this journey would never
have been as memorable.

First of all, 1 would like to express my sincere gratefulness to my research advisor,
Professor Wilfred Chen, who graciously opened the door to the world of science so | may
get in. His guidance, understanding, patience and mentorship during my graduate studies
at UC Riverside were paramount in providing a well-rounded experience consistent my
long-term career goals. He always encouraged me not to be just an experimentalist but
also an instructor and an independent scholar. I was so lucky to be one among the
graduate students who are given the opportunity to develop their own individuality and
self-sufficiency by being allowed to work with such independence. | thank you for
everything you’ve done for me, Dr. Chen.

I would like to thank my dissertation committee members- Professor Ashok
Mulchandani and Professor Nosang Myung, and my project collaborator- Professor
Nancy Da Silva from UC Irvine. Their insightful comments, constructive criticisms and
warm encouragement throughout this work were out of great value. | also wish to thank
my undergraduate advisor, Prof. Chi-Wen Lin in Taiwan, for his timely counseling and
encouragement whenever | have to make a difficult decision since my undergraduate
study. Because of all of these professors, the benefits | have reaped are more than what |

deserve.



I would also like to thank all the current and previous members of Prof. Chen, Prof.
Mulchandani and Prof. Myung’s research group. Special thanks to Miso, Divya, Chong-
Hyun, Fang, Lakshmi, Garima G, Qing, Daniel, Charles, Chun-Che, Garima C, Heejae,
Bhawna, Ann, Yu-Chen, Seung-Hyun, Shailendra, Payal, Christy, Joun, Zdenek,
Jeongseok and Chaokun for their help and encouragement throughout my work, as well
as for their contribution of so much needed humor and entertainment in what could have
otherwise been a somewhat stressful laboratory environment. | am grateful to have been
brought in with such a great group.

| am thankful to the publisher of the journal Applied and Environmental
Microbiology for the permission to reprint the articles in Chapter 2 and Chapter 3, and to
the publisher of the journal Biotechnology and Bioengineering for the permission to
reprint the article in Chapter 5.

For the never ending support and unconditional love of my parents, in laws, siblings
and my dearest wife- Yi-Hsun, | feel an immense gratitude which cannot be expressed in
words. For them, | believe in more than what | can do. For them, I believe there is always
a harbor nearby for an easy and safe refuge. I most want to thank my wife for her love,
sacrifice, and kind indulgence. | also credit our children, Charles and William, for
inspiring and amazing me every day. Now | am finishing this journey and | would like to

dedicate this dissertation to my family.



ABSTRACT OF THE DISSERTATION

Artificial Cellulosomes and Arsenic Cleanup:
From Single Cell Programming to Synthetic Yeasst Consortium

by
Shen-Long Tsai
Doctor of Philosophy
Graduate Program in Chemical and Environmental Engineering
University of California, Riverside, December 2011
Dr. Wilfred Chen, Co-Chairperson
Dr. Nosang Myung, Co-Chairperson
As our society marches toward a more technologically-inclined and industrialized
future, energy and environmental sustainability are two of the most challenging problems
we face today. With the aid of recent advances in recombinant molecular technology,
metabolic engineering has been employed on a variety of host organisms to improve
biosorption and biocatalytic capabilities. This has shown immense promise and has
become an attractive tool for bioremediation and biofuel production. In regards to these
challenges, this dissertation focuses on the use of metabolic engineering for biofuel
production and arsenic remediation.
The first objective of this dissertation was to create an efficient and inexpensive
whole-cell biocatalyst in an effort to produce economically compatible and sustainable
biofuels, such as cellulosic ethanol. The approach used was via surface display of

versatile cellulolytic enzyme complexes, namely cellulosomes, on the historical ethanol

producer Saccharomyces cerevisiae for simultaneous and synergistic saccharification and

Vi



fermentation of cellulose to ethanol. The feasibility of assembling cellulosome structures
on yeast cell surfaces was first demonstrated by incubating the miniscaffoldin displayed
yeasts with the Escherichia coli cell lysates containing three cellulolytic enzymes that
were necessary for hydrolyzing cellulose into glucose. The functionally-assembled
minicelluosomes retained the synergism for cellulose hydrolysis, resulting in a higher
ethanol production level when compared to that obtained from a free cellulase system.

To create a microorganism suitable for a more cost-effective process, called
consolidated bioprocessing (CBP), a synthetic consortium capable of displaying mini-
cellulosomes on the cell surface via intercellular complementation was subsequently
created. In this case, the minicellulosomes were assembled in vivo on yeast surfaces for
direct ethanol production and cell growth from cellulose. To tackle the relatively modest
ethanol production of the yeast consortium, a designer cellulosme based on the unique
feature of the anchoring -adaptor scaffoldin strategy to amplify the number of enzymatic
subunits was created. The increased rate in ethanol production indicated that enzyme
proximity was crucial to cellulosomal synergy.

To further extend the metabolic engineering strategy toward environmental
sustainability, engineered S. cerevisiae strains expressing cysteine desulfhydrase and/or
AtPCS were created for enhanced accumulation of arsenic as an efficient biosorbent for

environment cleanup.
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CHAPTER 1

Background



METABOLIC ENGINEERING OF BAKER’S YEAST
Baker’s yeast Saccharomyces cerevisiae expression platform

Since 1990, the concept of metabolic engineering has been developed and applied
to the production of metabolites (Bailey, 1991). With the unexpectedly fast progress in
recombinant DNA technology, metabolic engineering has allowed the production of
peptides, proteins and biomolecules from naturally non-producing microorganisms (Porro
et al., 2005). Combined with extensive works on genomic data, central metabolic
processes, and cellular enzymes, metabolic engineering has become one of the most
important technologies developed in this era.

Many microorganisms, including archaea, prokaryotes and eukaryotes, have been
employed as hosts for the production of recombinant proteins and molecules (Keasling,
2010). Several criteria, such as efficient mass production, safety, and available genetic
tools, should be taken into consideration while choosing a host cell for metabolic
engineering applications. In this aspect, yeasts offer considerable benefits over other host
systems. Among more than 800 yeast species described, the baker’s yeast Saccharomyces
cerevisiae is the one with the longest use in industry (Graf et al., 2009).

The completion of the S. cerevisiae’s genome project was accomplished in 1996,
making it the first eukaryote whose genome has been completely documented (Goffeau et
al.1996). Because of the well-established knowledge on its physiology, genetics, and
biochemistry, S. cerevisiae is an ideal model eukaryote for fundamental research and
heterologous gene expression (Gellissen and Hollenberg 1997). Moreover, S. cerevisiae

is recognized by the US Food and Drug Administration (USFDA) as a safe organism



because of the absence of endotoxins as well as oncogenic or viral DNA. Unlike bacteria,
which lack the capability for post-translational modifications such as glycosylation, S.
cerevisiae either possesses many of these characteristics or can be engineered to produce

a wider range of functionally active proteins.

Strategies for heterologous protein production in yeast

A wide range of vectors has been developed for molecular cloning in S. cerevisiae.
Together with the well-characterized genetics, chemistry, and physiology, the most
appealing aspect of S. cerevisiae for metabolic engineering is perhaps the ease of genetic
manipulation. Past efforts in genetic engineering has made it easy to delete, insert,
replace, over-express or down-regulate any gene of interest (Siewers 2010).

There are many different ways that heterologous proteins can be expressed in S.
cerevisiae (Figure 1.1). Depending on the applications, they can be deposited
intracellularly, displayed on the cell surfaces, or targeted to the secretory apparatus.
Cytoplasmic expression often leads to relatively higher expression levels as the potential
limitations of the secretory pathways are not involved (Boer et al., 2007). However, in
many cases, disulfide bond formation is required for correct protein folding and
processing, which pose a sever limitation for cytoplasmic expression. Alternatively,
heterologous proteins can be secreted into the culture supernatant by adding a secretion
signal sequence. The most popular secretion signal sequence is the a-mating factor
(MFal). However, compared to intracellular expression, the level of secreted proteins is

often impaired.



Yeast surface-display of heterologous proteins is of particular interesting as it
provides several advantages over other strategies. As the active enzymes are displayed on
the surface of the yeast, reactions can occur at the surface. Therefore, this method is quite
useful when dealing with a substrate that cannot enter the cell or is highly toxic to the cell
(Kuroda and Ueda, 2011). While many cell surface proteins have been identified in S.
cerevisiae, glucanase extractable proteins that have glycosylphosphatidylinostitol (GPI)
anchors are the major group used for heterologous-protein display (Fleet and Manners
1977). Among these GPI anchor proteins, mating-type sexual agglutinins (Agal and
Agal), which mediate the direct cell-cell adhesion during mating, are two of most
commonly used fusion partners for surface display (Lipke and Kurjan, 1992). Proteins
ranging from 0.93 to 136 KDa have been successfully displayed on the yeast surface, and
in many cases up to 10°-10° molecules can be displayed per cell (Shibasaki et la., 2001;
Nakamura et al., 2002).

With these versatile tool sets for the genetic manipulations, S. cerevisiae has been
engineered to solve a wide range of current issues in environment and energy such as

bioremediation, biosensors, and biofuel production.



ENGINEERING CELLULOLYTIC CAPABILIYIES IN BAKER’S YEAST
Cellulosic ethanol and the evolution of its production process

Biomass is one of the most abundant renewable-feedstock for sustainable
production of biofuels. Among different forms of biomass, lignocellulose is particularly
well-suited for energy applications because of its large-scale availability, low cost and
environmental benign production (Lynd, 1999). This natural and abundant polymer is
found as agricultural waste (wheat straw, corn stalks, and soybean residues), industrial
waste (Pulp and paper industry), forestry residues, and municipal solid waste. In addition,
many energy production and utilization cycles based on cellulosic materials have near-
zero greenhouse gas emissions on a life cycle basis (Lynd, 2005).

Extensive researches have been performed in the area of reactor design,
pretreatment protocols, and separation technologies in an effort to make the
bioconversion processes more economically completive with petroleum fuel technologies.
Ethanol is particularly attractive since it is a good transportation fuel and in some respects
superior to gasoline (Lynd et al., 1991). (1) Neat (unblended) ethanol burns more cleanly
and efficiently due to its high octane rating. (2) Ethanol by fermentation offers a more
favorable trade balance and enhanced energy security. (3) Ethanol also reduces smog
formation due to its low volatility and low photochemical reactivity. (4) Ethanol is
considerably less toxic to human than is gasoline.

However, the main technological obstacle to more widespread usages of this
resource is the lack of low-cost technologies to overcome the recalcitrant nature of the

cellulosic structure, especially the hydrolysis step on highly ordered cellulose (Lynd et al.,



2002). As plants have evolved mechanisms over millennia to protect the structure forms
of polysaccharides from which cell wall has been compromised, only a small fraction of
microorganisms possess the ability to degrade cellulose efficiently. A great deal of effort
has gone into the development of methods for the conversion of cellulose to glucose.
Several events have to happen for cellulose to be amenable to ethanol fermentation: (1)
production of cellulases, (2) hydrolysis of the cellulose present in pretreated biomass, (3)
fermentation of hexose sugars (van Zyl et al., 2007). Further, it has been reported that a
substantially cost reduction can be obtained when two or more steps are combined.
Although the cost of ethanol production can become more competitive by combing the
hydrolysis and fermentation steps in simultaneous saccharification and cofermentation
(SSCF), it has been shown that the overall cost can be even further reduced by four-fold
using a one-step consolidated bioprocessing (CBP), where cellulase production, cellulose
hydrolysis and sugar fermentation can be carried out in a single reactor (Lynd., 2005).
While CBP is a promising approach to reduce the cost of biofuel production,
microorganisms that are suitable for CBP do not exist in nature. Numerous attempts have
been made to create recombinant organisms for CBP. These recombinant microorganisms
can be roughly divided into three groups: (1) recombinant solventgenic microorganisms
that possess superior saccharolytic capabilities, but into which solvent-production
capabilities were engineered, (2) recombinant cellulolytic microorganisms that naturally
give high product yields, but into which saccharolytic systems were engineered, and (3)
recombinant microorganisms that do not possess saccharolytic and solventgenic abilities,

but into which solvent production and saccharolytic capabilities were engineered.



1.3.2. Natural cellulolytic systems

Cellulose is a linear condensation polymer consisting of D-anhrolucopyranose
jointed together by B-1,4-glycosidic bonds with a degree of polymerization (DP) from
100 to 20,000 (Zhang and Lynd 2004). By hydrogen bonds and van der Waal’s forces,
adjacent cellulose forms a parallel alignment and a crystalline structure with great tensile
strength and low accessibility (Zhang et al., 2006).

Cellulolytic bacteria and fungi employ a diversity of contrasting but complementary
mechanisms for the hydrolysis of cellulose and related complex plant cell-wall
polysaccharides. Since these microbes have been selected by nature, they have evolved
different strategies to survive and thrive in their environments either independently or by
collaborating with other bacteria and fungi.

Although it is widely recognized that the mechanism for enzymatic cellulose
hydrolysis involves the synergistic action of three distinct classes of enzymes: (1)
endoglucanases which act randomly on the accessible B-1,4-glycosidic bonds of the
cellulose substrate and release the smaller-size oligosaccharides, (2) exoglucanases which
liberate cellobiose in a processive manner from the end of cellulose or the end of the
released oligosaccharides, and (3) B-glucosidases which release glucose from cellobiose
for cell growth and to eliminate the inhibition of the other two enzymes from cellobiose
(Lynd et al., 2002). These three reactions occur simultaneously, but the classification of
the three enzymes is not strictly rigid since some enzymes may spill over from one

category to another.



While microbial-based cellulose hydrolysis naturally occurs in both aerobic and
anaerobic biotopes, nature has developed two different strategies to degrade this
recalcitrant polymer (Figure 1.2). In the aerobic biotope, aerobic microorganisms secrete
copious amounts of free cellulases to breakdown cellulose (Wilson, 2004; Bayer et al.,
2000). For example, fungi of the genus Trichoderma express free, non-complexed
cellulolytic enzymes and are known to produce high titers of extracellular enzymes
reaching up to 100 g/L (Cherry and Fidantsef, 2003). In contrast, anaerobic organisms,
due to energetic constraints, can only produce a limited amount of enzymes. Therefore, in
response, they have developed an elaborately structured enzyme complex, called
cellulosome, to maximize catalytic efficiency (Bayer et al, 2004; Doi and Kosugi, 2004;
Demain et al., 2005). This self-assembled system brings multiple enzymes in close
proximity to the substrate, and provides a structure that ensures a high local concentration
and the correct ratio and orders of the enzymes, thereby maximizing synergy.
Consequently, it has a much higher catalytic efficiency than soluble enzymes present in a

non-organized fashion.

Cellulosome and artificial cellulosomes

Cellulosome is a cell-bound multienzyme complex responsible for the synergistic
deconstruction of both cellulose and hemicellulose, two of the most abundant carbon-rich
polymers in the world. The main feature of this nanomachine is a structural scaffoldin
consisting of at least one cellulose-binding domain (CBD) and repeating cohesin domains,

which are docked individually with a different cellulases tagged with a corresponding



dockerin domain. This highly ordered structure allows the assembly of multiple enzymes
in close proximity, mediated by the high-affinity protein-protein interaction (>10-9 M)
between the dockerin and cohesin modules, resulting in a high level of enzyme-substrate-
microbe synergy.

Because of the modular nature of the cellulosomal subunits, artificial “designer”
cellulosomes have been created (Fierobe et al., 2001 and 2005). A trifunctional chimeric
scaffoldin containing the cohesin domains from three different species was constructed
and was shown to bind specifically to the corresponding dockerin-borne cellulolytic
enzymes (Fierobe et al., 2005). Not surprisingly, several cellulosome-like nanostructures
have been explored (Cho et al., 2007; Cha et al., 2007; Heyman et al., 2007; Mingardon
et al., 2007). Two of the most popular are based on rosettazyme-derived and stable
protein-derived nanoscaffolds (Mitsuzawa et al., 2009; Morais et al., 2010).
Rosettasomes from the hyperthermo-acidophilic archaeon Sulfolobus shibatae are
thermostable, group Il chaperonins, which in the presence of ATP/Mg?* assembled into
18-subunit, double-ring structures. Another protein scaffold SP1, first isolated from aspen
(Populus tremula) trees, is a ring-shaped, highly stable homododecamer protein with a
diameter of 11 nm and an internal cavity of 3 nm, which can be potentially utilized to
self-assemble different modules and enzymes in a specific and oriented manner. In both
cases, they fused a cohesin module to a circular permutant of the self-assembled protein
complex subunit, resulting in nanoscaffolds displaying functional cohesin domains.

Again, binding of dockerin-tagged cellulases onto these cohesin—containing



nanoscaffoldins increased cellulose-degrading activity compared to their activity in

solution.

Engineering cellulolytic systems in baker’s yeast

One of the most attractive strategies to create an efficient CBP microorganism for
cellulosic ethanol production is by expressing multiple components of a cellulolytic
system from either fungi or bacteria in S. cerevisiae, which has a highly efficient ethanol
production system and a naturally high ethanol tolerance. Expression and secretion of
cellulases in S. cerevisiae have been attempted for more than two decades and well
documented (van Zyl et al., 2007).

