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ABSTRACT
The development of cost-effective and sustainable microbial processes
for the production of chemicals and high-energy fuels is crucial to reducing
current dependence on petroleum. Nature has provided a vast collection of
biological systems that can be redesigned to efficiently convert readily available,
inexpensive, biomass-derived sugars to these high-value products. In this study
we describe various metabolic engineering strategies aimed towards developing
the E. coli bacterium as a microbial host for heterologous, nicotinamide cofactor
(NADH and NADPH)-dependent transformations. These transformations are of
major importance because they are applicable in the synthesis of a variety of
important chemicals. NADPH-dependent xylitol production from glucose/xylose
mixtures serves as the experimental platform and is used to illustrate the
important aspects of this work. The experimental system is designed such that
glucose oxidation serves as the source of electrons for xylose reduction to
xylitol. Previous assessments of the metabolic behavior of this system under
aerobic conditions showed that xylose conversion to xylitol was less than 100%
due to production of xylulose as a by-product. It was also shown that cofactors
were not efficiently diverted towards xylitol production and this resulted in suboptimal yields (defined as mol of xylitol produced/ glucose consumed and
denoted as YRPG) under these conditions. Therefore in this study genetic
modifications and process conditions aimed at improving xylose conversion to
xylitol, the efficiency of the biotransformation (defined as experimental YRPG /
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theoretical YRPG) and the productivity of the engineered system are investigated.
We focus on parameters such as competing pathways, transhydrogenase activity
and level of aeration, as these are key factors expected to impact cofactor
availability for the desired biotransformations. We find that efficiency of the
biotransformation is maximal under non-respiratory conditions possibly due to
the elimination of respiration as a sink of reduced cofactors.
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Thesis Summary
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Motivation and Research Goals
Biocatalysis involves the use of natural catalysts for chemical synthesis and often
serves as an environmentally friendly and renewable alternative to traditional chemical
production. A major advantage of biocatalytic processes is the chemoselectivity,
regioselectivity and enantioselectivity of the enzymes utilized which results in
minimization of side reactions and ultimately in less complicated product separations
(Zhao, Chockalingam et al. 2002). However, most naturally occurring biocatalysts are not
optimal for industrial applications due to disadvantages such as the incompatibility of
enzymes with various industrial solvents, denaturation of enzymes at high temperatures
and extreme pHs, susceptibility of enzymes to product or substrate inhibition, and
degradation of substrates or products by cellular metabolism. Therefore they require
modification, which is often accomplished using protein engineering and metabolic
engineering strategies that promote biocatalyst stability and efficient substrate utilization.
Cofactor-dependent biocatalytic systems have been of particular interest because
they are capable of performing reactions with complex chemistry (Zhao and van der
Donk 2003) and are used in synthesis of important chemicals. Cofactors NADH and
NADPH (denoted as NAD(P)H) serve as mobile electron carriers as well as co-substrates
for redox reactions occurring in the cell and will be discussed in more detail in Chapter 2.
One major setback with cofactor-dependent systems is the high cost of cofactors, but this
can be overcome by the regeneration of cofactors in situ using whole-cell systems.
Whole-cell systems present the innate advantages of natural cofactor regeneration using
the cellular apparatus. They bypass the laborious task of isolating enzymes, are applicable
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to biotranformations requiring multiple enzymes/steps, and often utilize cheap and
abundant raw materials such as sugars and mineral salts (Endo and Koizumi 2001; Zhao,
Chockalingam et al. 2002). Whole-cell cofactor-dependent transformations in various
metabolically engineered organisms has advanced the production of renewable fuels and
chemicals such as succinic acid, lactic acid, acetic acid, ethanol, butanol, and carotenoids
from both natural pathways and biosynthetic pathways not naturally associated with the
host’s metabolism (a few examples can be seen in the following references (Altaras and
Cameron 2000; Aristidou and Penttila 2000; Chotani, Dodge et al. 2000; Farmer and Liao
2000; Bongaerts, Kramer et al. 2001; Stafford and Stephanopoulos 2001; Lee and
Schmidt-Dannert 2002; Aldor and Keasling 2003; Kramer, Bongaerts et al. 2003;
Causey, Shanmugam et al. 2004; Shukla, Zhou et al. 2004; Lin, Bennett et al. 2005;
Cirino, Chin et al. 2006).
While the whole-cell approach is beneficial for regenerating the reduced cofactors
required for biotransformations, there is significant room for improvement in the
efficiency at which reducing power from sugar oxidation is delivered to the reaction of
interest. The research presented here focuses on engineering and improving cofactor
trafficking in Escherichia coli (E. coli) and coupling production of a target metabolite to
glucose metabolism and/or biomass production. It is aimed towards the development of
biocatalytic strains in which desired compounds whose synthesis requires NADH or
NADPH are produced at maximum yield and productivity, i.e., NAD(P)H derived from
the oxidation of simple sugars are delivered to transformations of interest at maximum
rate and efficiency. This is necessary because the effective utilization of simple sugars
(which make up the bulk of biomass) is integral to attaining a future of cost-effective
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"green" chemistry and renewable chemicals. Additionally, production of value-added
chemicals from biomass is an important economic driver for biorefineries as this
maximizes the value derived from the biomass feedstock.
The representative experimental platform used in this research is the reduction of
xylose to xylitol catalyzed by a heterologous xylose reductase (Depicted in Figure 1-1).
However, principles and strategies similar to those utilized in this work can be applied in
the development of systems for the production of other end products. Xylitol is a sugar
alcohol that has been identified by the Department of Energy as a potential chemical
building block that can be produced from biomass to help drive biorefining economics
(Weepy et al, 2004). Xylitol serves as a low calorie alternative to sucrose and its
metabolism is insulin-independent thus making it an important ingredient in products for
diabetics (Parajo, Dominguez et al. 1998; Winkelhausen and Kuzmanova 1998). It has
been to proven to aid the reduction of dental caries (Tanzer 1995), and also to be a
potential ingredient in treating osteoporosis (Mattila 1999; Mattila, Svanberg et al. 2002)
and in preventing ear infections (Uhari, Kontiokari et al. 1998). Current industrial
production of xylitol occurs primarily via the high-temperature, high-pressure, RaneyNickel catalyzed reduction of xylose (Parajo, Dominguez et al. 1998). Previous attempts
for the bioproduction of xylitol have focused on using engineered yeasts, which are
natural xylitol producers such as Saccharomyces cerevisiae (S. cerevisiae), Pichia stipitis
(P. stipitis), and Candida boidinii (C. boidinii) (Refer to Chapter 2 for more details). In
contrast, E. coli was chosen as the microbial host of interest in this study because it is a
pliable organism that has proven to be a suitable host for cofactor-dependent
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Figure 1-1: Pictorial Representation of Xylitol Production Platform Engineered in E. coli. In the
engineered system glucose oxidation serves as the source of electrons for xylose reduction to
xylitol by Candida boidinii xylose reductase. The cofactors NAD(P)H serve as mobile electron
carriers in the E. coli cell and need to be consistently reoxidized to maintain redox balance. The
xylose reduction reaction serves as a means of NAD(P)H reoxidation in our engineered strains.
Metabolic engineering strategies similar to those used in this study can be used in developing
analogous anaerobic systems for producing other reduced products, energy and hydrogen