Due to a similar glycosylation mechanism and the cellulolytic nature,
Trichoderma reesei is one of the most common sources for heterologous cellulases in S.
cerevisiae. However, cellulases from mesophilic and thermophilic bacteria have also
been used. Den Haan and colleagues described the successful secretion of four individual
cellobiohydrolases (CBHSs) in S. cerevisiae originating from T. reesei (cbhl and cbh2),
Aspergillus niger (cbhB) and Phanerochaete chrysosporium (cbhl-4), and the direct
ethanol production from several model cellulose substrates (Den Haan et al., 2007a). The
same group later demonstrated that co-secretion of an endoglucanase from T. reesei (EG1)
and a B-glucosidase from Saccharomycopsis fibuligera (BGL1) allowed 1.0 g/L of
ethanol to be produced from 10 g/L of phosphoric acid swollen cellulose (PASC) (Den
Haan et al., 2007b). Jeon and colleagues described the production of ethanol from an

engineered S. cerevisiae strain expressing the Clostridium thermocellum endoglucanase

10



(EgQE) and the S. fibuligera B-glucosidase (BGL1) using -glucan as the substrate (Jeon et
al., 2009b).

Apart from secreting cellulases from yeast, several attempts have also been made
to create biocatalysts by displaying cellulases on the yeast surface. Muri and colleagues
constructed yeast with the ability to hydrolyze cellulosic biomass for ethanol production
by co-displaying a carboxymethylcellulase (CMCase) and a B-glucosidase (BGL1) from
Aspergillus aculeatus (Muri et al., 1998). In another report, direct ethanol production
from PASC was achieved when the endoglucanse (EGII) and exoglucanase (CBHII) from
T. reesei and a B-glucosidase (BGL1) from A. acculeatus were co-displayed on the yeast
cell surface (Fujita et al., 2004). Interestingly, a higher level of ethanol production was
reported by the same group using this three-enzyme system from a surface-display strain
than a secretion strain (Yanase et al., 2010).

With the substantial improvement in cellulose hydrolysis over free enzymes by
the designer cellulosomes, it is of great interest to exam whether a similar strategy could
be exploited to improve whole-cell hydrolysis of cellulose and ethanol production. In this
dissertation, progress in the quest of extending the cellulolytic capability of yeast via cell

surface-display of different cellulosomes was described in CHAPTER 2 to CHAPTER 4.
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ARSENIC METABOLISM IN YEAST
Introduction of arsenic

Arsenic (As) is a natural and ubiquitous element that presents in many
environmental compartments and is released through various natural processes or by
anthropogenic inputs. It is recognized as carcinogenic (Rosen, 1971) and chronic
exposure to arsenic results in a wide range of adverse health effects (Chen et al., 2005;
Tapio and Grosche, 2006). Depending on the physical-chemical conditions of the
environment, some arsenic compounds can be easily solubilized in water (Oremland et al.,
2005) and taken up by microorganisms, resulting in high levels of bioavailability (Bryan
et al., 2009).

Arsenic occurs in several oxidation states including arsenate As(V), arsenite
As(111), elemental As(0) and arsenide As(—III). In natural waters, arsenic is mostly found
in its inorganic forms as trivalent arsenite [As(lI1)] or pentavalent arsenate [As(V)]
(Cullen and Reimer, 1989). Among them, As(lll) is generally considered to be more
mobile and more toxic than As(V) (Liu et al., 2001). Owing to its extreme toxicity,
arsenic is ranked number one on the Environmental Protection Agency's (EPA) priority
list of drinking water contaminants and effective from 2006 the maximum contaminant
level for arsenic in drinking water was reduced by the US Environmental Protection
Agency from 50 ppb to 10 ppb.

Several treatment technologies have been applied in laboratory-scale and/or field-
scale testing for the removal of arsenic from waters, such as coagulation, filtration, ion

exchange, adsorption, and reverse osmosis (Kartinen and Martin, 1995; Zouboulis and

12



Katsoyiannis, 2002; DeMarco et al., 2003). However, these technologies are either too
expensive or ineffective for low arsenic concentration treatment. To comply with the
current regulatory limit of 10 ppb would require extensive technological developments
that are highly selective and economically competitive.

In nature, microbes respond to arsenic in a variety of different ways (Figure 1.3).
Depending on the species of different microorganisms, the responses could be chelation,
compartmentalization, exclusion, and immobilization (Toppi and Gabbriwelli, 1999).
Understanding the molecular and genetic level of arsenic metabolism will be, therefore,
an important knowledge base for developing efficient and selective arsenic
bioremediation approaches, which has so far been considered as a cost-effective and

environmental friendly way for heavy-metal removal.

Arsenic uptake and metabolism by baker’s yeast

Arsenic uptake by S. cerevisiae occurs through three different transport systems.
The pentavalent arsenate, because of the similarity to phosphate (Nidhubhghaill and
Sadler, 1991), is taken up through a phosphate transporter, Pho87p (Persson et al., 1999).
In addition, two transporter systems for the trivalent arsenite have been identified. Similar
to bacterial systems, arsenite is taken up by an aquaglyceroporin Fpslp, a glycerol
transporter (Wysocki et al., 1997; Wysocki et al., 2001). In 2004, Liu et al. found that a
class of hexose permeases (Hxtlp to Hxtl plus Gal2p) of S. cerevisiae adventitiously

catalyzed the uptake of arsenite (Liu et al., 2004). Arsenite uptake was reduced by 80% in
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the presence of glucose even when FPS1 was deleted, confirming that the hexose
transporters are mainly responsible for arsenite uptake.

Once arsenic enters the cells, a series of detoxification steps are used to reduce the
acute cytotoxic effects. The most comprehensive mechanism of arsenic tolerance in yeast
is provided by three contiguous gene clusters: ARR1, ARR2, and ARR3. ARR1 encodes
a transcription factor that regulates the transcription of arsenate reductase Arr2p and the
arsenite extrusion transporter Arr3p (Ghosh et al., 1999). After arsenate is transported
inside the yeast cells, arsenate is reduced to arsenite by an arsenate reductase Arr2p
(Muknopadhyay et al., 200). The disruption of ARR2 in S. cerevisiae eliminated arsenate
resistance (Muknopadhyay and Rosen, 1998). To date Arr2p is still the sole arsenate
reductase in eukaryote and no ARR2 gene has yet been found with the fission yeast S.

pombe or other fungi.

Intracellular sequestration of arsenic

Questions have been raised as to why cells were designed to reduce arsenate to
the more reactive arsenite, which is at least 100 times more toxic (Knowles and Benson,
1983). The answer is that by taking advantage of the chemical reactivity, arsenite can
bind to many intracellular chelating proteins or peptides containing thiol ligands, such as
GSH, PCs, and MTs to form inactive complexes (Cobbett and Goldsbrough, 2002;
Singhal et al., 1987; Ngu etal., 2008). GSH is a major reservoir of nonprotein thiols
(Noctor, 2006), and the availability of GSH is important in arsenate reduction as well as

in arsenite transport into the vacuoles (Wysocki et al., 2003). Guo et al. showed that
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overexpression of the S. cerevisiae GSH1 gene encoding a y-glutamylcysteine synthetase
(y-ECS), the first enzyme in the GSH biosynthesis pathway (Foyer and Noctor, 2005),
elevated the tolerance and accumulation of arsenic in Arabidopsis thaliana (Guo et al.,
2008). MTs belong to a family of cysteine-rich proteins with the unique ability to form
stable metal-thiolate clusters with their two metal-binding, cysteine-rich domains (Morris
et al., 1999), and are the major metal-binding ligands in animals. Although As-binding
MTs have been described in the alga Fucus vesiculosus (Merrifield et al., 2004), none
have been isolated in bacteria. On the other hand, PCs are small enzymatically
synthesized cysteine-rich peptides widely found in plants and yeasts, and have been
shown to bind arsenite efficiently (Maitani et al., 1996; Schmoger et al., 2000;
Wunschmann et al., 2007). Overexpression of a tobacco PC synthase in yeast S.
cerevisiae resulted in increased tolerance for Cd and As (Kim et al., 2005) without any
enhancement in accumulation. However, our lab reported enhanced accumulation of
arsenite by engineered S. cerevisiae expressing the Arabidopsis thaliana PC synthase
(Singh et al., 2008).

For some yeasts such as Candida glabrata, extracellular sulfate is metabolized to
sulfide (Thomas and SurdinKerjan, 1997), which acts as an electron donor for arsenate
reduction (Rochette et al., 2000). In some eukaryotes, incorporation of sulfide to form a
more stable, high-molecular-weight PC—metal-sulfide complex in the vacuole has been
demonstrated (Kneer and Zenk, 1997; Mendoza-Cozatl and Moreno-Sanchez, 2005;

Mendoza-Cozatl et al., 2006). In addition, the formation of metal sulfide particles in
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Schizosaccharomyces pombe and C. glabrata is also part of their intracellular

detoxification (Dameron and Winge, 1990; Krumov et al., 2007).

Arsenic resistant via intracellular and extracellular transport

S. cerevisiae has two different mechanisms to reduce arsenite cytotoxicity. One is
through the arsenite extrusion pump Arr3p, which transports the As(l11)-GSH complexes
out of the membrane. A second mechanism of arsenic resistance is via the transport of
GSH-conjugated arsenite into the vacuole (Ghosh et al., 1999). The Ycflp protein
associated with the vacuolar membrane is a member of the ABC transporter superfamily
that is responsible for the ATP-dependent transport of a wide range of GSH-conjugated
substrates (such as As(GS)3) into the vacuole. Further genetic analyses support the notion
that these two pathways function in a synergistic fashion as the hypersensitivity of yeast
cells to arsenic is additive in a mutant lacking both genes. While S. cerevisiae transports
the GSH-As complex into the vacuole, S. pombe transports high-molecular PC-Cd-S

complexes into the vacuole via the Hmtl transporter (Ortiz et al., 1995).

Ways to create arsenic biosorbents

The use of engineered microbes as selective biosorbents is an attractive green
technology for the low-cost and efficient removal of arsenic. Although efforts have been
reported in engineering microbes for the removal of cadmium or mercury by expressing
metal-binding peptides such as human MTs or synthetic peptides (Bae et al., 2000), the

relatively low affinity of these peptides for arsenic make them ineffective for arsenic
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remediation. Development of an arsenic accumulating microbe should comprise the
ability to firstly, modify the naturally existing defense mechanisms and secondly, develop
novel or hybrid pathways into one easily manipulated microorganism. In CHAPTER 5,
the possibility of creating engineered microbes as efficient biosorbents for arsenic
removal was investigated, in which backer’s yeast S. cerevisiae was metabolically

programmed for arsenic clean-up by coexpressing AtPCS and cysteine desulfhydrase.
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SCOPE OF THIS DISSERTATION

Energy and environmental sustainability are two of the most challenging
problems for the next several decades. As our society marches toward a more
technologically inclined and industrialized future, the need for clean water supply and
renewable energy has never been more pertinent. In this dissertation, metabolic
engineering has been applied to create several yeast strains with new functionalities
suitable for arsenic remediation and biofuel production.

While it is well recognized that fuels made from cellulosic biomass would be one
of the most sustainable way to address the issue of gasoline crisis, the first objective of
this dissertation was to create an efficient and inexpensive whole-cell biocatalyst in an
effort to produce economically compatible biofuels. The approach used was via surface
display of versatile cellulosomes on the historical ethanol producer S. cerevisiae for
simultaneous and synergistic saccharification and fermentation of cellulose to ethanol.

In CHAPTER 2, | investigate the possibility of functionally assembling a mini-
cellulosme on the yeast surface by incubating the scaffoldin displayed yeast with the E.
coli cell lysates containing the endoglucanse from C.thermocellum (CelA), the
exoglucanase from C. cellulolyticum (CelE), and the B-glucosidase from C. thermocellum
(BglA). The capability and the synergic effect of the engineered yeast strain to directly
convert PASC to ethanol were described.

In CHAPTER 3, | subsequently created a synthetic consortium capable of
displaying mini-cellulosmes on the cell surface for the direct ethanol production from

PASC via intercellular complementation. The ability of the created consortium to

18



hydrolyze PASC and use the released sugar for cell growth and ethanol production was
investigated.

In CHAPTER 4, a more complex cellulosome structure bearing a higher enzyme
loading was designed and successfully assembled on the yeast surface to further improve
the cellulolytic capability of the engineered yeast strain toward cellulosic ethanol
production. In this part of study, the benefit of having all enzymes in the same
cellulosome structure over that in heterogeneous cellulosome structure was also discussed.

To further extend the metabolic engineering strategy toward environmental
sustainability, another objective of this dissertation was to create an efficient biosorbent
for arsenic cleanup. In CHAPTER 5, the baker’s yeast was genetically engineered to
express both the PC synthase (AtPCS) and cysteine desulfhydrase. The enhanced
capability of the engineered yeast coexpressing both enzymes versus that of the yeast

expressing only one enzyme was compared.
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CHAPTER 2

Functional assembly of minicellulosomes on the Saccharomyces cerevisiae cell

surface for cellulose hydrolysis and ethanol production
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ABSTRACT

We demonstrated the functional display of a mini-scaffoldin on the yeast cell
surface, consisting of three divergent cohesin domains from Clostridium thermocellum (t),
Clostridium cellulolyticum (c) and Ruminococcus flavefaciens (f). Incubation with E. coli
lysates containing an endoglucanase (CelA) fused with a dockerin domain from C.
thermocellum (At), an exoglucanase (CelE) from C. cellulolyticum fused with a dockerin
domain from the same species (Ec), and an endoglucanase (CelG) from C. cellulolyticum
fused with a dockerin domain from R. flavefaciens (Gf) resulted in the assembly of a
functional minicellulosome on the yeast surface. The displayed minicellulosome retained
the synergistic effect for cellulose hydrolysis. When a B-glucosidase (BglA) from C.
thermocellum tagged with the dockerin from R. flavefaciens was used in place of Gf, cells
displaying the new mini-cellulosome exhibited significantly enhanced glucose liberation
and produced ethanol directly from phosphoric acid swollen cellulose (PASC). The final
ethanol concentration of 3.5 g/L was 2.6-fold higher than that using the same amounts of
added purified cellulases. The overall yield was 0.49 g of ethanol produced per g of
carbohydrate consumed, which corresponds to 95% of the theoretical value. This result
confirms that simultaneous and synergistic saccharification and fermentation of cellulose
to ethanol can be efficiently accomplished using a yeast strain displaying a functional

minicellulosome containing all three required cellulolytic enzymes.
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INTRODUCTION

Production of bioethanol from biomass has recently attracted attention due to the
mandate for a billion gallons of renewable fuel by the new Energy Policy Act (Lynd et al.,
2005). Current production processes using sugar cane and cornstarch are well established
(Lynd et al., 1999; Lee et al., 2008). However, utilization of a cheaper substrate would
render bioethanol more competitive with fossil fuel (Zaldivar et al., 2001). Cellulosic
biomass found in many low value agricultural or wood pulping wastes is particularly
well-suited because of its large-scale availability, low cost and environmentally benign
production (Lynd et al., 1999). The primary obstacle impeding the more widespread
production of ethanol from cellulose is the absence of a low-cost technology for
overcoming its recalcitrant nature (Lynd et al., 2008).

Recently, a new method known as consolidated bioprocessing (CBP) has been
proposed that combines enzyme production, cellulose saccharification and fermentation
into a single process to dramatically reduce the cost for ethanol production (Lynd et al.,
2005). An ideal microorganism for CBP should possess the capability for simultaneous
cellulose saccharification and ethanol fermentation. One attractive candidate is
Saccharomyces cerevisiae, which is widely used for industrial ethanol production due to
its high ethanol productivity and high inherent ethanol tolerance (Nevoigt, 2008).
Attempts have been made to engineer S. cerevisiae to hydrolyze cellulose (Cho et al.,
1999; Curry et al., 1988; Haan et al., 2007). However, due to energetic limitations under
anaerobic conditions, only a small amount of cellulases can often be secreted. An

alternative is to display the cellulolytic enzymes on the yeast surface (Fujita et al., 2004;
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2002). Up to three different cellulases have been displayed, permitting the hydrolysis of
cellulose with concomitant ethanol production. While these results point to a potential
strategy of combining the ethanol-producing capability with cellulose hydrolysis, the
efficiency of hydrolysis must be significantly improved before it can be employed for
practical applications.

Many anaerobic bacteria have developed an elaborately structured enzyme
complex on the cell surface, called the cellulosome, to maximize the catalytic efficiency
of cellulose hydrolysis using only a limited amount of enzymes (Bayer et al., 2004; Doi
and Kosugi, 2004; Demain et al., 2005). The major component of these cellulosome
complexes is a structural scaffoldin consisting of at least one cellulose binding domain
(CBD) and repeating cohesin domains, which are docked individually with a different
cellulase tagged with the corresponding dockerin domain (Shoham et al., 1999). Since the
interaction between dockerin and cohesin is species specific (Pages et al., 1997;
Haimovitz et al., 2008), designer mini-cellulosomes composed of three different
dockerin/cohesion pairs have been generated with up to 6-fold higher efficiency in
cellulose hydrolysis over similar free enzymes (Fierobe et al., 2005). Recently, it has
been shown that the specific cellulose hydrolysis rates are more than 4-fold higher using
metabolically active cultures of C. thermocellum displaying cellulosomes as compared to
purified cellulosomes (Lu et al., 2006). This significant improvement appears to be a
surface phenomenon involving adhesion onto the cellulose for enhanced substrate capture.