transformations optimized by metabolic engineering approaches. It also has the ability to
utilize both hexode and pentose sugars present in biomass.
E. coli was previously engineered for xylitol production from glucose/xylose
mixtures by expressing a mutant cyclic AMP receptor protein (CRP*) and xylose
reductase from C. boidinii (CbXR) (Cirino, Chin et al. 2006). In this strain, glucose
served as the growth substrate and source of reducing equivalents for the reduction of
xylose to xylitol. Deletion of xylB (encoding xylulokinase) was used to prevent xylose
metabolism in engineered strains. Assessment of engineered strains under aerobic
conditions showed that xylose conversion to xylitol was less than 100% due to side
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production of xylulose and that the experimental yield (defined as YRPG = mol xylitol
produced / mol glucose consumed) obtained was lower than the predicted theoretical
maximum YRPG. The aim of the research presented in this thesis was to develop a more
efficient (i.e., xylose conversion to xylitol is ~100%, experimental YRPG = theoretical
maximum YRPG) and highly productive system by addressing some limitations of the
previously engineered system. Using various metabolic engineering strategies we sought
to:
(i) improve conversion of xylose to xylitol by preventing the secretion of the
unwanted xylulose by-product
(ii) develop a new platform for xylitol production from xylose under aerobic
conditions
(iii) develop an anaerobic and microaerobic platform for highly efficient
xylitol production as an alternative to the previously engineered inefficient
aerobic platform
(iv) isolate strains with improved xylitol productivity.