In the present study, we demonstrate the functional assembly of mini-

cellulosomes onto the surface of S. cerevisiae and the subsequent feasibility for cellulosic
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ethanol production using the engineered yeast strains. The success of displaying a
functional cellulosome onto the surface of an organism that already produces high titers
of ethanol could lay a foundation towards the goal of an industrially relevant CBP-

enabling microorganism.
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MATERIALS AND METHODS
Strains, plasmids, and media

Escherichia coli strain JM109 [endAl, recAl, gyrA96, thi, hsdR17 (rk—, mk+),
relAl, supE44, A( lac-proAB)] was used as the host for genetic manipulations. E. coli
BL21 (DE3) [F- ompT gal hsdSB (rB— mB-) dcm lon ADE3] was used as production host
for cellulase expressions. Saccharomyces cerevisiae strain EBY100 [MATa
AGAL::GAL1-AGA1::URA3 ura3-52 trpl leu2-1 his3-200 pep4::HIS3 prbl-1.6R canl
GAL] was used for surface display of scaffoldins. All E. coli cultures were grown in
Luria-Bertani (LB) medium (10.0 g/L tryptone, 5.0 g/L yeast extract, 10.0 g/L NaCl),
supplemented with either 100 pg/mL ampicillin or 50 pug/mL karamycin. All yeast
cultures were grown in SDC medium (20.0 g/L dextrose, 6.7 g/L yeast nitrogen base
without amino acids, 5.0 g/L casamino acids).

To display scaffoldins, a gene fragment coding for a scaffoldin containing three
cohesins from C. cellulolyticum, C. thermocellum and R. flavefaciens and one cellulose
binding domain was amplified using plasmid pETscaf6 (Fierobe et al., 2005) as the
template with the forward primer FINdel (5~ TATAGCTAGCGGCGATTCTCTTAA-
AGTTACAGT -3’) and the reverse primer R1Sall (5>~ ATATGTCGACGTGGTGGTG-
GTGGTG -3°). The PCR product was then digested and ligated into the surface display
vector pCTCON2 (Boder and Wittrup, 1997) to form pScaf-ctf. Similar procedures,
except for changing the reverse primers to RASall (5>- ATATGTCGACATCTGACGG-
CGGTATTGTTGTTG -3’) and RBSall (5>~ ATATGTCGACTATATCTCCAACAT-

TTACTCCAC -3”), were used for the construction of pSacf-c and pSacf-ct.
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Plasmids pETEc (Gaudin et al., 2000) and pETGf (Fierobe et al., 2005), encoding
the exoglucanase CelE and endoglucanase CelG of C. cellulolyticum fused to the
dockerin from C. cellulolyticum and C. thermocellum, respectively, were kindly given by
H.-P. Fierobe (CNRS, France). Plasmid pETAt encoding a His6-tagged endoglucanse
CelA and a dockerin from C. thermocellum was obtained by PCR from pCelA using the
forward primer F2Ndel (5’- ATATCATATGGCAGGTGTGCCTTTTAACACAAA -3°)
and the reverse primer R2Xhol (5'- ATATCTCGAGCTAATAAGGTAGGTGGGG -3)).
The amplified fragment was cloned in to Ndel-Xhol linearized plasmid pET24a to form
pETAL. Plasmid pBglAf encoding a His6-tagged dockerin from R. flavefaciens fused to a
B-glucosidase BglA from C. thermocellum was obtained by two-step cloning. First, a
gene fragment coding for the His6-tagged dockerin of R. flavefaciens was obtained from
pETGT by digesting with BamH1 and Xhol and ligated into pET24a to form pETDf. The
gene fragment of BglA was amplified by PCR from pBglA using the forward primer
F3Ndel (5°- ATATCATATGTCAAAGATAACTTTCCCAAAA -3°) and the reverse
primer R3Bglll (5'- ATATAGATCTTTAAAAACCGTTGTTTTTGATTACT -3, and
inserted into a Ndel-BamH1 linearized pETDf to form pBglAf. A summary of all of the

scaffoldins and dockerin-tagged cellulases used in this study is listed in Table 2.1.

Display of scaffoldins on the yeast cell surface
For the display of scaffoldins on the yeast surface, yeast cells harboring pScaf#3,
pScaf#2, or pScaf#l were precultured in SDC medium for 18 h at 30°C. These

precultures were sub-inoculated into 200 mL SGC medium (20.0 g/L galactose, 6.7 g/L
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yeast nitrogen base without amino acids, 5.0 g/L casamino acids) at an optical density

(OD600) of 0.1 and grown for 48 h at 20°C.

Expression and purification of dockerin-tagged cellulases

E. coli strains expressing At, Ec, and Gf were pre-cultured overnight at 37°C in
LB medium supplemented with appropriate antibiotics. The pre-cultures were sub-
inoculated in 200 mL LB medium supplemented with 1.5% glycerol and appropriate
antibiotics at an initial OD of 0.01 and incubated at 37°C until the O.D. reached 1.5. The
cultures were then cooled to 20°C, and isopropyl thio-p-D-galactoside (IPTG) was added
to a final concentration of 200 uM. After 16 h, cells were harvested by centrifugation
(3000Xg, 10 min) at 4°C, resuspended in buffer A (50 mM Tris-HCI pH 8.0, 100 mM
NaCl, and 10 mM CaCl2), and lysed with a sonicator. The different cellulases were

purified using a His-Binding Resin (Novagen) at 4°C.

Minicellulosome Assembly on the yeast cell surface

To assemble the mini-cellulosomes, either cell lysates containing dockerin-tagged
cellulases or purified cellulases were incubated with yeast cells displaying the scaffoldin
for 1 h at 4°C in buffer A. After incubation, cells were washed and harvested by
centrifugation (3000Xg, 10 mins) at 4°C and resuspended in the same buffer for further

use.

Immunofluorescence microscopy
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Yeast cells displaying scaffoldins or the mini-cellulosomes on the surface were
harvested by centrifugation, washed with PBS buffer (8 g/L NaCl, 0.2 g/L KCI, 1.44 g/L
Na2HPO4, 0.24 g/L KH2PO4), and resuspended in 250 pL of PBS buffer containing 1
mg/mL BSA, and 0.5 pg of anti-C-Myc or anti-C-His 1gG (Invitrogen) for 4 h with
occasional mixing. Cells were then pelleted and washed with PBS before resuspending in
PBS buffer plus 1 mg/mL BSA and 0.5 pg anti-mouse 1gG conjugated with Alexa 488
(Molecular Probes). After incubating for 2 h, cells were pelleted and washed twice with
PBS, followed by resuspension in PBS buffer to an OD600 of 1. For fluorescence
microscopy (Olympus BX51), 5-10 pL of cell suspensions were spotted on slides and a
cover slip was added. Images from Alexa 488 were captured using the QCapture Pro6
software. Whole cell fluorescence was measured using a fluorescent microplate reader
(Synergy4, BioTek, VT) with an excitation wavelength at 485 nm and an emission

wavelength at 535 nm.

Enzyme assays

Carboxymethyl cellulose (CMC) was obtained from Sigma and used as a
substrate. Phosphoric acid swollen cellulose (PASC) was prepared from Avicel PH101
(Sigma) according to the method of Walseth (1952). Enzyme activity was assayed in the
presence of a 0.3% (wt/vol) concentration of cellulose at 30°C in 20 mM Tris-HCI buffer
(pH 6.0). Samples were collected periodically and immediately mixed with 3 mL of DNS
reagents (10 g/L dinitrosalicylic acid, 10 g/L sodium hydroxide, 2 g/L phenol, 0.5 g/L

sodium sulfite). After incubating at 95°C for 10 minutes, 1 mL of 40% Rochelle salts was
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added to fix the color before measuring the absorbance of the supernatants at 575 nm.

Glucose concentration was determined using a glucose HK assay kit from Sigma.

Fermentation

Fermentation was conducted anaerobically at 30°C. Briefly, yeast cells were
washed once with buffer containing 50 mM Tris-HCI, pH 8.0, 100 mM NacCl, and 10 mM
CaCl2 and resuspended in SDC medium containing 6.7 g/L yeast nitrogen base without
amino acids, 20 g/L casamino acids, and 10 g/L PASC as the sole carbon source.
Reducing sugars and glucose concentration were measured by the methods described
above. The amount of residual cellulose was measured by the phenol-sulfuric acid
method as described by Dubois et al. (1956). Ethanol concentration was measured by the
gas chromatography (model 6890, Hewlett Packard, USA) using a flame ionization

detector and HP-FFTP column.
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RESULTS
Functional display of mini-scaffoldins on yeast surface

Previously, several highly synergistic designer mini-cellulosomes that are able to
hydrolyze cellulose up to 6-fold faster than free enzymes were created (Fierobe et al.,
2005). We reasoned that significant improvements in both cellulose hydrolysis and
ethanol production can be achieved if a similar mini-cellulosome can be assembled onto
the yeast surface. A plasmid coding for a trifunctional scaffoldin (Scaf-ctf) consisting of
an internal CBD flanked by three divergent cohesin domains from C. thermocellum (T),
C. cellulolyticum (C) and R. flavefaciens (F) (Figure 2.1) was created for surface display.
To further demonstrate the specificity among the different dockerin/cohesion pairs, two
smaller scaffoldins, Scaf-c containing a cohesin domain from C. cellulolyticum followed
by a CBD, and Scaf-ct containing an additional cohesin domain from C. thermocellum at
the C-terminus of the CBD were generated (Figure 2.1). The different scaffoldins were
displayed onto the yeast surface using the glycosylphosphatidylinositol (GPI)-anchor
(Boder and Wittrup, 1997) linked at the N-terminal side of the scaffoldins. A c-Myc tag
was added to the C-terminus of all the scaffoldins to allow detection using anti-c-Myc
serum.

To probe the surface localization of the scaffoldin, immunofluorescent labeling of
cells was carried out using anti-c-Myc serum and Alexa 488 conjugated goat anti-mouse
IgG. Cells displaying the scaffoldin domains were brightly fluorescence (Figure 2.2A),

while no fluorescence was observed for the control yeast cells (EBY100). Since
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monoclonal antibodies are not able to penetrate the cell wall, the fluorescence images

confirmed that the scaffoldins are displayed on the cell surface.

Functionality of the displayed scaffoldins

To investigate the functionality of the displayed scaffoldins, an exoglucanase
(CelE) from C. cellulolyticum fused with a dockerin domain from the same species (Ec),
an endoglucanase (CelG) from C. cellulolyticum fused with a dockerin domain from R.
flavefaciens (Gf), and an endoglucanase (CelA) fused with a dockerin domain from C.
thermocellum (At). A His6 tag was added to the C-terminus of all the dockerin domains
for detection of the assembly. Cells displaying scaffoldins on the surface were incubated
directly with E. coli cell lysates containing At, Ec, or Gf for 1 h to form the cellulosome
complex. Presence of each cellulase-dockerin pair on cells displaying Scaf-ctf was
confirmed by immunofluorescence microscopy using the anti-His6 antibody (Figure.
2.2B).

To demonstrate the specificity of different cohesin/dockerin pairs, similar
experiments were performed with cells displaying either Scaf-ct or Scaf-c. For Scaf-ct
displaying cells, fluorescence was detected only in the presence of Ec or At, whereas
incubation with Gf did not result in any detectable fluorescence (Figure 2.2C). Similarly,
for Scaf-c displaying cells, fluorescence was only observed in the presence of Ec (Figure
2.2D). These results confirm that the specificity of the cohesins is preserved even when
displayed on the surface as only the corresponding dockerin-tagged enzymes are

assembled correctly.
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Functionality of the displayed mini-cellulosomes

To demonstrate the functionality of the assembled mini-cellulosomes, cells
expressing scaf-ctf were first saturated with different combinations of Ec, At, and/or Gf.
As depicted in Figure 2.3, a similar level of fluorescence was detected from the c-Myc
tag and His6 tag when only one dockerin-tagged enzyme was added indicating the correct
1:1 binding between the cohesin/dockerin pairs. More importantly, a corresponding
increase in the fluorescent intensity was observed when an increasing number of enzymes
were docked onto scaf-ctf. This result confirms that the correct 1:1 binding ratio between
each dockerin/cohesin pair was preserved even when assembled into a three-enzyme
mini-cellulosome on the cell surface (Figure 2.3).

Engineered yeast cells docked with different combination of cellulases were used
to further examine the functionality for cellulose hydrolysis. Cells were resuspended in
Tris buffer containing carboxymethyl cellulose (CMC) and the rate of reducing sugar
production was determined. As shown in Figure 2.4, cells with any one of the three
cellulases docked on the surface showed visible differences in cellulose hydrolysis than
the control. Among them, At had the highest rate of hydrolysis, followed by Gf, and Ec, a
trend consistent with the relatively low activity of the exoglucanase CelE on CMC
(Gaudinet al., 2000). The rate of CMC hydrolysis increased in an additive fashion when
two of the cellulases were docked on the surface, and the fastest rate of hydrolysis was

observed when all three cellulases were assembled. The additive effect on CMC

47



hydrolysis confirms that the recruitment of cellulases into the displayed scafoldin has

very minimum effect on their individual functionality.

Synergistic effect of displayed mini-cellulosomes

The synergistic effect on cellulose hydrolysis is the most intriguing property of
naturally occurring cellulosomes. To test whether the synergistic effect of the mini-
cellulosome structure was preserved when displayed on the yeast surface, avicel
hydrolysis was compared with purified cellulases. In this case, the amount of each
cellulase docked onto scaf-ctf was first determined from the binding experiments. These
pre-determined amounts of cellulases were then mixed together and the hydrolysis of
avicel using the cellulase mixture was compared with whole cells displaying the
functional cellulosome containing the same amount of each cellulase. As shown in Table
2.2, the level of reducing sugar production was consistently higher for cells displaying
the cellulosome, confirming that synergy was indeed maintained (Fierobe et al., 2005).
More importantly, the level of synergy increased from 1.62 to 2.44 when the number of
cellulases recruited in the mini-cellulosome system increased from one to three. This
result suggests the potential to further enhance cellulose hydrolysis by increasing the

number of displayed cellulases.

Incorporation of B-glucosidase into the mini-cellulosome
Since S. cerevisiae is unable to transport and utilize oligosaccharides, directing

the complete hydrolysis of cellulose to glucose is essential. To achieve this goal, a B-
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glucosidase (BglA) from C. thermocellum tagged with the dockerin from R. flavefaciens
was constructed. Figure 2.5 shows the time course of reducing sugar and glucose released
from PASC using different enzyme combinations docked onto the cell surface. Although
over 40% of the PASC was hydrolyzed in the presence of the endoglucanase At, less than
25% of the reducing sugar was further hydrolyzed to glucose. In comparison, presence of
the exoglucanase Ec not only enhanced reducing sugar production but also increased
glucose production by 3-fold. The addition of BglA further improved the rate of glucose
liberation although no difference in reducing sugar formation was observed. This result is
very significant as we demonstrated, for the first time, that a functional mini-cellulosome
containing all three exoglucanase, endoglucanase, and B-glucosidase activities can be
successfully assembled on the surface of a heterologous host. Our result also confirms the
important role of B-glucosidase in achieving a higher conversion of cellulose to glucose.
More importantly, the displayed mini-cellulosome exhibited significant synergy in both
reducing sugar and glucose liberation when compared to free enzymes. It should be
noted that the modest improvement in glucose formation by BglA is the result of glucose
inhibition, a known behavior for many B-glucosidase including BglA (Demain et al.,

2005, Wong, 1995).

Direct fermentation of amorphous cellulose to ethanol
The ability of ethanol fermentation from PASC was examined by using the
scaffoldin-displaying strains docked with different cellulases. As shown in Figure 5.6, the

increase in ethanol production was accompanied by a concomitant decrease in the total
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sugar concentration. The level of ethanol production and PASC hydrolysis were directly
correlated to the number of cellulases docked onto the surface. The maximum ethanol
production for cells displaying At, Ec, and BglA was 3.5 g/L after 48 h. This corresponds
to 95% of the theoretical ethanol yield at 0.49 g ethanol/g sugar consumed. Moreover, the
glucose concentrations during the fermentation were below the detection limit. This
indicates all the glucose produced was quickly consumed, resulting in no detectable
glucose accumulation in the medium. The level of ethanol production for cells displaying
all three cellulases was higher than cells displaying only At and Ec, again confirming the
importance of B-glucosidase in the overall cellulose to ethanol conversion. More
importantly, the synergistic effect of the mini-cellulsome was also observed as the
ethanol production was more than 3-fold lower from a culture using the same amounts of

purified At, Ec, and BglA added to the medium.
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DISCUSSION

Biomass represents an inexpensive feedstock for sustainable bioethanol
production. Among the three biological events occurred during conversion of cellulose to
ethanol: enzyme production, polysaccharide hydrolysis and sugars fermentation, cellulose
hydrolysis is widely recognized as the key step to make bioconversion economically
competitive (Lynd et al., 2008). In addition, it is believed that significant cost reduction
can be achieved when two or more steps are combined, such as in CBP (Lynd et al.,
2005). To achieve this goal, we demonstrated the functional assembly of a
minicellulosome on the yeast surface to render the ethanologenic microbe cellulolytic.

First, a chimeric minicellulosome containing three dockerin/cohesin pairs from
different species was assembled on the yeast surface. Although similar minicellulosomes
have been shown to hydrolyze cellulose with high synergy in vitro (Fierobe et al., 2005),
successful demonstration for in vivo systems has never been achieved. Immuno-
fluorescence microscopy showed the successful translocation of the mini-scaffoldin on
the yeast surface, and the functionality of the cohesin domains were retained by
observing the successful assembly of the corresponding dockerin-tagged cellulases. Since
the specificity of the dockerin/cohesin pairs is preserved, suggesting that it may be
possible to direct any enzymatic subunit to a specified position within a modular
scaffoldin by tagging with the designated dockerin.

Another interesting property for using cellulosome is its synergistic effect on
cellulose hydrolysis comparing with free enzymes. Recent studies (Fierobe et al., 2002;

Bayer et al., 2007) suggest that the close proximity and ordering of the enzyme
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components appear to be the key. In the present study, the displayed mini-cellulosme
retained this key characteristic. Interestingly, the level of synergy increased with an
increasing number of cellulases docked onto the surface. Cha and colleagues tested the
effect of multiple copies of cohesin on the cellulase activities of different mini-
cellulosomes, and reported an increase in synergy with increasing numbers of cohesins
(Cha et al.,, 2007). This synergistic effect was preserved even when a new mini-
cellulosome composed of a p-glucosidase BglA, an endogluocanase At and an
exogluconanase Ec was assembled on the yeast surface.

To further demonstrate the superiority of using the displayed cellulosome for
ethanol production, cellulose hydrolysis and ethanol production was tested using both
free enzymes and displayed minicellulosomes. Independent of the number of cellulases
incorporated in the minicellulosome, similar levels of enhancement in cellulose
hydrolysis as well as ethanol production were detected. The ethanol production, in
particular, was more than 2.6-fold higher than the culture when all three cellulases were
added as free enzymes. This when combined with the close to 95% theoretical ethanol
yield make this an efficient process for direct fermentation of cellulose to ethanol.

In conclusion, a minicellulosome composed of exoglucanase, endoglucanase, and
B-glucosidase activities was successfully assembled on the yeast surface for the first time.
The possibility of displaying enzymes based on the interaction between a displayed
anchoring domain and secreted enzymes has recently been reported (Ito et al., 2009). We
are currently working on secreting all three cellulases into the medium to enable their

direct assembly into a functional minicellulosomes on the yeast surface.
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Table 2.1. Scaffoldins and dockerin-tagged cellulases used in this study

Protein name Description (from N terminus to C terminus)  Host cell Tag

Scaf-c Scaffoldin containing a cohesin from C. S. cerevisiae c-Myc
cellulolyticum followed by a CBD

Scaf-ct Scaffoldin containing a cohesin from C. S. cerevisiae c-Myc
cellulolyticum followed by a CBD followed by
a second cohesin from C. thermocellum

Scaf-ctf Scaffoldin containing a cohesin from C. S. cerevisiae c-Myc
cellulolyticum followed by a CBD followed by
a second cohesin from C. thermocellum and a
third cohesin from R. flavefaciens

At Endoglucanase CelA from C. thermocellum E. coli c-His6
fused with its native dockerin

Ec Exoglucanase CelE from C. cellulolyticum E. coli c-His6
fused with its native dockerin

Gf Endoglucanase CelG from C. cellulolyticum E. coli c-His6
fused with a dockerin from R. flavefaciens

BglA B-Glucosidase BglA from C. thermocellum E. coli c-His6

fused with a dockerin from R. flavefaciens
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Table 2.2. Amount of reducing sugars released from Avicel after 24 h of incubation at
30°C either by cells displaying cellulosomes or by the same amount of free enzymes®.

Reducing sugars (mg/liter) released from:

Cellulase (s) Degree of synergy
cellulosome Free enzymes
At 46.1 28.3 1.62
At+Ec 80.1 37.6 2.13
At+Ec+Gf 132.3 54.2 2.44

# Reactions were conducted either with different cellulase pairs (CelE-Dc [Ec], CelA-Dt
[At], or CelG-Df [Gf]) docked on the displayed Scaf-ctf or with the corresponding
purified cellulases. The degree of synergy is defined as the amount of sugar released from

the cellulosome over the amount of sugar released from free enzymes.
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Figure 2.1. Functional assembly of minicellulosomes on the yeast cell surface. A
trifunctional scaffoldin (Scaf-ctf) consisting of an internal CBD flanked by three
divergent cohesin (C) domains from C. thermocellum (t), C. cellulolyticum (c), and R.
flavefaciens (f) was displayed on the yeast cell surface. Three different cellulases (E1, E2,
and E3) fused with the corresponding dockerin domain (either Dt, Dc, or Df) were
expressed in E. coli. Cell lysates containing these cellulases were mixed with yeast cells

displaying Scaf-ctf for the functional assembly of the minicellulosome.
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Figure 2.2. Phase-contrast and immunofluorescence micrographs of yeast cells
displaying minicellulosomes. (A) Cells displaying either scaffoldin Scaf-c, Sacf-ct, or
Sacf-ctf. Functional assembly of three dockerin-tagged cellulases (CelE-Dc [Ec], CelA-
Dt [At], or CelG-Df [Gf]) on cells displaying (B) Sacf-ctf, (C) Sacf-ct, or (D) Scaf-c.
Cells were probed with either anti-c-Myc or anti-c-His6 serum and fluorescently stained
with a goat anti-mouse 1gG conjugated with Alexa Fluor 488. Cells displaying only the

scaffoldins were used as controls.
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Figure 2.3. Fluorescence intensity of cells either displaying scaffoldin Sacf-ctf or with
different combinations of dockerin-tagged cellulases (At [A], Ec [E], and Gf [G]) docked
on the displayed Sacf-ctf. Cells were probed with either anti-c-Myc or anti-c-His6 serum
and fluorescently stained with goat anti-mouse IgG conjugated with Alexa Fluor 488.
Whole-cell fluorescence was determined with a fluorescence microplate reader. Cells

displaying only Scaf-ctf were used as controls. RFU, relative fluorescence units.
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Figure 2.4. Whole-cell hydrolysis of CMC by different cellulase pairs (CelE-Dc [Ec],
CelA-Dt [At], or CelG-Df [Gf]) docked on the displayed Scaf-ctf protein. Cells

displaying only Scaf-ctf were used as controls.
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Figure 2.5. Production of glucose (A) and reducing sugars (B) from the hydrolysis of
PASC by free enzymes and by surface-displayed cellulosomes. Reactions were
conducted either with different cellulase pairs (CelE-Dc [Ec], CelA-Dt [At], or B-
glucosidase-Df [BglA]) docked on the displayed Scaf-ctf protein or with the

corresponding purified cellulases. Cells displaying only Scaf-ctf were used as controls.
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Figure 2.6. Time profiles of ethanol production (A) and cellulose hydrolysis (B) from
PASC by control strain EBY 100 plus free enzymes and yeast cells displaying functional
cellulosomes. Fermentations were conducted either with different cellulase pairs (CelE-

Dc [Ec], CelA-Dt [At], or B-glucosidase-Df [BglA]) docked on cells displaying Scaf-ctf

or with control strain EBY100 plus the corresponding purified cellulases.
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CHAPTER 3

Surface display of a functional mini-cellulosome by intracellular complementation

using a synthetic yeast consortium:

Application for cellulose hydrolysisand ethanol production

67



ABSTRACT

In this chapter, we report the surface assembly of a functional minicellulosome by
using a synthetic yeast consortium. The basic design of the consortium consisted of four
different engineered yeast strains capable of either displaying a trifunctional scaffoldin,
Scaf-ctf (SC), carrying three divergent cohesin domains from Clostridium thermocellum
(t), Clostridium cellulolyticum (c), and Ruminococcus flavefaciens (f), or secreting one of
the three corresponding dockerin-tagged cellulases (endoglucanase [AT], exoglucanase
[EC/CB], or B-glucosidase [BF]). The secreted cellulases were docked onto the displayed
Scaf-ctf in a highly organized manner based on the specific interaction of the three
cohesin-dockerin pairs employed, resulting in the assembly of a functional
minicellulosome on the yeast surface. The results obtained from resting cell assay gave
the final ethanol yield of 0.43 g of ethanol/g of cellulose consumed, which is
corresponded to 83% of the theoretical value. We further tested the capability of the
synthetic consortium for simultaneous growth and ethanol production from cellulose
hydrolysis in an anaerobic setting. The final ethanol production of 1.4 g/L corresponded
to 80% of the theoretical value and was 1.8-fold higher than a similar yeast consortium
secreting only the three cellulases. This result confirms the use of a synthetic biology
approach for the synergistic saccharification and fermentation of cellulose to ethanol by

using a yeast consortium displaying a functional minicellulosome.
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INTRODUCTION

According to the new Energy Policy Act, several billion gallons of renewable fuel
must be produced by 2012, with most of that volume produced as biofuels from
renewable biomass. Cellulosic biomass is the most abundant and sustainable material for
biofuel production because of its high sugar content. It has been estimated that 1.4 billion
tons of cellulosic biomass can be produced annually in the United States without
affecting the food supply, animal feed, and fiber use (Perlack et al., 2005). Ethanol is
useful as an alternative transportation fuel and could lessen the nation's dependence on
foreign oil (Lynd et al., 2005).

Unfortunately, cost-effective production of ethanol from cellulosic biomass
remains a major challenge, primarily due to its highly recalcitrant nature (Himmel et al.,
2007). Typically, the synergistic actions of endoglucanase, exoglucanase, and [3-
glucosidase are required for the complete hydrolysis of cellulose to glucose. The high
cost associated with the use of a large quantity of enzymes required for efficient biomass
conversion to fermentable sugars is a primary impeding factor. While the cost of ethanol
production has become more competitive by combining cellulose saccharification and
fermentation (SSCF), a new method known as consolidated bioprocessing (CBP), which
further combines enzyme production with SSCF into a single process, has gained
increasing recognition as a potential solution for the low-cost production of ethanol
(Lynd et al., 2008). However, a natural microorganism that possesses the capability for
efficient enzyme production, cellulose saccharification, and ethanol fermentation remains

elusive (Zhang et al., 2005). In recent years, efforts have been made in engineering
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microorganisms toward the goal of consolidated bioprocessing (Den Haan et al., 2007).
In particular, Saccharomyces cerevisiae is an attractive engineering candidate due to its
high ethanol productivity and high inherent ethanol tolerance (Nevoigt, 2008). However,
many past attempts based on either secretion of cellulases or surface display of cellulases
have resulted in relative low ethanol productivity (Cho et al., 1999; Curry et al., 1988;
Fujita et al., 2002 and 2004).

In nature, anaerobic microorganisms have developed an elaborate enzyme
complex known as cellulosome for efficient hydrolysis of cellulose. This highly ordered
structure allows the assembly of multiple enzymes in close proximity to the substrate,
resulting in a high level of enzyme-substrate-microbe synergy (Fierobe et al., 2005). Our
group reported recently the functional assembly of minicellulosomes on the yeast surface
and demonstrated an up-to-3-fold increase in ethanol production from phosphoric acid-
swollen cellulose (PASC) compared with free enzymes (Tsai et al., 2009). A similar
enhancement in ethanol production has also been reported by the Zhao group, who used
an engineered yeast strain coexpressing a displayed miniscaffoldin and three different
cellulases (Wen et al., 2010). However, coexpression of all four components in a single
strain resulted in relatively low levels of exoglucanase and f-glucosidase, probably due to
the heavy metabolic burden and potential jamming of the secretion machinery. To
address these issues, we report here the use of a synthetic yeast consortium composed of
one strain displaying the miniscaffoldin and three strains secreting dockerin-tagged

cellulases for the functional presentation of minicellulosomes on the yeast surface (Figure
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3.1) and investigate the capability of the synthetic consortium toward direct ethanol

production and cell growth under anaerobic fermentation.
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MATERIALS AND METHODS
Strains and media

Escherichia coli strain JM109 [recAl endA1 supE44 hsdR17 gyrA96 thi relA1 A—
A(lac-proAB) (F' traD36 proAB laclq lacZAM15)] was used as a host for recombinant
DNA manipulation. S. cerevisiae strain EBY100 (MATa AGA1::GAL1-AGAL::URA3
ura3-52 trpl leu2Al his3A200 pep4::HIS3 prblA1.6R canl GAL) was used for
displaying the scaffoldin and the secretion of B-glucosidase. S. cerevisiae strain BY4742
(MATa his3A1 leu2A0 1ys2A0 ura3A0) was used for secretion of the remaining enzymes
and cinstitutively displaying of the scaffoldin. E. coli strains were grown in LB medium
(1% tryptone, 0.5% yeast extract, 1% NaCl) with 100 pg/liter of ampicillin when required.
Except for the consortium experiments, yeast strains were either grown in YPD medium
(2% dextrose, 1% yeast extract, 2% peptone) or SDC medium (2% glucose, 0.67% yeast
nitrogen base, 0.5% Casamino Acids). The filamentous fungus Trichoderma reesei used
for mRNA extraction was cultured in potato dextrose agar medium (Difco Laboratories)

containing 0.4% potato starch, 2% glucose, and 2% agar at 25°C.

Plasmid construction and transformation

Primers used for plasmid construction are provided in Table 3.1 of the
supplemental material. Construction of the surface display vector pSctf was previously
described (Tsai et al., 2009). To construct the secretion plasmid pAt, a 1,338-bp fragment
of the Clostridium thermocellum endoglucanase CelA gene was amplified by PCR using

FAt and RALt as primers and the vector pETAL as the template. The amplified fragment
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was cloned into the Clal and Xhol sites of plasmid pCEL15 (Moses et al., 2005) under
the control of a constitutive PGK promoter. Plasmid pEc, encoding a His6-tagged
exoglucanase (CelE) from Clostridium cellulolyticum, was generated by PCR from
pETEc (Gaudin et al., 2000) using primers FEc and REc. The amplified fragment was
cloned into Clal-Xhol-linearized plasmid pCEL15 to obtain pEc. The secretion vector
pCBH2c was constructed using a two-step procedure. First, the dockerin domain of C.
cellulolyticum was amplified by PCR using primers FDc and RDc and ligated into the
Bglll and Xhol sites of pCEL15 to form pDc. The gene coding for the cellobiohydrolase
CBHIl was amplified from the total RNA extracted from T. reesei by reverse
transcription-PCR using primers FCBH2 and RCBH2. The resulting product was
digested and ligated into the Clal and BamHI sites of pDc to form pCBHZ2c. To generate
plasmid pBGLf, the Ruminococcus flavefaciens dockerin domain amplified from pETGf
(Fierobe et al., 2005) using primers FDf and RDf was ligated into pBGL encoding a B-
glucosidase gene from Thermoascus aurantiacus (Hong et al., 2007).

Plasmid pAGa-Sctf used for constitutively displaying the trifunctional
miniscaffoldin the yeast cell surface was constructed as described below. The Scaf-ctf
fragment, consisting of three different cohesins from C. cellulolyticum, C. thermocellum
and R. flavefaciens and a cellulose binding module (CBM), was amplified from the
plasmid pSctf (Tsai et al., 2009) by PCR using primers FSctf and RSctf. The resulting
fragment (2046 bps) was digested with Xbal and Sall and cloned into the Xbal and Sall
sites of a multiple copy surface-display vector pSSAGa, which consisted of the yeast 3-

phosphoglycerate kinase (PGK1) promoter, the secretion signal of Rhizopus oryzae
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amylase, a C-myc tag, the C-terminus a-agglutinin gene AGoal and the PGK1 terOminator.
All yeast transformations were performed according to the standard lithium acetate
procedure as described elsewhere (Ausubel et al., 1994). All the recombinant strains used

in this research are summarized in Table 3.2.

Development of synthetic consortia

Yeast strains EBY100 harboring either pSctf or pBGLTf (carrying a Trpl marker)
and BY4742 harboring either pCEL15, pAt, pCBH2c, or pEc (carrying a URA3 marker)
were first precultured in SDC medium at 30°C for 18 h. For coculturing of the synthetic
consortia, the initial strains were mixed to the desired ratio into 200 ml SGC medium
(20.0 g/liter galactose, 6.7 g/liter yeast nitrogen base without amino acids, 5.0 g/liter
Casamino Acids) supplemented with 10 mM CaCl2 to an optical density at 600 nm

(OD600) of 1 and grown for 48 h at 20°C.

Resting cell assays

For the resting cell assays, PASC was prepared from Avicel PH101 (Sigma)
according to the method of Walseth (Walseth, 1952) and used as the substrate. Cells from
the different consortia were first washed once with buffer containing 50 mM Tris-HCI
(pH 8.0), 100 mM NaCl, and 10 mM CaCl2 and resuspended in 20 mM Tris-HCI buffer
(pH 6.0) supplemented with 10 mM CaCl2 and 10 g/liter PASC to a final OD of 50.
Samples were collected periodically and immediately mixed with 3 ml of DNS reagent

(10 g/liter dinitrosalicylic acid, 10 g/liter sodium hydroxide, 2 g/liter phenol, 0.5 g/liter
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sodium sulfite) to determine the level of reducing sugar. After incubating at 95°C for 10
min, 1 ml of 40% Rochelle salts was added to fix the color before measuring the
absorbance of the supernatants at 575 nm. The glucose concentration was determined

using a glucose HK assay kit from Sigma.

Fermentation by pregrown cells

Cells from the different consortia were washed and resuspended in 10 ml SDC
medium containing 6.7 g/liter yeast nitrogen base without amino acids, 20 g/liter
Casamino Acids, and 10 g/liter PASC as the sole carbon source to a final OD of 50 or 15
mg (cell dry weight)/ml deducing sugars, and glucose concentrations were measured by
the methods described above. The amount of residual cellulose was measured by the
phenol-sulfuric acid method as described by Dubois et al. (1956). The ethanol
concentration was measured by gas chromatography (model 6890; Hewlett Packard)

using a flame ionization detector and an HP-FFTP column.