Thesis Overview
Chapter 2 is a detailed review of the concepts and literature pertinent to this
research. It covers the important aspects of cellular metabolism and metabolic
engineering approaches to developing whole-cell biocatalysts for production of various
value-added products. Topics such as the central metabolic pathways, cofactor
manipulation strategies used in production of bio-based chemicals (with the
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bioproduction of the sugar alcohols xylitol and manifold as specific examples), and the
applications of metabolic network modeling in metabolic engineering are covered in this
chapter.
Three main principles for optimization of xylitol production in engineered E. coli
are emphasized in the next three chapters, namely: deleting / eliminating competing
pathways and overexpressing desired pathways, overcoming metabolic regulation (both
allosteric and genetic); and fine-tuning of process / production conditions. In Chapter 3
strategies employed in eliminating xylulose as a byproduct of biotransformations
involving previously engineered strains growing under aerobic conditions are presented.
It is shown that the production of this unwanted product can be prevented by a
combination of both xylB and xylA (encoding xylose isomerase) gene deletions and
100% conversion of xylose to xylitol is achieved in double deletion strains. We also show
that deletion of xylB (encoding xylulokinase) is required to attain maximum cell growth
and xylitol production in engineered strains and that growth during xylitol production
was inhibited in strains expressing XylB, regardless of whether xylose metabolism is
eliminated through a deletion in xylA. It is demonstrated that this is due to XylBcatalyzed toxic synthesis of xylitol-5-phosphate and that this activity prohibits the use of
xylose as the sole carbon source for high levels of xylitol production by E. coli. The
replacement of xylB with an analogous gene from Pichia Stipitis (XYL3), a natural
xylitol-producing yeast, results in a 3-fold increase in xylitol yield (defined as mol xylitol
produced/ mol xylose consumed) and greatly enhanced xylitol titers from E. coli strains
co-expressing CbXR during growth on xylose.
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Obtaining sub-optimal product yields (defined as mol product produced / mol
growth substrate consumed) is undesirable in any process. Therefore it is of major
concern that similar to other heterologous NAD(P)H dependent biotransformation
systems, the experimental YRPG in our system has been found to be significantly less than
the predicted theoretical maximum YRPG of 9.2 under aerobic conditions (Blank, Ebert et
al. 2008; Buhler, Park et al. 2008; Chin, Khankal et al. 2009). The deviation from
theoretical maximum yield has been attributed to various factors including the inability of
the desired biotransformation to out-compete against native cellular reactions for
NAD(P)H. One approach to improving the efficiency of cofactor trafficking in our
engineered system is to eliminate depletion of reducing equivalents through aerobic
respiration and this is investigated in Chapter 4. The creation and characterization of an
alternate xylitol production platform for operation under anaerobic conditions is
described in this chapter. The design strategy for this new system was to couple xylitol
production to anaerobic glucose oxidation, by engineering the organism such that xylose
reduction to xylitol serves as the sole means of regenerating oxidized cofactors (NAD(P)+
from NAD(P)H). Competing fermentation pathways and xylose metabolism were
eliminated through corresponding gene deletions. A summary of the experimental YRPG
values obtained from engineered strains under anaerobic conditions and the challenges
encountered in developing an efficient anaerobic model system are presented in Chapter
4. Most importantly we show that under anaerobic conditions the experimental YRPG
corresponds well with the predicted theoretical maximum YRPG for engineered strains.
Additionally we use this anaerobic xylitol-producing system to study the anaerobic
behavior of the E. coli transhydrogenases and their impact on YRPG. We confirm that E.
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coli transhydrogenase PntAB is crucial to obtaining maximum YRPG in the engineered
system, as this enzyme is responsible for transferring reducing equivalents form NADH
to NADP+ (forming NADPH) and deletion of pntA resulted in a ~50% reduction in the
experimental YRPG.
In Chapter 5, other strategies for improving YRPG and biocatalyst productivity
under microaerobic (reduced aeration) and aerobic conditions are explored. Results for
Chapter 4 indicate that theoretical maximum anaerobic xylitol YRPG is only ~ 4 due to
incomplete glucose oxidation/acetate production and this is only ~ 44% of the aerobic
theoretical maximum xylitol YRPG of 9.2. Therefore in the first segment of this chapter
the microaerobic cultivation of xylitol-producing E. coli strains is investigated as an
alternative strategy to anaerobic and aerobic cultivation approaches. We hypothesized
that limiting but not eliminating oxygen availability, as is the case under microaerobic
conditions, would reduce the drain of cofactors by aerobic respiration. The deletion of
gene encoding the redox-sensitive regulator ArcA was also investigated as the repression
of TCA cycle enzyme expression under conditions of low oxygen has been reported to be
alleviated in arcA-deletion mutants (Shalel-Levanon, San et al. 2005). Microaerobic
operation of the TCA cycle would allow for complete glucose oxidation and should
generate additional NAD(P)H which could be diverted towards the reaction of interest
resulting in higher YRPG. Contrary to our hypothesis we find that the highest YRPG under
microaerobic conditions is 3.98 and that acetate is still produced (0.14 mom acetate
produced/mole glucose consumed). This experimental xylitol yield is only ~43% of the
theoretical maximum YRPG. Additionally the YRPG obtained for the arcA-deletion strain
was 50% lower than that obtained for its parent strain.
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In the second segment of Chapter 5 a serial dilution culturing approach was
investigated for isolating strains with improved xylitol productivity (defined as g xylitol
l-1 h-1). A pgi sthA-deletion strain previously engineered for growth-coupled xylitol
production was used as the base strain (Chin 2010). Based on the premise that xylitol
production was coupled to growth, we attempted to isolate faster growing strains that in
theory should exhibit the higher xylitol productivity. After eight rounds of serial dilutions
in minimal medium supplemented with glucose and xylose, a 38% increase in growth rate
was observed for the resulting strain population and this was accompanied by a 6%
increase in xylitol productivity. However we find that even though xylitol production
serves as a means of alleviating the cofactor imbalance in the base strain, strain
adaptation which allows the reoxidation of NAD(P)H via alternate routes occurs after
successive rounds of aerobic culturing in glucose minimal media (xylitol production is
not possible since there is no xylose in medium). This is illustrated by the ~43% increase
in growth rate observed after five rounds of serial dilutions in glucose minimal medium.
Chapter 6 elaborates on discussions and conclusions drawn from the studies
described in previous chapters, and offers a unifying analysis and conclusions from this
thesis research as a whole, and provides recommendations for future work to further
improve the YRPG in our system.
Finally, sections of the appendix give details of the strains, plasmids, primers and
supplementary data for this study.