Simultanious ethanol production and cell growth under anaerobic fermentation
Different consortia were grown in rubber stoppered glass serum bottles containing
SC-PASC medium (6.7 g/l yeast nitrogen base w/o amino acids, 20 g/l casamino acids,
and 10 g/l PASC supplemented with 10 mM CaCl2, 0.01 g/l ergosterol and 0.42 g/l tween
80). Precultures of each yeast population were grown separately in SDC media (20 g/l
glucose, 6.7 g/l yeast nitrogen base, 5 g/l casamino acids), harvested, and washed with

steriled water to prevent media carry over. For co-culturing of the synthetic consortia,
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each strain was mixed equally to a total optical density of 0.5. Samples were collected
periodically through a capped syringe needle pierced through the bottle stopper (Tsai et
al., 2009). Yeast cells in fermentation media were counted in triplicate on SDC plates by

the plate count method.

Immunofluorescence microscopy

Immunofluorescence microscopy was performed as described previously (Tsai et
al., 2009). Briefly, cells were washed with phosphate-buffered saline (PBS) and
resuspended in PBS containing 1 mg/ml of bovine serum albumin (BSA). Either anti-
His6 or anti-Myc antibody was added and incubated for 1 h with occasional mixing.
Alexa Fluor 488-conjugated anti-mouse 1gG was added after washing and resuspending
in PBS with 1 mg/ml of BSA. Images were acquired by using a fluorescence microscope
(Olympus BX51) after washing with PBS three times. Whole-cell fluorescence was
measured using a fluorescence microplate reader (Synergy4; BioTek, VT) with an

excitation wavelength at 485 nm and an emission wavelength at 535 nm.

Enzyme activity assay

To assay the functional secretion of [-glucosidase, 100 pl of a 10 mM
concentration of the fluorescent substrate p-4-methylumbellifery-p-d-glucopyranoside
was added to 100 pl of culture medium and incubated at 37°C for 1 h. The activity was
confirmed by detecting the fluorescence under UV light. To test the successful secretion

of functional AT, EC, and CBHC in the medium, a modified Congo red staining method
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was employed (Thu et al., 2008). Briefly, carboxymethyl cellulose (CMC) was added to
100 pl of culture medium to a concentration of 1% and incubated at 37°C for 2 h.
Thereafter, 20 ul of Congo red solution (0.1% Congo red in 50 mM potassium phosphate
buffer [pH 6.5]) was used for staining. The culture medium from BY4742/pCEL15 was

used as a negative control in all cases.
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RESULTS
Secretion of dockerin-tagged endoglucanase, exoglucanase, and B-glucosidase.

To enable the complete hydrolysis of cellulose to glucose, three different yeast
strains were engineered to secrete either an endoglucanase CelA from C. thermocellum
(A), an exoglucanase CelE from C. cellulolyticum (E), or B-glucosidase Bgll from
Thermoascus aurantiacus (Bgl). For specific docking of secreted enzymes onto the
surface display miniscaffoldin (Scaf-ctf), three different dockerins from C. thermocellum
(t), C. cellulolyticum (c), and R. flavefaciens (f) were used to generate dockerin-tagged
enzymes, resulting in At, Ec, and Bglf, respectively. All three dockerin-tagged enzymes
were secreted using an a-factor secretion peptide and flanked by a His6 tag.

To examine the functional secretion of At, the culture medium for BY4742/pAt
was introduced into a 1% CMC solution for 2 h and stained with Congo red. A clear color
change from red to yellow confirmed At activity (Figure 3.2A), while no color change
was observed with the culture medium of cells displaying Scaf-ctf. In addition,
functionality of the dockerin domain in At was confirmed by incubating the culture
medium with cells displaying Scaf-ctf, followed by immunofluorescence microscopy
using the anti-His6 antibody (Figure 3.2B). Similarly, the activity of secreted Ec was
confirmed by observing a color change from red to orange with the Congo red assay
(Figure 3.2C). Secretion of Bglf was confirmed by detecting a strong fluorescence signal
upon addition of the fluorescent substrate p-4-methylumbellifery-p-d-glucopyranoside to
the culture medium of EBY100/pBGLf (Figure 3.2E). Moreover, detectable fluorescence

was observed on the Scaf-ctf-displaying cells only after incubation with the culture
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medium of either BY4742/pEc or EBY100/pBGLf, again confirming the functionality of
the dockerin domains of the two secreted enzymes (Figure 3.2D and 3.2F). Collectively,
these results confirmed the successful secretion of functional dockerin-tagged enzymes
from the three engineered yeast strains.

Functional assembly of each enzyme onto the surface-displayed scaffoldin.With
the successful secretion of all dockerin-tagged enzymes, the feasibility of recruiting these
engineered yeast strains into a synthetic consortium system was examined. For the initial
experiments, four different consortia with different cell populations—a strain displaying
Scaf-ctf (SC), a strain carrying pCEL15 (CE) as a nonsecretion control, an At-secreting
strain (AT), an Ec-secreting strain (EC), and a Bglf-secreting strain (BF)—were created
to test the ability of the consortia to hydrolyze PASC and to produce ethanol. By
exploiting the specific interactions of the different dockerin-cohesin pairs, we expected
the spontaneous self-assembly of a functional minicellulosome onto the displayed Scaf-
ctf. All consortia developed are listed in Table 3.3.

Different populations of cells were cocultured, washed, and resuspended in SDC
medium to a final OD of 50. As shown in Figure 3.3A, the consortium composed of SC,
CE, and AT (C2) showed a noticeable increase in ethanol production compared to the
control consortium (SC and CE) secreting no enzyme (C1). This result clearly suggests
the functional assembly of secreted At onto the displayed Scaf-ctf, as demonstrated by
the ability to hydrolyze PACS and subsequent ethanol production. The surface assembly
of At was further verified by immunofluorescence microscopy using both anti-C-myc and

anti-His antibodies (Figure 3.4B). While the fluorescent intensity detected for the C-myc
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tag was similar between the two consortia (C1 and C2), only the consortium containing
AT (C2) showed an appreciable level of His tag fluorescence, confirming the docking of
secreted At onto the surface-displayed Scaf-ctf.

Consistent with the expected enhancement in glucose liberation by the addition of
exoglucanase, ethanol production (Figure 3.3A) was slightly increased for the consortium
containing both AT and EC (C3). However, a further 3-fold increase in ethanol
production was observed for the consortium (C4) containing all the functional
populations (SC, AT, EC, and BF) required to assemble the trifunctional minicellulosome
(Figure 3.3A). This increase in ethanol production was expected, as the presence of 3-
glucosidase is essential for complete hydrolysis of cellulose into glucose. By probing the
His tag from each secreted cellulase, the level of enzyme incorporation onto the surface
for different consortia could be directly assessed using whole-cell fluorescence
measurements. Although the incorporation of secreted Ec (C3) and Bglf (C4) was
confirmed by an increase in the His tag fluorescence intensity, the level of Ec
incorporation was substantially lower than that of At or Bglf (Figure 3.3B). This low
level of Ec incorporation is consistent with the modest increase in ethanol production,
suggesting that the efficiency of the consortium could be further improved by increasing
the exoglucanase activity.

One major benefit of the consortium system is our ability to modulate any given
population without affecting the other cell populations. To test this hypothesis, a
cellobiohydrolase/exoglucanase CBHII from T. reesei (CBH), which has been shown to

have high-level secretion in S. cerevisiae (Penttila et al., 1988), was tagged with the C.
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cellulolyticum dockerin domain (CBHc) and functionally secreted from strain BY4742
(CB). As shown in Figure 3.3B, compared to the consortium with EC (C4), the new
consortia (C5 and C6) using CB showed a higher level of His tag fluorescence intensity,
indicating the improved docking level of CBHc. This enhanced level of CBHc docking
was accompanied by a corresponding increase in PASC hydrolysis and ethanol
production (Figure 3.3C). An ethanol level of 930 mg/liter was achieved after 50 h,
which corresponds to 83% of the theoretical value (0.43 g of ethanol/g of cellulose).
These results confirm the cooperative action between each population in the consortium
and the capabilities of the surface-assembled minicellulosomes for cellulosic ethanol

production.

Simultanious ethanol production and cell growth under anaerobic fermentation

To enable the direct growth and ethanol production on PASC by the synthetic
yeast consortium, the Agal-Aga2 anchor system used in the previous study (Tsai et al.,
2009) which required galactose for induced expression was replaced by a constitutively
expressed Agal anchor system using a strong PGK promoter (Figure 3.4A). To
demonstrate the display of Scaf-ctf, immunofluorescence assays were carried out using
the anti C-myc antibody (Fig. 3.4B). The fluorescence signal detected on the yeast cell
surface comfirmed the correct expression and translocation of the miniscaffoldin.

The ability of the consortium to grow and produce ethanol directly from PASC
was investigated. In addition to the newly constructed strain displaying Scaf-ctf (SCC)

under a constitutive promoter, the three strains secreting either an endoglucanase (AT),
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an exoglucanase (CB) or a -glucosidase (BF) tagged with a different dockerin domain
and flanked by a His6 tag were used in the consortium. Different yeast strains were
initially grown separately in SDC medium overnight and then mixed equally to a total
initial cell density of ~5x10° cell/ml to form the functional consortium (C7). A strain
carrying the plasmid pCEL15 (CE) with no heterogenous protein expression was used as
a control population. To compare the performance, another consortium composed of
cellulase secreting cells (AT/CB/BF) and CE (C8) was used.

An initial glucose concentration of 1 g/L was added to allow the synthesis and
assembly of the cellulosome structure. For the consortium C1 containing only SC, no
appreciable level of cell growth and PASC degradation was observed; only the added
glucose was converted to ethanol (Figure 3. 5A and 3.5B). In comparison, a significant
level of cell growth was observed for the consortium C7 containing the functionally
displayed cellulosome, and only minimum growth was detected for the consortium C8
secreting only cellulases (Figure 3.5A). The enhancement in cell growth was also
reflected in both PASC degradation and ethanol production; the final ethanol level of
~1.4 g/L is 1.8-fold higher than the consortium secreting only cellulases (Figure 3. 5B
and 3.5C). The final ethanol yield of 0.39 g ethanol/g PASC is equivalent to 80% of the

theoretical value.
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DISCUSSION

Cellulose, a major component of the plant cell wall, is the most abundant
renewable carbon source in nature that can be enzymatically degraded for ethanol
production. However, the high cost of cellulases needed for complete hydrolysis is still
one of the major obstacles in the quest for an economically feasible cellulose-based
ethanol process (McBride et al., 2005). Cellulosome is a multicomponent enzyme
complex that has been extensively investigated in recent years because of its intriguing
potential in providing synergistic and highly efficient degradation of cellulose. Progress
has been made in engineering yeast cells to display minicellulosome structures, toward
the goal of CBP (Tsai et al., 2009; Wen et al., 2010). However, the two previous studies
based on either in vitro loading of enzymes or simultaneous display of scaffoldin and
secretion of cellulases in a single host cell presented problems. In the case of in vitro
enzyme loading, the process cannot truly be CBP because separate E. coli cultivations are
necessary. For the single host cell system, the inability to fine-tune levels of the three
cellulases resulted in a highly uneven distribution toward endoglucanase. As a result, a
substantially lower theoretical yield of 62% cellulose-to-ethanol conversion was obtained,
compared to over 95% in the case of in vitro enzyme loading.

To address these problems, we engineered a synthetic yeast consortium capable of
surface assembly of a functional minicellulosome via intracellular complementation. The
basic design consisted of four different engineered yeast strains capable of either
displaying the miniscaffoldin or secretion of one of the three required dockerin-tagged

enzymes (endoglucanase, exoglucanase, or B-glucosidase). There are several unique
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features of our consortium system. First, the dockerin-cohesin pairs used in the present
study are from three different species, which enable specific interactions between each
dockerin-tagged enzyme and the displayed miniscaffoldin, resulting in highly
controllable ordering of each enzyme in the minicellulosome structure. Second, by
exploiting the modular nature of each population to provide a unique building block for
the minicellulosome structure, the overall cellulosome assembly, cellulose hydrolysis,
and ethanol production can be easily improved simply by the replacement of populations
in the consortium. As a result, the improved consortium consisted the population
secreting the cellobiohydrolase CBHII produced almost twice the level of ethanol as the
consortium barely secreting the exoglucanase Ec.

To accomplish the goal of simultaneous cell growth and ethanol production on
cellulose, the yeast consortium was further manipulated to enable the constitutive
assembly of the minicellulsome on the yeast cell surface. The resulting consortium can
grow on cellulose and produce ethanol more efficiently than a similar consortium
secreting only cellulases because of the synergistic action on cellulose hydrolysis by the
mini-cellulosome structure.

To our knowledge, this is the first successful report of the site-specific display of
a multifunctional enzyme complex on the yeast surface through cooperative intracellular
complementation using a synthetic consortium. Even though the ethanol productivity got
in this research is much lower than required in practice (Zaldivar et al., 2001), our results
successfully demonstrated the concept of using a microbial consortium for the

simultaneous growth and ethanol production from cellulose. However, further
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improvements of the consortium system are required to significantly improve the overall
productivity. Furthermore, since our current study demonstrates the feasibility of
assembling a functional minicellulosome consisting of only three enzymes on the yeast
surface, there is no reason why other designer cellulosome structures cannot be similarly
assembled by coordinating the required intracellular complementation within the

consortium population.
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Table 3.1. Primers used in this study

Primer Sequence (Restriction sites are bold)

FAt GCATATCGATGCAGGTGTGCCTTTTAACACAAAATACCCC

RAt ATATCTCGAGCTAGTGGTGGTGGTGGTGGTGATAAGGTAGGTG
GGGTATGC

FEc GCATATCGATCTTGTTGGGGCAGGAGATTTGATTCGAAACC

REc GCATCTCGAGCTAGTGGTGGTGGTGGTGGTGCTGTGTGATTTTT
CCTAACAAGAATGAT

FCBH2 ATATATCGATCAAGCATGCTCAAGCGTCTGGGG

RCHB2 ATATGGATCCTGCAGGAACGATGGGTTTGCGTTTGTG

FDc ATATAGATCTGGATCCTTGGGTTAAGGGTTCAGGCTGG

RDc ATATCTCGAGTTAATGATGATGATGATGATGCTGTGTGATTTTT
CCTAACAAGAATGAT

FDf ATATTCTAGAGATGTTTCAAATAATGTTTACTATGTAAATGT

RDf TAATGGATCCTCAATGATGATGATGATGATGTTGAGGAAGTGT
GATGAGTTC

FSctf GCGCTCTAGAGGCGATTCTCTTAAAGTTACAGT

RSctf GCGCGTCGACCTTAACAATGATAGCGCCAT
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Table 3.2. Strains and plasmids used in this study

Host Promoter
Strain . Marker Description
Plasmid
Tag
CE BY4742 PGK Secretes a small peptide (negative control)
pCEL15 URA
HISs
AT BY4742 PGK Secretes endoglucanase At (CelA from C.
pAt URA thermocellum with its native dockerin)
HISs
EC BY4742 PGK Secretes exoglucanase Ec (CelE from C.
pEC URA cellulolyticum with its native dockerin)
HISs
CB BY4742 PGK Secretes cellobiohydrolase CBHc (CBHII
pCBH2c URA from T. reesei fused with a dockerin from C.
HISe cellulolyticum)
BF EBY100 GAP Secretes B-glucosidase Bglf (Bgll from T.
pBGLf TRP aurantiacus fused with a dockerin from R.
HISe flavefaciens )
sC EBY100 GAL Displays the mini-scaffoldin Sacf-ctf
pScaf3 TRP (Galactose induced expression)
C-myc
SCC BY4742 PGK Displays the mini-scaffoldin Sacf-ctf
pAGa-Sctf URA (Constitutive expression)
C-myc
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Table 3.3. Consortia generated in this study

Consortium Populations

Description

C1

C2

C3

C4

C5

C6

C7

C8

SC,CE,CE,CE

SC,AT,CE,CE

SC,AT,EC,CE

SC,AT,EC,BF

SC,AT,CB,CE

SC,AT,CB,BF

SCC,AT,CB,BF

CE, AT,CB,BF

A consortium without secreting any enzymes
(negative control)

A consortium forming a cellulosome structure
containing only endoglucanases

A consortium forming a cellulosome structure
containing endoglucanases,and exoglucanases

A consortium forming a cellulosome structure
containing endoglucanases,and exoglucanases and
B-glucosidase

A consortium forming a cellulosome structure
containing endoglucanases,and cellobiohydrolases

A consortium forming a cellulosome structure
containing endoglucanases,and cellobiohydrolases
and B-glucosidase

A consortium forming a cellulosome structure
containing endoglucanases,and cellobiohydrolases
and B-glucosidase (Constitutive expression)

A consortium only secreting the three enzymes:
endoglucanases,and cellobiohydrolases and [3-
glucosidase
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Exoglucanasewith dockerin
from C. cellulolyticum

r Endoglucanasewith dockerin

‘ AGA1 “ Cohesinfrom C. cellulolyticum

v Cohesinfrom C. thermocellum

from C. thermocelfum

C' Cohesinfrom R. flavefaciens

B-glucosidase with dockerin
from R. flavefaciens

- Cellulose bindingdomain

Figure 3.1. Surface assembly of a functional mini-cellulosome through intracellular
complementation using a synthetic yeast consortium. The basic design consisted of four
different engineered yeast strains capable of either displaying a trifunctional scaffoldin
Scaf-ctf (SC) or secreting one of the three corresponding dockerin-tagged enzymes

(endoglucanase [AT], exoglucanase [EC/CB] or B-glucosidase [BF]).
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At Control At Control

A B m
Ec Ec Control
Bglf  Control Bglf Control

CBHII Control CBHII Control

L

Figure 3.2. Secretion of dockerin-tagged enzymes. (A-D) Enzyme activities in the
growth medium of different secretion strains were examined by using either CMC (A-C)
or p-4-methylumbellifery-p-D-glucopyranoside (D) as the substrate. For the CMC assay,
Congo Red was added as an indicator. (E-G) Binding of secreted enzymes onto surface
displayed Scaf-ctf was confirmed by immunofluorescence microscopy. Cells were probed
with anti-C-His6 sera and fluorescently stained with a goat anti-mouse 1gG conjugated

with Alexa Fluor 488. Growth medium was used as control in all cases.
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Figure 3.3. Cellulose hydrolysis and ethanol production by different synthetic consortia
(See Table 3.3). Different consortia were established using a strain displaying Scaf-ctf
(SC), a strain carrying pCEL15 (CE) as a control, an At-secreting strain (AT), an Ec-
secreting strain (EC), a CHBc-secreting strain (CB), and/or a Bglf-secreting strain (BF).
(A) Ethanol production from PASC by different synthetic consortia. (B) Docking of At,
Ec, and/or BglF onto Sacf-ctf-displaying cells in different consortia. Cells were probed
with either anti-C-myc or anti-C-His6 sera and fluorescently stained with a goat anti-
mouse IgG conjugated with Alexa Fluor 488. Whole cell fluorescence was determined
using a fluorescent microplate reader. The dark arrow and gray arrow on the right hand
side showed the increase in fluorescent intensity after At and CBHII docking. (C)
Cellulose hydrolysis (dashed line) and ethanol production (solid line) from PASC by a

consortium composed of SC, AT, CB, and BF.
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A Cohesin-Cc Cohesin-Ct  Cohesin-Rf

S. cerevisiae

S.S.