Chapter 2
Metabolic Engineering of E. coli for Production of Value-Added Products

Portions of this chapter appear in:
(a) Akinterinwa O and Cirino, PC: Catabolism and metabolic fueling
processes. In Metabolic Pathway Engineering Handbook. Edited by Smoke,
C: CRC Press; 2009, and has been reprinted with permission from Taylor and
Francis Group LLC (Confirmation number: 2795223)
(b) Akinterinwa O, Chantal, R, and Cirino, PC: Metabolic engineering for
bioproduction of sugar alcohols Curr. Opin. Biotech. 2008, 19: 461-467,
and is reprinted with permission from Elsevier (License number:
2438040938385).
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Introduction
In this chapter, details on Escherichia coli metabolism are reviewed as a
foundation for the work that will be presented in subsequent chapters. While not
comprehensive, the overview of catabolism and metabolic fueling processes given
describes the pathways of primary concern to many metabolic engineers. Although
innumerable variations are found throughout nature, the basic energy conservation
mechanisms described here are used by all organisms. An understanding of these
fundamental, naturally devised processes that harness energy for life help to facilitate
approaches to engineer strains with improved properties (e.g., to overcome growth
deficits in engineered strains or redirect high-energy intermediates toward energydependent pathways of interest).
In addition to the above, approaches which have been employed in increasing
cofactor availability for cofactor-dependent transformations, contributions of metabolic
network modeling to the design of optimal biocatalysts and strategies used in the
bioproduction of sugar alcohols, xylitol and manifold, are reviewed. A short review of the
information that is pertinent to each individual study is also presented in the introductory
sections of Chapters 3 - 5.
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E. coli
E. coli is a pliable organism that is widely studied and well understood. It is a
facultative anaerobe and can be cultivated in laboratories on agar plates under aerobic,
microaerobic or anaerobic conditions at mild temperatures and pHs. E. coli has proven to
be a suitable host for cofactor-dependent transformations optimized by metabolic
engineering approaches. As discussed later in this chapter, studies of the E. coli genome
and metabolism have aided in the development of stoichiometric metabolic network
models of E. coli that continue to provide beneficial insight which bolster efforts to
engineer efficient E. coli biocatalysts.
E. coli has the rare ability of utilizing various organic substrates including hexose
and pentose sugars as its source of carbon and electrons. Methods are well-developed for
transforming E. coli with plasmid DNA for overexpression of native genes and/or
heterologous genes used in biotransformations. Genetic manipulation of E. coli can be
carried out with relative ease using a variety of methods to modify the organism’s
chromosomal DNA (gene addition and deletion). Metabolic engineering of E. coli has
further strengthened the applicability of this organism as a factory for the production of
proteins, fine chemicals and other value-added products.

Cellular Metabolism as a Source of Cofactors for Redox Transformations in E. coli
and Other Organisms
Metabolism can be defined as the sum of processes involved in energy
conversions in the cell. They regulate cellular conditions such that a state of metabolic
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homeostasis, i.e. a stable supply of energy and metabolites, is maintained. Metabolic
processes are organized into complex sequences of controlled chemical reactions referred
to as metabolic pathways, and many different pathways are responsible for nutrient
processing, energy acquisition, and energy conversion in the cell. These metabolic
processes can be broadly categorized as catabolic and anabolic. Catabolic/fueling
processes are responsible for the production of energy, reducing power and precursor
molecules. They usually involve the breakdown of complex molecules into simpler
molecules. In contrast, anabolic processes consume energy, reducing power and
precursor molecules for the synthesis of complex biomolecules such as proteins, nucleic
acids and membranes. Sugars such as glucose, xylose, and maltose are examples of
organic sources of electrons and carbon. Examples of inorganic electron sources include
H2, H2O, H2S, NH3, S, S2O32-, and Fe.
Fueling reactions essentially produce precursor metabolites and convert energy
extracted from a substrate into a form that is more readily available and useful for driving
anabolic processes. They are characterized by high-energy group transfer reactions,
which promote the energetic favorability of substrate decomposition. Energy obtained
from fueling reactions is captured in the chemical bonds of compounds such as
nicotinamide adenine dinucleotide (NADH), nicotinamide adenine dinucleotide
phosphate (NADPH) and adenosine triphosphate (ATP) via reversible redox and
phosphorylation reactions. Endergonic metabolic reactions are often coupled to exergonic
reactions such as ATP hydrolysis or NAD(P)H oxidation, and their free energy changes
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are additive. By coupling reactions, energy from the exergonic reaction shifts the
endergonic reaction away from equilibrium and towards product formation.
The reactions central to metabolism produces twelve precursor metabolites that
are essential to biosynthesis (White 2000) and can be grouped in three major pathways:
Embden-Meyerhof-Parnas pathway (EMP, also known as glycolysis), EntnerDoudoroff pathway (ED), pentose phosphate pathway (PPP) and the tricarboxylic
acid (TCA) cycle. These pathways and their characteristic reactions are discussed in
further detail below.

Redox Reactions
Enzyme-catalyzed redox reactions are at the heart of catabolic processes,
facilitating the conversion of substrate chemical energy to cellular energy currency.
Hydrogen atoms and electrons obtained from redox reactions are transported in the cell
by mobile electron carriers/cofactors which include the flavoproteins, quinones, ironsulfur proteins, cytochromes and NAD(P)(H).
The mobile electron carrier used in a particular redox reaction is dependent on the
reduction potential and the chemical structure of the carrier. The redox potential of a
reaction is an important measure of its electron donating ability. Half-reactions involving
molecules with low (usually negative) reduction potentials will donate electrons to those
with high (positive) reduction potentials. In general, molecules with large negative
reduction potentials are good electron donors and those with large positive reduction
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potentials are good electron acceptors. Table 2-1 lists some half-reactions occurring
within cells, and their corresponding standard redox potentials.

Table 2-1: Standard Redox Potentials of some cellular reactionsa.

E’0 (mV)

Couple
NADP+/NADPH

-324

NAD+/NADH

-320

FAD/FADH2

-220b

Acetaldehyde/ethanol

-197

FMN/FMNH2

-190

Pyruvate/lactate

-185

Oxaloacetate/malate

-170

Menaquinone (oxidized/reduced)

-74

Fumarate/succinate

+33

Ubiquinone (oxidized/reduced)
-

NO3 /NO2
3+

+40 to +100
+421

2+

+771

O2 (1 atm)/H2O

+815

Fe /Fe

a

-

In developing the values for the standard redox potentials, a hydrogen electrode is arbitrarily designated as
the reference, with [H+] = 1M. The standard redox potential E’0 is based on assumptions of 1M of electron
acceptor and electron bThis reaction has different E’0 depending on whether FAD is free or if it is bound
tightly to a flavoprotein. The value given is for free FAD. Data was obtained from Nelson and Cox (2005)
and White (2000)
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For a redox reaction,
0
0
ΔE ' 0 = E 'acceptor
− E 'donor

(2-1)

ΔE ' 0 is proportional to the free energy change ("G) as follows:

€
€

(Joules)

ΔG' 0 = − nFΔE ' 0

(2-2)

!
where n is the number of electrons transferred
per molecule, and F is the Faraday
€
constant (F = 96,485 Coulombs/mole).

Nicotinamide Adenine Dinucleotide (Phosphate) Cofactors
Nicotinamide adenine dinucleotide (NAD+, NADH) and nicotinamide adenine
dinucleotide phosphate (NADP+, NADPH) cofactors belong to a class of molecules
called mobile electron carriers (Nelson 2005). These water-soluble molecules migrate
between enzymes and serve as coenzymes or enzyme cofactors in biological redox
reactions. NADP+ is similar to NAD+, with the addition of a phosphate group at the
adenosine ribosyl C2 position. Reducing power extracted from substrates during
oxidative fueling reactions is commonly stored in the nicotinamide ring of NAD(P)+ and
the reduction is represented by the following reactions:
NAD+ + 2H+ + 2e-

↔

NADH + H+

∆G’0 ≈ +61.9 kJ

(2-3)

NADP+ + 2H+ + 2e-

↔

NADPH + H+

∆G’0 ≈ +62.5 kJ

(2-4)

€
€
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Two hydrogen atoms are removed from the substrate, with one hydride ion (H:-)
transferred to the nicotinamide ring and the other hydrogen released into solution as a
free proton (H+). Figure 2-1 shows the structures of NAD(P)(H).
NADP+ reduction occurs most commonly through the oxidative pentose
phosphate cycle and the tricarboxylic acid cycle, while NADH is generated from NAD+
through glycolysis and the TCA cycle. In many organisms, reducing equivalents can be
transferred between cofactors by the transhydrogenase (THD)-catalyzed reaction:
NADPH + NAD+

NADP+ + NADH

The above reaction (Keq~1) is catalyzed by a cytosolic transhydrogenase.