Figure 3.4. Constitutive surface display of scaffoldin Scaf-ctf using the Agal anchor and
the constitutive PGK promoter. (A) Schematic representation of the surface display
approache. (B) Confirmation of surface displayed Scaf-ctf by immunofluorescence
microscopy. Cells were probed with anti-Cmyc sera and fluorescently stained with a goat

anti-mouse 1gG conjugated with Alexa Fluor 488.
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Figure 3.5. (A) Cell growth and (B) ethanol production and (C) PASC hydrolysis by the
different yeast consortia, i.e., consortium C1 without secreting enzymes (e), consortium
C8 only secreting enzymes (m) and consortium C1 forming cellulosome structure (A).
Samples were collected periodically through a capped syringe needle pierced through the
bottle stopper. Yeast cells in fermentation media were counted in triplicate on SDC plates

by the plate count method.
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CHAPTER 4

Functional assembly of complexly structured cellusomes on the Saccharomyces

cerevisiae surface for enhanced cellulose hydrolysis and ethanol production
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ABSTRACT

Improvements on overall efficiency and vyield of hydrolyzed sugars from
lignocellulosic biomass are being chased for several decades in order to reduce the cost
for making biofuels. We demonstrated the functional assembly of a complex cellulosome
on the yeast cell surface, consisting of (1) a surface bound anchoring scaffoldin, (2) an
adaptor scaffoldin to amply the enzyme loading, and (3) an enzymatic subunit for
cellulose hydrolysis. The displayed complex cellulosome retained the ability for glucose
liberation from cellulose hydrolysis. When a tetravalent complex cellulosome containing
two adaptor scaffoldins that bore 4 enzymatic subunits was assembled on the yeast
surface, the recombinant cellulolytic yeast exhibited significantly enhanced glucose
liberation and ethanol production from phosphoric acid swollen cellulose (PASC). The
final ethanol concentration of 1.9 g/L was 4-fold higher than that of a divalent
cellulosome structure. This result confirms that creating a more complex cellulosome
system bearing higher enzyme loading would be a promising way to further increase the
efficiency for cellulose hydrolysis rather than just simply increase the cell densities. This
result can perhaps also help us to explain why a native cellulosme system is so elaborate

for cellulose hydrolysis.
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INTRODUCTION

Biofuels derived from lignocellulosic biomass, the most abundant renewable
organic material on Earth, are attractive alternatives to current petroleum-based fuels due
to their sustainable and environment-friendly nature. However, the main technological
obstacle to more widespread usages of this resource is the lack of low-cost technologies
to overcome their recalcitrant nature, especially the hydrolysis of the highly ordered
cellulose structure (Lynd et al., 2002). As plants have evolved mechanisms to protect
their cell wall’s polysaccharides, only a small fraction of natural microorganisms can
efficiently degrade cellulose (Himmel et al., 2010).

Improvements on the overall efficiency and yield of hydrolyzed sugars from
lignocellulosic biomass are being pursued for several decades, including genetic
engineering of crops for better sugar accessibility (Hosano et al., 2009), reformation and
improvement of pretreatment technologies (Studer et al., 2010), and directed evolution of
cellulases for enhanced activity and stability (Hardiman et al., 2010; Li et al., 2010). All
these efforts have shown improved sugar liberation from lignocellulosic biomass, but the
costs for making lignocellulosic biofuel still cannot compete with the petroleum-based
fuels, mainly due to the high cost of cellulases added extraneously.

With the problems stated above, one obvious way to reduce the cost is to have the
hydrolytic enzymes produced simultaneously by the solvengeneic microorganism.
Recently, it has been shown that the overall cost can be even further reduced by four-fold

using a one-step consolidated bioprocessing (CBP) of lignocellulose to ethanol, where
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cellulase production, cellulose hydrolysis, and sugar fermentation all occur in one reactor
(Lynd et al., 2005).

Numerous attempts have been made to create recombinant organisms for CBP.
One way is to create recombinant cellulolytic microorganisms that naturally give high
product yields, such as the historical ethanol producer, Saccharomyces cerevisiae, but
into which cellulolytic systems were engineered. Since in a CBP setting, energies are
intensively limited due to the anaerobic condition that favors product formation, a
cellulolytic system that can maximize the catalytic efficiency of cellulose hydrolysis
using only a limited amount of enzymes would be of great interest.

Many anaerobic bacteria have developed an elaborately structured multienzyme
complex on the cell surface for efficient cellulose hydrolysis, called the cellulosome. The
main feature of this nanomachine is a structural scaffoldin consisting of at least one
cellulose-binding domain (CBD) and repeating cohesin domains, which are docked
individually with a different cellulases tagged with a corresponding dockerin domain.
This highly ordered structure allows the assembly of multiple enzymes in close proximity,
mediated by the high-affinity protein-protein interaction (>10-9 M) between the dockerin
and cohesin modules, resulting in a high level of enzyme-substrate-microbe synergy.

Our group has functionally displayed different mini-cellulosmes on the yeast
surface either by in vitro assembly or by intercellular complementation (Tsai et al., 2009;
Tsai et al., 2010). In resting-cell cultures, these engineered yeast strains were able to
hydrolyze phosphoric acid swollen cellulose (PASC) and produced up to 3-fold higher

level of ethanol than using free enzymes Recently, we demonstrated the ability of this
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consortium for simultaneous growth and ethanol production using PASC as the sole
carbon source (Goyal et al., In Press). Again, a 3-fold higher ethanol production was
observed using the consortium displaying the mini-cellulosome than a similar yeast
consortium secreting only the three cellulases.

Even though the ethanol production level is relative modest using our existing
yeast consortium, this is due to the low enzyme density on the displayed mini-
cellulosome. As natural cellulosomes contain up to 20 or more enzymes, we believe that
the use of more complex cellulosome structures is the key to increasing the overall
ethanol production level. In nature, an exquisitely diverse set of cellulosome structures is
employed. Instead of just using a single scaffoldin and numerous dockerin-carrying
enzymes as in the case of Clostridium cellulovorans (Shoseyov and Doi, 1990) and
Clostridium cellulolyticum (Faure et a., 1989), some bacteria, such as Acetivibrio
cellulolyticus (Xu et al., 2003) and Bacteroids cellulosolvens (Ding et al., 2000), exhibit a
more complex cellulosome structure, in which several adaptor scaffoldins were found in
addition to the surface-anchored scaffoldin. These adaptor scaffoldins serve to amplify
the number of enzymatic subunits that can be incorporated into the cellulosome complex
and thereby effective increasing the overall enzyme density.

Taking a cue from nature, a four-enzyme or tetravalent cellulosome structure was
created in the present study by mimicking the adaptor scaffoldin-mediated assembly
strategy (Fig. 1). The resulting four-enzyme cellulosome produced 3-fold more reducing

sugars and ethanol when compared to a two-enzyme cellulosome. This type of adaptive
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strategy is particularly well suited for our consortium design because of the flexibility in

producing different components required for the complex assembly.
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MATERIALS AND METHODS
Strains, plasmids and Media

Escherichia coli strain JM109 [endAl, recAl, gyrA96, thi, hsdR17 (r,, my’),
relAl, supE44, A( lac-proAB)] was used as the host for genetic manipulations. E. coli
BL21 (DE3) [F ompT gal hsdSg (rB- mB™) dcm lon ADE3] and E. coli BL21-Gold (DE3)
[F ompT gal hsdSg (rB- mB") dcm lon ADE3] E. coli BL21 (DE3) [F ompT gal hsdSg
(rB” mB") decm™ Tet’ ADE3 endA Hte] were used as production host for cellulases and
adapters expressions. Saccharomyces cerevisiae strain EBY100 [MATa AGA1::GAL1-
AGA1::URA3 ura3-52 trpl leu2_1 his3_200 pep4::HIS3 prb1l_1.6R canl GAL ] was used
for surface display of anchor protein. All E. coli cultures were grown in Luria-Bertani
(LB) medium (10.0 g/L tryptone, 5.0 g/L yeast extract, 10.0 g/L NaCl), supplemented
with either 100 pg/mL ampicillin or 50 pg/mL karamycin. All yeast cultures were grown
in SDC medium (20.0 g/L dextrose, 6.7 g/L yeast nitrogen base without amino acids, 5.0
g/L casamino acids).

Plasmid pCTCONZ2 (Boder and Wittrup, 1997) was used to construct the surface
displayed anchoring scaffoldin containing two cohesins from A. cellulolyticus (Genebank
Accession No. AF155197) and B. cellulosolvens (Genebank Accession No. AF224509).
Synthetic genes encoding sequences of a pair of cohesion and dockerin from A.
cellulolyticus, and another pair of cohesion and dockerin from B. cellulosolvens were
purchased from GenScript (Piscataway, New Jersey, USA). After digesting with
restriction enzymes Ndel and Sall, the cohesins coding fragment was ligated into plasmid

pCTCON2 to create an in-frame fusion C-terminal to the AGA2 gene. The resulting

106



plasmid pCohAcBc was under the control of a galactose inducible promoter and flanked
with a C-myc tag at the c-terminus of the anchor protein, which facilitates the
confirmation of protein translocation via immunofluorescence.

The construction of adaptor scaffoldin which contain a dockerin of A.
cellulolyticus or B. cellulosolvens, a cohesin of R. flavesfaciens, a cohesin of C.
thermocellum and a cellulose binding module (CBM) is described as follows. The
dockerins of A. cellulolyticus and B. cellulosolvens were obtained from the synthetic
genes by digesting with restriction enzymes Sacl and Notl. The resulting fragments were
then cloned into the same sites of expression vector pET24a to generate pDockAc and
pDockBc. The sequence encoding a dockerin of R. flavesfaciens, a dockerin of C.
thermocellum and a CBM was obtained using plasmid pScaf-ctf (Tsai et al., 2009) as
template by PCR using forward primer F2Coh1CBM (5°-
GCTAGCTAGCGCTACGGCTACGCCC-3’) and reverse primer R2Cohl1CBM (5°-
GCTAGAGCTCCTTAACAATGATAGCGCCAT-3’). The PCR product was further
digested and ligated into the Nhel and Sacl sites of vectors pDockAc and pDockBc to
form pETAdpA and pETAdpB.

Recombinant endoglucanase was constructed by fusion the endoglucanase CelG
from C. cellulolyticum with the dockerin from C. thermocellum as described below. The
catalytic domain of CelG was amplified by PCR using pETGt (Fierobe et al., 2005) as
template with primers FCelG (5’-GCTAGCTAGCGGAACATATAACTATGGA-
GAAGCATTACAG-3") and RCelG (5-GCATGCGGCCGCAGGAACGAGCT-

TTGTGC-3’). The PCR product was then digested with Nhel and Notl and ligated into
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the same restriction sites of plasmid pET24a to generate pETCelGADock. The dockerin
from C. thermocellum was obtained by PCR using pETAL (Tsai et al., 2009) as template
with primers FDockCt (5°-GCTAGCGGCCGCAACTTCCCGAATCCTTTGAGTGAC-
3’) and RDockCt (5’-GCTACTCGAGATAAGGTAGGTGGGGTATGC -3°). The
resulting fragment was further digested with Notl and Xhol and then cloned into
pETCelGADock to form pETGt. The construction of plasmid pBglAf encoding a B-
glucosidase from C. thermocellum and a dockerin of R. flavesfaciens was described

elsewhere (Tsai et al., 2009).

Display of anchor protein on yeast surface

For the display of anchoring scaffoldin on the yeast surface, yeast cells harboring
pCohAcBc were pre-cultured in SDC medium for 18 h at 30°C. These pre-cultures were
further washed with SDC medium (20.0 g/L galactose, 6.7 g/L yeast nitrogen base
without amino acids, 5.0 g/L casamino acids) once and then sub-inoculated into 200 mL

SGC mediu at an optical density (OD600) of 0.5 and grown for 48 h at 20°C.

Expression of adaptor scaffoldins and dockerin-tagged cellulases

E. coli strains BL21 (DE3) expressing the adaptor scaffoldins AdpA and AdpB,
and the recombinant B-glucosidase BglAf were pre-cultured overnight at 37°C in LB
medium supplemented with appropriate antibiotics. The pre-cultures were sub-inoculated
in 200 mL LB medium supplemented with 1.5% glycerol and appropriate antibiotics at an

initial OD of 0.01 and incubated at 37°C until the O.D. reached 1.5. The cultures were
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then cooled to 20°C, and isopropyl thio-p-D-galactoside (IPTG) was added to a final
concentration of 100 uM. After 16 h, cells were harvested by centrifugation (3000Xg, 10
min) at 4°C, resuspended in buffer A (50 mM Tris-HCI pH 8.0, 100 mM NacCl, and 10
mM CacCl,), and lysed with a sonicator.

For the expression the recombinant endoglucanase CelGt, E. coli strains BL21-
Gold (DE3) harboring pCelGt were pre-cultured overnight at 37°C in LB medium
supplemented with appropriate antibiotics. The pre-cultures were sub-inoculated in 200
mL LB medium supplemented with 1.5% glycerol and appropriate antibiotics at an initial
OD of 0.01 and incubated at 37°C until the O.D. reached 1.5. The cultures were then put
in ice for 30 min and then 15°C for another 30min without shacking, IPTG was added to
a final concentration of 100 uM and the cell culture was kept at 15°C with shacking for
18 h. The cells were harvested by centrifugation (3000Xg, 10 min) at 4°C, resuspended in

buffer A, and lysed with a sonicator.

Assembly of complex cellulosome of the yeast surface

To assemble the cellulosomes, cell lysates containing one or both of the adaptor
scaffoldin were incubated with yeast cells displaying the anchor for 1 h at 4°C in buffer A.
After incubation, cells were washed and harvested by centrifugation (3000Xg, 10 mins)
at 4°C and resuspended in the same buffer with higher adapter concentration. Similar
procedure with increased adapter concentrations was repeated trice in order to saturate all
the cohesins on the anchoring protein. Thereafter, the yeast cells displaying the anchoring

scaffoldin saturated with adapters were than incubated with cell lysates containing CelGt
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or BglAf for 1 h at 4°C in buffer A. Similarly, three repeats with increased protein

concentration were conducted to force the saturation.

Immunofluorescence microscopy

The procedure of immunofluorescence assay for checking the translocation of the
anchoring scaffoldin and the assembly of the adaptor scaffoldins and enzymes was
similar to that described by Tsai and colleagues (Tsai et al., 2009). Yeast cells displaying
anchoring proteins or the cellulosomes on the surface were harvested by centrifugation,
washed with PBS buffer (8 g/L NaCl, 0.2 g/L KCI, 1.44 g/L Na;HPQy,, 0.24 g/L KH,PO4),
and resuspended in 250 pL of PBS buffer containing 1 mg/mL BSA, and 0.5 pg of anti-
C-Myc or anti-C-His 1gG (Applied Biological Materials Inc) for 2 h with occasional
mixing. Cells were then pelleted and washed with PBS before resuspending in PBS
buffer plus 1 mg/mL BSA and 0.5 pg anti-mouse IgG conjugated with Alexa 488
(Molecular Probes). After incubating for 1 h, cells were pelleted and washed twice with
PBS, followed by resuspension in PBS buffer to an ODgy of 1. For fluorescence
microscopy (Olympus BX51), 5-10 pL of cell suspensions were spotted on slides and a
cover slip was added. Images from Alexa 488 were captured using the QCapture Pro6
software. Whole cell fluorescence was measured using a fluorescent microplate reader
(Synergy4, BioTek, VT) with an excitation wavelength at 485 nm and an emission

wavelength at 535 nm.