(2-5)
Another

membrane-bound, proton-translocating transhydrogenase complex couples a proton
gradient to the hydride transfer reaction, effectively shifting the equilibrium ratios of
oxidized and reduced cofactors (Jackson 1991):

[H+]in + NADPH + NAD+

NADP+ + NADH + [H+]out (2-6)

Microbes often contain one of the two THD forms, and the membrane version is
commonly found in mitochondria. Only the Enterobacteriaceae are known to contain
both THDs. Information on the structural, catalytic and kinetic properties of
transhydrogenases is available (Jackson 1991; Jackson, Cotton et al. 1993; Hutton, Day et
al. 1994; Bizouarn, Grimley et al. 1995).
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Figure 2-1: Structures of NAD(P)(H). Nicotinamide adenine dinucleotides serve as electronshuttling coenzymes in metabolic reactions. NADP+ is similar to NAD+, with the addition of a
phosphate group at the adenosine ribosyl C2 position.

20

In prokaryotes (especially Enterobacteriaceae), the physiological role of
transhydrogenases remains an intriguing area of study (Sauer, Canonaco et al. 2004) and
the importance of these enzymes in engineering cofactor-dependent metabolic pathways
cannot be overstated (several noteworthy examples include: (Boonstra, Rathbone et al.
2000; Canonaco, Hess et al. 2001; Sauer, Canonaco et al. 2004; Weckbecker and
Hummel 2004; Sanchez, Andrews et al. 2006)).
Cofactor-dependent enzymes are typically specific for either NAD(H) or
NADP(H), although some redox enzymes (e.g., many aldo-keto reeducates) are capable
of utilizing both cofactors. NAD+ serves as an intermediate electron acceptor in catabolic
reactions and as an electron shuttle in the respiratory chain. In contrast, NADPH typically
serves as a hydride donor for polymerization and biosynthetic (anabolic) reactions such
as fatty acid biosynthesis, steroid biosynthesis, and nucleic acid biosynthesis. NADPH
additionally serves as a direct antioxidant that helps to protect eukaryotic cells from the
damaging effects of oxygen radicals and thereby fight against diseases including
atherosclerosis, cancer, and neurodegenerative disorders (Kirsch and De Groot 2001;
Nelson 2005).

The Central Pathways
The central pathways are used in the metabolism of carbohydrates and carboxylic
acids. Central pathways produce precursor metabolites (carbon skeleton) and sometimes
ATP and NAD(P)H (energy), in which case they are called amphibolic pathways.
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Examples of amphibolic pathways are: the Embden-Meyerhof-Parnas pathway
(glycolysis), the Entner-Doudoroff pathway, the pentose phosphate pathway and the
tricarboxylic acid cycle (depicted in Figures 2-2 and 2-3). The EMP, PPP and ED
pathways are generally considered in the context of glucose oxidation to pyruvate, with
each pathway employing different enzymes/reactions to synthesize the intermediate
glyceraldehyde-3-phosphate. However, in some bacteria including E. coli, the EntnerDuodoroff pathway is used primarily for gluconate metabolism rather than glucose
metabolism (Ingraham 1983).

Glycolysis
Glycolysis comprises the initial reactions required for carbohydrate metabolism. The
principal functions of glycolysis are: oxidation of glucose (a six carbon molecule) to
pyruvate (a three carbon molecule), production of cellular energy sources (NADH and
ATP), and supply of six of the precursor metabolites used in biosynthesis. The reactions
of glycolysis are summarized as:

Glucose + 2NAD+ + 2ADP + 2Pi → 2Pyruvate + 2NADH + 2H + + 2ATP + 2H 2O
∆G = -85 kJ/mole (2-7)
€

Over 60% of the energy released from glycolysis is stored as ATP (Nelson 2005).
During glycolysis, ATP is produced only by substrate-level phosphorylation, whereby
energy released from exergonic reactions is used to drive the phosphorylation of ADP
(Gottschalk 1986).
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Figure 2-2: The Central Pathways and Fermentation Products in Wild Type E. coli. The
Embden-Meyerhof-Parnas (EMP), Pentose phosphate (PP) and Entner-Duodoroff (ED) pathways
convert glucose-6-phosphate ultimately to pyruvate. Major fermentation products obtained from
the central pathways are shown in boxes. Abbreviations: Glc PTS: Glucose phosphotransferase
system; PEP: Phosphoenolpyruvate; PYR: Pyruvate; zwf: glucose-6-phosphate dehydrogenate;
pgi: phosphoglucoisomerase; edd: 6-phosphogluconate dehydratase; edam: 2-keto-3-deoxy-6phosphogluconate aldolase; frd: fumarate reductase; ldhA: lactate dehydrogenase; pfl: pyruvateformate lyase; PDH*: pyruvate dehydrogenase mutant; pta: phosphate acetyltransferase; ackA:
acetate kinase; adhE: alcohol dehydrogenase; The dashed lines indicate a multisep reaction and
the dotted line indicates that the PDH reaction is not used for pyruvate conversion to acetyl CoA
under anaerobic conditions in wild type E. coli
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Figure 2-3: The Tricarboxylic Acid Cycle. Under aerobic condition pyruvate conversion to
acetyl CoA is mediated by Pdh. Acetyl CoA undergoes further conversion to C02 via the citric
(TCA) cycle. Abbreviations: gltA: citrate synthase; acnA: aconitase; icd: isocitrate
dehydrogenase; αkgdh: α-ketoglutarate dehydrogenase; sucCD: succinate thiokinase; sdhABCD:
succinate dehydrogenase; fumABC: fumarase; mdh: malate dehydrogenase
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The Pentose Phosphate Pathway
The pentose phosphate pathway, also called the phosphogluconate pathway or the
hexose monophosphate pathway, is responsible for the oxidation of glucose-6-phosphate
to pentose phosphates such as ribose-5-phosphate and xylulose-5-phosphate. These
pentose phosphates are used in the synthesis of RNA, DNA, and coenzymes such as
ATP, coenzyme A, NADH, and FADH2. Additionally, the PPP produces glycolytic
intermediates by converting five-carbon sugars (more accurately their phosphates) to sixcarbon and three-carbon sugars, and it also produces two of the precursor metabolites
used in biosynthesis. The PPP is the main source of NADPH, which serves as an electron
donor in most biosynthesis reactions. The net reaction of the PPP can be summarized as
follows:

Glucose-6-phosphate + 6 NADP+ + 3 H2O
Glyceradehyde-3-phosphate + 3 CO2 + 6 NADPH + 6 H+

(2-8)

The Entner-Doudoroff Pathway
The Entner-Doudoroff pathway is primarily found in prokaryotes but has been
reported in Entamoeba histolytica and the fungi Aspergillus niger and Penicillum
notatum (Conway 1992; White 2000). In the ED pathway, one mole of glucose-6phosphate is oxidized to one mole of glyceraldehyde-3-phosphate and one mole of
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pyruvate. Glyceraldehyde-3-phosphate produced from the ED pathway is further oxidized
through the EMP pathway to produce another mole of pyruvate.

The ED pathway is

summarized as:
Glucose + NADP+ + NAD+ + ADP + Pi
2Pyruvate + NADPH + 2H+ + NADH + ATP

(2-9)

When the ED pathway is used for glucose oxidation, the net ATP yield per mole
of glucose is one. Based on the lower energy yield of the ED pathway, anaerobes which
lack respiratory chains use the EMP pathway (net ATP yield per mole of glucose is two)
for glucose oxidation since this more “economical” (Gottschalk 1986). However the ED
pathway is useful in those organisms that do not have a complete EMP pathway and also
for the degradation of aldonic acids such as gluconate (White 2000).
The distribution of EMP and ED pathways in various bacteria is summarized by
White ((White 2000), chapter 8). Flux ratios through these “upper” metabolic pathways
vary considerably between organisms and growth conditions. Metabolic engineers are
often concerned with these fluxes and altering them through genetic modifications.
Continued advances in flux analysis are enabling novel insights into cellular metabolism
and improved strain engineering (for examples of flux analysis methods and applications
refer to (Holms 1996; de Graaf, Striegel et al. 1999; Sauer 1999; Sahm, Eggeling et al.
2000; Holms 2001; Emmerling, Dauner et al. 2002; Yang, Hua et al. 2002; Sauer 2004)).
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Fates of Pyruvate
Pyruvate is obtained from the breakdown of nearly all energy sources and its
metabolic fate is highly dependent on growth conditions. Pyruvate can be siphoned-off
for use as a precursor metabolite in the synthesis of the amino acids alanine, valise and
leonine (Nelson 2005) and it can be utilized by anaplerotic reactions

involved in

replenishing citric acid cycle intermediates. Alternatively, pyruvate can be converted into
the high-energy intermediate acetyl-CoA, which plays an important role in connecting
glycolysis to the citric acid cycle. Depending on the organism, conversion of pyruvate to
acetyl-CoA can be catalyzed by the pyruvate dehydrogenate enzyme complex (PDHc),
pyruvate format lease (PFL), or pyruvate:ferredoxin oxidoreductase (POR) and fluxes
through these enzymes depend on whether metabolism proceeds via the oxidative route
(citric acid cycle and respiration) or fermentative route (de Graef, Alexeeva et al. 1999).
PDHc catalyzes the NAD+-linked oxidative decarboxylation of pyruvate to acetylCoA (primarily considered an aerobic reaction) and PFL catalyzes the anaerobic
conversion of pyruvate to acetyl-CoA (Kaiser and Sawers 1994; Quail, Haydon et al.
1994; Guest 1996; Kessler 1996; Cassey, Guest et al. 1998; Nelson 2005), as shown:
Pyruvate + Coenzyme A + NAD+
Acetyl-CoA + NADH + H+ + CO2
Pyruvate + Coenzyme A