Enzyme assays
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Carboxymethyl cellulose (CMC) was obtained from Sigma and used as a
substrate. Phosphoric acid swollen cellulose (PASC) was prepared from Avicel PH101
(Sigma) according to the method of Walseth (27). Enzyme activity was assayed in the
presence of a 0.3% (wt/vol) concentration of cellulose at 30°C in 20 mM Tris-HCI buffer
(pH 6.0). Samples were collected periodically and immediately mixed with 3 mL of DNS
reagents (10 g/L dinitrosalicylic acid, 10 g/L sodium hydroxide, 2 g/L phenol, 0.5 g/L
sodium sulfite). After incubating at 95°C for 10 minutes, 1 mL of 40% Rochelle salts was
added to fix the color before measuring the absorbance of the supernatants at 575 nm.
Glucose concentration was determined using a glucose HK assay kit from Teco

Diagnostic (Anaheim, California, USA).

Fermentation

Fermentation was conducted anaerobically at 30°C. Briefly, yeast cells were
washed once with buffer containing 50 mM Tris-HCI, pH 8.0, 100 mM NacCl, and 10 mM
CaCl; and resuspended in SDC medium containing 6.7 g/L yeast nitrogen base without
amino acids, 20 g/L casamino acids, and 10 g/L PASC as the sole carbon source.
Reducing sugars and glucose concentration were measured by the methods described
above. The amount of residual cellulose was measured by the phenol-sulfuric acid
method as described by Dubois et al (10). Ethanol concentration was measured by the gas
chromatography (model 7890, Agilent, USA) using a flame ionization detector and HP-5

column.
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RESULTS AND DISCUSSION
Design strategy of adaptive assembly

Previously we have developed a synthetic yeast consortium for cellulosic ethanol
production. Even though the resulting consortium showed the ability to grow and produce
ethanol by hydrolyzing PASC, the final ethanol level of 1.2 g/L was relatively modest.
To further elevate the production rate, we sought to create a designer cellulosme with a
higher enzyme density. Rather than simply extending the number of cohesin domains on
the displayed scaffoldin, our design is based on an adaptive assembly strategy. This
adaptive strategy was chosen primarily based on the improper folding problems
encountered during the display of more complex scaffoldin structures containing more
than three cohesin domains and the flexibility in synthesizing the different components
for the assembly using the yeast consortium system. The initial design is composed of an
anchoring scaffoldin (AnScf) containing the two cohesin domains from A. cellulolyticus
and B. cellulosolvens that is functionally displayed on the yeast surface using the
glycosylphosphatidylinositol (GPI)-anchor (Boder and Wittrup, 1997). A c-Myc tag is
added to the C-terminus of the anchoring scaffoldin to allow for immuno-probing. To
enable the display of a larger number of cohesin domains, two adaptor scaffoldins (AdpA
and AdpB) containing either the dockerin domain of A. cellulolyticus or B. cellulosolvens,
a cohesin domain of R. flavesfaciens (f), a cohesin domain of C. thermocellum (t) and a
cellulose-binding module (CBM) can then associate with the surface bound Anscf to
extend the structure. A hexahistidine tag (his-tag) is added at the C-terminus of each

adaptor scaffoldin for immuno-probing. Finally, a recombinant endoglucanase CelG
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tagged with a dockerin domain from C. thermocellum (Gt) and a B-glucosidase BglA
tagged with a dockerin domain from C. thermocellum (Bglf) can be loaded onto the
extended structure to form a four-enzyme or tetravalent cellulosome structure on the

yeast surface.

Functional display of the anchoring scaffoldin on the yeast surface

To display the anchoring scaffoldin Anscf, the entire scaffold was fused to the
Aga2p subunit of a-agglutinin (Shen et al. 2001) in a fashion similar to that used in our
prior yeast display studies (Tsai et al., 2009). The correct translocation of Anscf on the
yeast surface was confirmed by immunofluorescent labeling using the anti c-Myc sera
and Alexa 488 conjugated goat anti-mouse IgG. As shown in Figure 4.2, bright
fluorescence was observed with cells displaying Anscf, while no significant fluorescence
was detected on the control cells. Typically, a detectable fluorescence signal could be
observed for 60-75% of the cells after induction, indicating around 60-75% of the cells
displaying Anscf on the surface. This is consistant with other reports when the Agal-
Aga2 anchor system was used for surface display. (Boder and Wittrup, 1997; Kieke et al.,

1997; Goyal et al., 2011)

Expression of the adapter scaffoldins and their functional docking onto the
anchoring scaffoldin
The two adaptor scaffoldins were expressed in E. coli strain BL21 Gold under

control of a strong T7 promoter. Production of both adaptors was confirmed through
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SDS-PAGE by detecting the presence of a protein band of the appropriate size (Figure
4.3A). To confirm the expression of full length proteins, the existance of the His tag at
the C-terminus of both adaptor scaffoldins was examined by Western-blot analysis
(Figure 4.3B). For both adaptors, only one band, located at the expected molecular
weight, was presented after blotting, indicating the successful expression of full length
proteins.

To confirm the proper folding of both adaptors, we further investigated the
amenability of the resultant hybrid proteins for affinity- purification on cellulose via their
CBM (Barak et al., 2005). This purification procedure could be accomplished by batch
adsorption to and desorption from cellulose matrices. Although several partially degraded
products were observed after purification during SDS-PAGE analysis, the only band
detected by Western-blotting was located at the calculated molecular weight for both
adaptors (Figure 4.3A and 4.3B). Collectively, these results indicated that (1) both
adaptors appeared to be properly folded as they retained the ability to bind to Avicels via
the CBM, and (2) the only portion that could bind onto the surface-displayed anchoring

scaffoldin were full length proteins.

To test whether the adaptor scaffoldins can correctly associate with the surface
displayed anchoring scaffoldin, additional immunofluorescence studies were performed.
A monoclonal anti-His tag antibody, which recognizes the hexa-histidine epitope at the
C-terminus of the adaptor scaffoldins, was labeled with Alexa 488 conjugated goat anti-
mouse IgG for immunofluorescence staining. As can be seen in Figure 4.4, yeast cells

incubated with either one of the two adaptors showed a significant increase in the whole-
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cell fluorescence, indicative of adaptor binding. More importantly, a similar level of
fluorescence was detected from the c-Myc tag and His tag indicating the correct 1:1
binding between the anchoring and adaptor scaffoldin pairs. When these yeast cells were
further incubated with the other adaptor scaffoldin, an additive amount of fluorescence
was detected. Taken together, these results indicated several important facts: (1) the two
adaptor scaffoldins successfully associated with the surface-displayed anchoring
scaffoldin, (2) no cross association occurred for the two different dockerin-cohesin pairs
since a comparable level of fluorescence was detected when only one adaptor was added,
and (3) the steric hindrance between the two adaptor scaffoldins was negligible since a
two-fold increase in fluorescence was detected in the presence of a second adaptor

scaffoldin.

Functional assembly of the complex cellulosome

After proving the functionality of the anchoring scaffoldin and the dockerin
domains on the adaptors, another important aspect of the adaptor scaffoldins is their
ability to recruit cellulases into the cellulosome structure through the specific dockerin-
cohesin interaction. Cells displaying the anchoring scaffoldin were first saturated with
either one or both adaptor scaffoldins as described above. E. coli lysates containing either
Gt or Bglf were then used for the enzyme assembly. Again, quantitative assessment of
enzyme docking was performed by whole-cell immunofluorescence measurements by
probing the His tag fused to the C-terminus of the enzymes. As shown in Figure 4.5A,

binding of Gt was confirmed by a 2-fold increase in the whole-cell fluorescence when
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cells saturated with only one adaptor scaffoldin was incubated with Gt. More importantly,
an approximate 4-fold increase in fluorescence intensity was observed when Gt was
bound onto the cells possessing both adaptor scaffoldins on their surface, indicating the
docking of two Gt per cell. Similarly, the functionality of R. flavefaciens cohesin in the
two adapters was confirmed by detecting the binding of Bglf. A two- or four-fold
increase in fluorescence intensity was detected, respectively, when yeast cells possessing
either one adaptor or two adaptors were used for Bglf docking (Figure 4.5B). Collectively,
these results confirm the correct docking of both enzymes onto the adaptor scaffoldins.
With the successful docking of both enzymes individually onto the adaptor
scaffoldins, the feasibility of docking both enzymes side by side onto both adaptors was
further examed. For this purpose, immunofluorescence assay probing the recognition tags
in several combinations was performed, including (1) the anchoring scaffoldin Anscaf
displayed cells, (2) Anscaf displayed cells incubated with E. coli lysate containing the
adaptor scaffoldin AdpA, (3) Anscaf displayed cells incubated with E. coli lysate
containing both adaptor scaffoldins AdpA and AdpB, (4) Anscaf displayed cells
incubated with E. coli lysate containing the adaptor scaffoldin AdpA and the two
enzymes Gt and Bglf, and (5) Anscaf displayed cells incubated with E. coli lysate
containing both adaptor scaffoldins AdpA and AdpB and the two enzymes Gt and Bglf.
As is evident from Figure 4.5C, a 2-fold increase in the whole-cell fluorescence when
cells possessing the two adaptor scaffoldins were saturated with the two enzymes

compared to the one possessing only one enzyme-saturated adaptor scaffoldin,
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demonstrating the correct side-by-side docking of both enzymes onto the adaptor

scaffoldins.

Synergistic effect of the complex cellulosome

The synergistic effect on cellulose hydrolysis is the most intriguing property of
naturally occurring cellulosomes and artificial cellulosome. (Lu et al., 2006; Fierobe et al.,
2005; Tsai et al., 2009). This can be attributed to either direct substrate channeling,
substrate targeting, and/or enzyme proximity (Bayer et al., 2007). In nature, a
heterogeneous subpopulation of cellulosomes that is morphologically and functionally
different is detected even during growth on a single substrate (Doi et al., 2003; Han et al.,
2005; Fendri et al., 2009). This observation suggests that the ability to maintain enzyme
proximity may be more important than the precise enzyme ordering in the overall enzyme
synergy. In the present study, the effect of enzyme density and proximity on the
synergism of cellulose hydrolysis and ethanol production was further investigated using
our adaptive cellulosomal structures.

Initially, PASC hydrolysis by resting cells was compared using different
cellulosomal structures (Figure 4.6). In the first setup (S1), 50% of the yeast cells were
docked with the two adaptor scaffoldins but no enzymes. The second setup (S2)
contained 50% of the yeast cells displaying a defective divalent cellulosome in which
enzymes were recruited only to one adaptor (AdpA). In the third setup (S3), all cells
displayed a defective divalent cellulosome, effectively doubling the bulk enzyme density

than in S2. The last setup (S4) contained 50% of the yeast cells displaying a complete
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tetravalent cellulosome in which enzymes were recruited into both adaptors (AdpA and
AdpB); this setup provides the same enzyme density as in S3 except that all enzymes are
presented in close proximity in the tetravalanet cellulosome. Other than S3, the rest of
the population was composed of cells displayed only the anchoring scaffoldin.

Figure 4.7 shows the time course of reducing sugars and glucose released from
PASC hydrolysis using different setups. A possessive endoglucanase CelG was used in
concert with B-glucosidase in order to convert more than 50% of the released sugar
oligomers to glucose as reported (Gal et al., 1997). As depicted in Figure 4.7A and 4.7B,
cells displaying the divalent cellulosome (S2) exhibited a significantly higher rate of
reducing sugars and glucose released from PASC hydrolysis than the control cells (S1).
When the number of yeast cells displaying the divalent cellulosome was increased from
50% (S2) to 100% (S3), which corresponds to a 2-fold increase in the bulk enzyme
density, a two-fold increase in reducing sugar and glucose liberation was also observed.
In comparison, cells displaying the tetravalent cellulosome (S4) exhibited a 1.5-fold
increase in both the reducing sugars and glucose production compared to S3. Since the
same amount of enzymes was maintained in S3 and S4, this further increase by S4 clearly

demonstrates the importance of enzyme proximity in improving cellulose hydrolysis.

Direct fermentation of amorphous cellulose to ethanol
The level of ethanol production from PASC was compared for the different setups
in resting cell fermentation. While glucose inhibition of [-glucosidase is well

documented in a resting cell experiments (Wong, 1995; Demain et al., 2005; Tsai et al.,
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2009), this inhibition can be eliminated by the quick glucose uptake during fermentation.
As shown in Fig 6, the increase in ethanol production was accompanied by a concomitant
decrease in the total sugar concentration. The level of ethanol production and PASC
hydrolysis were directly correlated to the trend observed in the resting cell experiment.
The maximum ethanol production for S4 was 1.9 g/L after 72 h. This corresponds to
~90% of the theoretical ethanol yield. Moreover, no detectable glucose accumulation in
the medium was observed, indicating the quick uptake of glucose by the cells. The level
of ethanol production for S3 was two-fold lower than S4, consistent with the resting-cell
hydrolysis experiment. More importantly, the higher level of enzyme synergy afforded by
the tetravalent cellulsomal design resulted in more than 4-fold improvement in the
ethanol production when compared to the divalent structure in S2. This non-linear scaling
in enzyme synergy provides by enzyme clustering is perhaps the main reason why natural
cellulosomes are all multivalent in nature. It is clear that the more practical utility of
synthetic cellulosomes is not to simply increase the overall enzyme loading but to harness
the non-linear nature of synergy by increase the overall enzyme density and proximity.

In conclusion, a complex tetravalent cellulosme was developed for enhanced
cellulose hydrolysis and ethanol production using an adaptive assembly strategy. The
engineered yeasts possessing a complete tetravalent cellulosome on the surface exhibited
a 4-fold increase in ethanol production than those displaying a defective divalent
cellulosome, indicating the crucial role of enzyme proximity on the cellulosomal synergy.
The unique feature of the anchoring and the adaptor scaffoldin strategy to amplify the

number of enzymatic subunits can be easily extended into more complex cellulosomal
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structures in order to achieve the higher level of enzyme synergy. Although this is a
proof-of concept study, to our best knowledge, it is the first report that manifested the
benefit of increasing local enzyme density over bulk enzyme density in cellulosome

systems for cellulose hydrolysis.
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Figure 4.1. A schematic diagram of the complex cellulosome assembled on the yeast
surface. Adaptor scaffoldins served as templates for enzyme recruitment are tighten to the

yeast surface via the surface-displayed anchoring scaffoldin.
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pCohAcBc
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Figure 4.2. Phase-contrast micrographs and immunofluorescence micrographs of the
yeast displaying the anchoring scaffoldin pCohAcBc and the control yeast. Cells were
probed with anti-C-myc sera and fluorescently stained with a goat anti-mouse 1gG

conjugated with Alexa Fluor 488. S. cerevisiae EBY100 was used as control.
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Figure 4.3. Expression and Avicel purification of adaptor scaffoldins analyzed by (A) 10%
SDS-PAGE gel and (B) western-blot analysis with goat IgG-alkaline phosphatase conjugate. M,
protein marker; al, cell lysate of AdpA; a2, unbound fraction of adpA; a3, wash fraction of AdpA;
a4, bound fraction of AdpA,; b1, cell lysate of AdpB; b2, unbound fraction of AdpB; b3, wash

fraction of AdpB; b4, bound fraction of AdpB.
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Figure 4.4. Fluorescent intensity of the anchoring scaffoldin displayed yeast after
incubated with one and two adaptor scaffoldins. Cells were probed with anti-C-His6 sera
and fluorescently stained with a goat anti-mouse IgG conjugated with Alexa Fluor 488.

Whole cell fluorescence was determined using a fluorescent microplate reader.
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Figure 4.5. Fluorescent intensity of the anchoring scaffoldin displayed yeast after
incubated with adaptor scaffoldins and (A) endoglucanase CelGt, (B) B-glucosidase
BglAf or (C) both enzymes. Cells displaying Anscaf were probed with anti-C-myc sera
and fluorescently stained with a goat 1gG Alexa Fluor 488 conjugated. Cells after
incubating with E. coli lysates were probed with anti-C-His6 sera and fluorescently
stained with a goat anti-mouse IgG conjugated with Alexa Fluor 488. Whole cell

fluorescence was determined using a fluorescent microplate reader.
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Abbreviation

Scheme

Description

S1

Control yeast system: 50% of the yeast
cells were docked with the two adaptor
scaffoldins but no enzymes; the rest
part of the cells displayed only the
anchoring scaffoldin.

S2

Defective complex-cellulosome system:
50% of the yeast cells displaying a
cellulosome in which only two enzymes
could be recruited into the structure via
the only adaptor scaffoldin (AdpA); the
rest part of the cells displayed only the
anchoring scaffoldin.

S3

Defective complex-cellulosome system:
100% cells displayed a defective
complex-cellulosome containing only
one adaptor scaffoldin. In this system,
the bulk enzyme density was twice of
that in the S2 system.

S4

Complete complex-cellulosome system:
50% of the yeast cells displaying a
cellulosome in which enzymes were
recruited into the structure via both of
the two adaptor scaffoldins (AdpA and
AdpB); the rest part of the cells
displayed only the anchoring scaffoldin.

Figure 4.6. lllustration of the different cellulosome systems used in this research.
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Figure 4.7. Production of glucose (A) and reducing sugars (B) from the hydrolysis of

PASC by the yeasts displaying different cellulosomes.
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PASC by the yeasts displaying different cellulosomes.
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CHAPTER 5

Co-expression of Arabidopsis thaliana phytochelatin synthase and Treponema

denticola cysteine desulfhydrase for enhanced arsenic accumulation
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ABSTRACT

Arsenic is one of the most hazardous pollutants found in aqueous environments
and has been shown to be a carcinogen. Phytochelatins (PCs), which are cysteine-rich
and thio-reactive peptides, have high binding affinities for various metals including
arsenic. Previously, we demonstrated that genetically engineered Saccharomyces
cerevisiae strains expressing phytochelatin synthase (AtPCS) produced PCs and
accumulated arsenic. In an effort to further improve the overall accumulation of arsenic,
cysteine desulfhydrase, an aminotransferase that converts cysteine into hydrogen sulfide
under aerobic condition, was co-expressed in order to promote the formation of larger
AsS complexes. Yeast cells producing both AtPCS and cysteine desulfhydrase showed a
higher level of arsenic accumulation than a simple cumulative effect of expressing both
enzymes, confirming the coordinated action of hydrogen sulfide and PCs in the overall

bioaccumulation of arsenic.
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INTRODUCTION

Arsenic is one of the most hazardous pollutants found in the aqueous environment,
and has been shown to be a carcinogen, affecting the health of millions throughout the
world (Smedley and Kinniburgh, 2002). Due to its extreme toxicity, the US
Environmental Protection Agency reduced the maximum contaminant level for arsenic in
drinking water from 50 to 10 ppb in 2006 (U.S.EPA, 2001).

Arsenic occurs in several oxidation states. Among them As(lll) is generally
considered to be more mobile and more toxic than As(V) (Liu et al., 2001). Several
treatment technologies have been applied in laboratory- and/or field-scale testing for the
removal of arsenic from drinking water including coagulation, filtration, ion exchange,
adsorption, and reverse osmosis (DeMarco et al., 2003; Martin et al., 1995; Zouboulis
and Katsoyiannis, 2002). However, these technologies are either too expensive, due to the
need to oxidize As(lll) to As(V), or ineffective for As(lll) treatment especially at low
arsenic concentration. Therefore, technologies showing economic competitiveness,
environmental amenability, and high selectivity are need for effective removal of arsenite.

Bioremediation processes are considered to be cost-effective and environmental-
friendly way for heavy metals removal (Singh et al., 2008). In nature, microorganisms
have developed several strategies for detoxification of heavy metals such as
biotransformation, biomineralization, or biosorption (Barkay and Schaefer, 2001). These
different microbial detoxifying mechanisms can potentially be combined to design an

efficient bioremediation process (Tsai et al., 2009).
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Phytochelatins (PCs) are small enzymatically synthesized cysteine-rich peptides
widely found in plants and yeasts, and have been shown to efficiently bind heavy metals
such as cadmium, mercury, lead, and arsenite (Kim et al., 2005; Maitani et al., 1996;
Schmoger et al., 2000). We have reported enhanced accumulation of arsenite by an
engineered S. cerevisiae strain expressing the Arabidopsis thaliana phytochelatin
synthase (AtPCS) due to complexation with PCs (Singh et al., 2008).

Sulfide plays an import role in many metal detoxification mechanisms such as
mineralization, which reduces the toxicity of heavy metals by forming insoluble metal
precipitates (Barkay and Schaefer, 2001). However, most of the naturally occurring
sulfate-reducing bacteria produce hydrogen sulfide only under strictly anaerobic
condition (White and Gadd, 1998) and therefore they are not suitable for applications
under aerobic conditions. Wang et al. (2001) functionally expressed a cysteine
desulfhydrase (CysDes) from Treponema denticola in E. coli for the aerobic sulfide
production and heavy metal precipitation using cysteine as the substrate. Apart from the
formation of insoluble arsenic trisulfide (Newman et al., 1997), the formation of soluble
arsenic sulfide complexes (thioarsenics) is also a well-known phenomenon (Hollibaugh et
al., 2005; Stauder et al., 2005). Although little is known about the bioavailability of
thioarsenics, they are reported to be less toxic than arsenite (Rader et al., 2004). In some
eukaryotes, incorporation of sulfide to form a more stable high molecular weight PC—
metal-sulfide complex in the vacuole has also been demonstrated (Mendoza-Cozatl et al.,

2005, 2006).
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Given these studies, the goal of this work was to co-express cysteine
desulfhydrase and AtPCS in S. cerevisiae to elevate the intracellular accumulation of

arsenic via the formation of PC—arsenic—sulfide complexes.
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MATERIALS AND METHODS

Strains, media and plasmid construction
Plasmid pYES3-atPCS1::FLAG was kindly donated by Dr. Rea at University of

Pennsylvania, Philadelphia (Vatamaniuk et al., 1999). The AtPCS gene was under the
control of a constitutive yeast promoter PGK and flanked by a FLAG tag. The gene
coding for cysteine desulfhydrase was amplified from the plasmid
pCysdesulf/Lacl2/Rock, a gift from Dr. Keasling at University of California, Berkeley
(Wang et al., 2001), by PCR and cloned into the Notl and BamH1 restriction sites of the
multiple copy yeast shuttle vector pYES3 (Vatamaniuk et al., 1999). The entire cassette
(PGKp-CysDes::His-PGKt) of cysteine desulfhydrase gene was then amplified by PCR
and further bluntly inserted into the Smal site of plasmid YEplac181 (Gietz and Sugino,
1988) containing a LEU2 selection marker to form p181CysDes in order to co-transform
with pYES3-atPCS1::FLAG carrying a URA3 selection marker. The gene for cysteine
desulfhydrase was under the control of strong yeast promoter PGK and flanked by a His
tag. Plasmid maps of the two constructs are given in Figure 5.1. S. cerevisia strain
BY4742 (MATa his3A1 leu2A0 lys2A0 ura3A0) (Singh et al., 2008) was used for study
and plasmid transformation was carried out by the lithium acetate method (Ito et al.,
1983).

Cells were grown in 200 mL defined medium containing 6.7 g/L of yeast nitrogen
base without amino acids, 20 g/L of galactose, 20 mg/L of adenine sulfate, L-tryptophan,
L-histidine-HCI, L-arginine-HCI and L-methionine, 30 mg/L of L-tyrosine, L-isoleucine,

L-lysine-HCI and L-phenylalanine, 100 mg/L of L-glutamic acid and L-aspartic acid, 150
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mg/L of L-valine, 200 mg/L of threonine and 400 mg/L of serine at 30 °C. 20mg/L of

uracil and/or 30 mg/L of L-leucine was also added if required. DCW = dry cell weight.

Phytochelatin measurement

To measure the levels of PC, samples were taken periodically from growing
cultures (arsenite enriched media), and PCs were extracted and analyzed by HPLC
(Agilent Tech., Palo Alto, CA). Briefly cells were pelleted down from the samples,
washed with 5 mM HEPES buffer containing 0.8% NaCl twice before freezing at —80°C
for 24 h. PCs were extracted with diethylenetriamine pentaacetic acid (DTPA) with 0.1%
TFA and derivatized by reacting with 4-(2-hydroxy-ethyl)-piperazine-1-propane-sulfonic
acid buffer (pH 8.2) containing DTPA and monobromobimane (mBrB). The PC content
was measured using an excitation wavelength at 380 nm and an emission wavelength at

470 nm.

Arsenic measurement

For arsenic measurements, cells were harvested, washed with 5mM HEPES
buffer containing 0.8% NaCl three times before drying at 65°C for 24 h. The dried cell
pellets were digested with 100 pL. of concentrated nitric acid for 2 days (modified from
Sriprang et al., 2003). The total internal arsenic content was measured using atomic
adsorption spectroscopy (Perkin Elmer, Inc., Waltham, MA). Arsenic was determined at

193.7 nm in a graphite furnace.
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Sulfide content measurement

The sulfide content was determined by a colorimetric assay as described by
Aiking et al. (1982). Briefly, culture samples were centrifuged and the cell pellet was
resuspended in 1 mL of 0.75M NaOH after washing twice with 5mM HEPES buffer
containing 0.8% NaCl. This suspension was transferred to a microcentrifuge tube and
incubated at 95°C for 15 min. The suspension was then mixed with 375 uL of 0.75 M
NaOH and 250 pL of 2.6% zinc acetate dihydrate, 125 uL of 0.1% N,N-dimethyl-p-
phenylenediamine dihydrochloride in 5M HCI (freshly prepared) was added, and the
solution was vortexed until clear. Next, 50 uL of 11.5 mM FeClz in 6 M HCI was added
and the solution was vortexed and incubated at room temperature for 30 min. After

appropriate dilution and centrifugation, the OD of the sample was determined at 670 nm.
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RESULTS AND DISCUSSION
Cysteine desulfhydrase expression

We  first investigated whether cysteine  desulfhydrase  expression
(BY4742/CysDes) could result in enhanced sulfide formation in yeast as this has not been
previously demonstrated. Samples were taken after 15 h to determine the cell density (OD)
and the intracellular levels of sulfide and As(Ill). As clearly shown in Figure 5.2A,
expression of cysteine desulfhydrase resulted in elevated production of sulfide and the
level of enhancement increased with the amount of cysteine added. The enhanced sulfide
production also resulted in higher levels of arsenite sequestration in a sulfide-dependent
manner (Fig. 5.2B). Unfortunately, a significant growth inhibition was observed in the
presence of cysteine (Table 5.1), even though the presence of cysteine desulfhydrase
partially reduced the level of growth inhibition. While cells expressing cysteine
desulfhydrase accumulated 25% more arsenite than the wild-type strain BY4742 even in
the absence of any added cysteine, this is likely the most desirable condition in practice
when combined with the expression of AtPCS as it saves the additional cost of adding

cysteine into the medium.

Arabidopsis thaliana phytochelatin synthase expression

Although expression of AtPCS has been shown to enhance arsenite accumulation
in S. cerevisiae when grown in a rich medium (6.7 g/L yeast nitrogen base without amino
acid, 5 g/L casamino acids, 20 g/L of galactose) (Singh et al., 2008), we tested whether a

similar enhancement in arsenite accumulation could be obtained using a defined medium
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without cysteine supplementation as cysteine is one of the precursors for PC synthesis.
As shown in Figure 5.3, cells producing PC showed up to a threefold increase in the
intracellular arsenite content over the control BY4742 strain. The level of As
accumulation correlated well with the increasing intracellular PC content, confirming

again PC is solely responsible for the enhanced As accumulation.

Co-expression of cysteine desulfhydrase and AtPCS

Since the separate expression of cysteine desulfhydrase or AtPCS could both
elevate the intracellular arsenic content, it is interesting to explore whether co-expression
of both enzymes could further improve As(l11) accumulation in an additive manner. Cells
co-expressing both enzymes showed the highest intracellular As content, and the overall
level of enhancement was 25% higher than a simple addition of the two individual
contributions (Fig. 5.4). This is surprising as the intracellular PC level for the co-
expression strain was 10% lower than the AtPCS-expressing strain. This can be attributed
to the fact that glutathione, which is a precursor for PC synthesis, is also a good substrate
for cysteine desulfhydrase for sulfide synthesis. In addition, the enzyme GSH1, which is
responsible for glutathione precursor (y-EC) synthesis, is known to be inhibited by
glutathione (Pdcsi et al., 2004). Therefore, the increased consumption of glutathione by
both cysteine desulfhydrase and PCS resulted in higher glutathione production and a
corresponding 30% higher intracellular sulfide content (Chu et al., 1997). The improved

arsenite binding is also likely the result of the formation of high molecular weight PC—
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As-S complexes as observed in many plants and fungi (Mendoza-Cozatl et al., 2005,

2006).

Concluding remarks

In conclusion, engineered S. cerevisiae strains expressing cysteine desulfhydrase
and/or AtPCS were created for enhanced accumulation of arsenic. Cells expressing both
AtPCS and cysteine desulfhydrase showed a higher level of arsenic accumulation than a
simple cumulative effect of expressing both enzymes, confirming the importance of

coordinated action of hydrogen sulfide and PCs in the overall bioaccumulation of arsenic.
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Table 5.1. Cell densities (O.D.) of the yeast strain BY4742 with or without cysteine
desulfhydrase expression after 15 h cultivation at various cysteine concentrations. Data

shown below were the average from three independent experiments.

Cysteine Conc. Cell Growth
Y BY4742 CysDes
0 0.975+0.05 1.142+0.01
1 0.634+0.05 0.639+0.08
5 0.262+0.02 0.455+0.05
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p181CysDes

atPCS::FLAG

Figure 5.1. Plasmid maps of the construct (A) pYES3-atPCS::FLAG and (B)

p181CysDes.
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Figure 5.2. (A) Sulfide production and (B) intracellular As(I11) accumulaltion from the
engineered S. cerevisiae strain BY4742 expressing cysteine desulfhydrase at various

cysteine concentrations.
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Figure 5.3. PC production and intracellular As(111) accumulation from the engineered S.

cerevisiae strain BY4742 expressing AtPCS. DCW = dry cell weight.
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Strain BY4742 AtPCS CysDes AtPCS/CysDes

PCs Conc.
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Sulfide Conc.
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Figure 5.4. Intracellular As(Ill) accumulation from engineered S. cerevisiae strains
expressing either cysteine desulfhydrase, AtPCS, or both enzymes. Data shown in the
table were the average from three independent experiments. The difference of
intracellular As(111) content between AtPCS and AtPCS/CysDes are statistically
significant with 95% confidence. The corresponding PC and sulfide concentrations are

also shown. DCW = dry cell weight.
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CHAPTER 6

Conclusions
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Naturally occurring microbial activities are the inspirations for all biotechnology
applications. Utilizing the metabolism of microbes for the production of biofuels or the
elimination of environmental pollutants has provided sustainable and economic
improvements on a wide range of processes. In this dissertation, metabolic engineering
has been applied to create several yeast strains with new functionalities suitable for

cellulosic ethanol production and arsenic remediation.

While it is widely-accepted that fuels made from cellulosic biomass would be one
of the most sustainable ways to address the issue of gasoline crisis, over the past few
decades, a consensus has not been reached on the best way to engineer microbial cells for
the efficient conversion of cellulose into biofuels. The main goal of these studies was to
improve the overall efficiency and yield of hydrolyzed sugars from cellulosic biomass, as
these factors would ultimate determine the feasibility and success of processes in biofuel
commercialization. From these perspectives, anaerobic cellulolytic microorganisms that
could efficiently degrade one of most recalcitrant polymers, lignocellulose, and convert it
into cell mass and products simultaneously under an energy-limited environment in

nature have provided a cue.

Taking this cue from nature, we attempted to assemble several different types of
cellulosome structures on the surface of the historical ethanologenic yeast Saccharomyces
cerevisiae toward simultaneous cellulose saccharification and ethanol production.
Although most of the works presented here are proof-of-concept studies, several

important lessons can still be learned from them.
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First, we demonstrated the functional display of a mini-scaffoldin on the yeast cell
surface, consisting of three divergent cohesin domains from Clostridium thermocellum (t),
Clostridium cellulolyticum (c) and Ruminococcus flavefaciens (f). Incubation with
Escherichia coli lysates containing an endoglucanase (CelA) from C. thermocellum (At),
an exoglucanase (CelE) from C. cellulolyticum (Ec), and an endoglucanase (CelG) from
C. cellulolyticum fused with a dockerin domain from R. flavefaciens (Gf) resulted in the
assembly of a functional minicellulosome on the yeast surface. The displayed
minicellulosome successfully hydrolyzed cellulose by emulating the synergisy of

enzymatic modules in naturally occurring cellulosomes.

Second, when a B-glucosidase (BglA) from C. thermocellum tagged with the
dockerin from R. flavefaciens was used in place of Gf, cells displaying the new mini-
cellulosome exhibited significantly enhanced glucose liberation and produced ethanol
directly from phosphoric acid swollen cellulose (PASC). The final ethanol concentration
obtained was higher than that using the same concentration of free cellulases, confirming
the synergistic contribution to simultaneous and synergistic saccharification and
fermentation of cellulose to ethanol by a yeast strain displaying a functional

minicellulosome containing all three required cellulolytic enzymes.

Third, we engineered a synthetic yeast consortium capable of in vivo surface
assembly of a functional minicellulosome via intracellular complementation to
accomplish simultaneous cell growth and ethanol production on cellulose. The basic

design consisted of four different engineered yeast strains capable of either displaying the
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miniscaffoldin or secretion of one of the three required dockerin-tagged enzymes
(endoglucanase, exoglucanase, or [-glucosidase). This allowed the burden of protein
expression to be distributed, effectively expediting the self-assembly of the
minicellulosome. The resulting consortium grew on cellulose and produced ethanol more
efficiently than a similar consortium secreting only cellulases, demonstrating the

importance of the mini-cellulosome to cellulose hydrolysis and ethanol production.

Finally, a complex tetravalent cellulosome was developed for enhanced cellulose
hydrolysis and ethanol production using an adaptive assembly strategy. The engineered
yeasts possessing a complete tetravalent cellulosome on the surface exhibited a 4-fold
increase in ethanol production than those displaying a defective divalent cellulosome,
indicating the significance of enzyme proximity to the cellulosomal synergy. Furthermore,
this is the first report that manifested the benefit of increasing local over bulk enzyme

density in cellulosome systems for cellulose hydrolysis.

To further extend the metabolic engineering strategy toward environmental
sustainability, the last part of this dissertation focused on creating a low-cost and efficient
biosorbent for arsenic cleanup. The engineered S. cerevisiae strains expressing cysteine
desulfhydrase and/or AtPCS were created for enhanced accumulation of arsenic. Cells
expressing both AtPCS and cysteine desulfhydrase showed a higher level of arsenic
accumulation than a simple cumulative effect of expressing both enzymes, confirming the
importance of coordinated action of hydrogen sulfide and PCs in the overall

bioaccumulation of arsenic.
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The success of metabolically engineered cellulosic biofuel production and arsenic
bioremediation indicates that sophisticated metabolic techniques will continue to be
implemented to advance the field. Although tremendous amount of work remains to be
done, the work presented here suggests a promising future for the application of

molecular techniques in environmental cleanup and sustainable energy production.
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