Format + Acetyl-CoA

(2-10)

(2-11)

Thus, when cells are able to generate energy through respiration, pyruvate
oxidation provides NADH and fully oxidized CO2, while under fermentative conditions
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NADH production is avoided by the production of formate. In E. coli, PDHc is generally
considered to be minimally active under anaerobic or at least non-respiratory conditions
(de Graef, Alexeeva et al. 1999) due to a relatively high ratio of NADH/NAD+ and high
concentration of acetyl-CoA, both of which allosterically inhibit PDHc activity (Hansen
and Henning 1966; Snoep, Degraef et al. 1993; de Graef, Alexeeva et al. 1999).
However, when nitrate serves as an anaerobic terminal electron acceptor, PDHc activity
in E. coli can be substantial (Kaiser and Sawers 1994; de Graef, Alexeeva et al. 1999).
Expression of PDHc is additionally repressed by the ArcA/B global regulator (Iuchi and
Lin 1988) under low oxygen conditions (or more accurately, low oxidation-reduction
potentials (Iuchi and Lin 1988; Quail, Haydon et al. 1994; Nystrom, Larsson et al. 1996;
Malpica, Franco et al. 2004; Malpica, Sandoval et al. 2006). While PDHc activity is
extremely redox sensitive in many organisms (especially Enterobacteriaceae), pyruvate
dehydrogenases from some organisms such as Enterococcus facials and Azotobacter
vinelandii are less sensitive to elevated levels of intracellular NADH (Snoep, Demattos et
al. 1990; Snoep, Degraef et al. 1993).
PFL is enzymatically interconvert between active and inactive forms during
anaerobic-aerobic transitions since its activity involves a glycol radical that is not stable
in the presence of oxygen (Kaiser and Sawers 1994; Kessler 1996; de Graef, Alexeeva et
al. 1999). At the genetic level, expression of PFL in E. coli is regulated by the FNR and
ArcA/B global regulators (Iuchi and Lin 1988; de Graef, Alexeeva et al. 1999; White
2000). In general, catabolic pathways are sensitive to and tightly regulated by a number
of related signals that reflect the redox potential and energy charge of the cell.
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Pyruvate can alternatively be converted directly to acetate and CO2 by pyruvate
oxidize under aerobic conditions, in which case reducing equivalents directly enter
electron transport through ubiquinone. Acetate can in turn be converted to acetyl-CoA
through the ATP-dependent acetokinase-phosphotransacetylase (ACK-PTA) and acetylCoA synthesize (ACS) pathways (Brown, Jonesmortimer et al. 1977; Abdel-Hamid,
Attwood et al. 2001).
Acetate + ATP

Acetyl-P + ADP

(2-12)

Acetyl-P + CoA

Acetyl-CoA + Pi

(2-13)

CoA + Acetate + ATP

Acetyl-CoA + AMP + PPi

(2-14)

Another fate of pyruvate is nonoxidative decarboxylation to acetaldehyde by the
fermentative enzyme pyruvate decarboxylase (PDC). As shown in the next section the
PDC from Zymomonas mobiles has received much attention in the metabolic engineering
of fermentation pathways for ethanol production (Ingram, Gomez et al. 1998; Aristidou
and Penttila 2000).

The Tricarboxylic Acid Cycle
The TCA/citric acid cycle is used in the metabolism of sugars, fatty acids and
some amino acids. Its reactions oxidize acetyl-CoA to CO2, and reducing equivalents are
extracted in the form of NAD(P)H and FADH2. One mole of ATP is also produced per
mole of acetyl-CoA through substrate-level phosphorylation.

The citric acid cycle
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operates concurrently with the respiratory chain, through which NAD(P)H and FADH2
are re-oxidized and a proton motive force is generated for ATP synthesis (White 2000)
(refer to section on oxidative phosphorylation later in this chapter). The overall reactions
of the TCA cycle can be summarized as:
Acetyl-CoA + 2H2O + ADP + Pi + FAD + NADP+ + 2NAD+
2CO2 + ATP + FADH2 + NADPH + 2NADH + 3H+ + CoA (2-15)
Although typically associated with aerobic respiration, the citric acid cycle can be
active during anaerobic respiration in the presence of an external electron acceptor
(Miller and Smithmagowan 1990). For example, Pseudomonas stutter completely
oxidizes glucose to CO2 with nitrate as the electron acceptor (Spangler and Gilmour
1966; Prohl, Wackwitz et al. 1998) and the hyperthermophilic archaea, Thermoproteus
tenax and Pyrobaculum islandicum, express a functional TCA cycle with sulfur or
thiosulfate as the terminal electron acceptor (Selig and Schonheit 1994; White 2000).
Regardless of whether the TCA cycle is operational, enzymes of the cycle are
used to generate precursor metabolites for biosynthesis (Cronan 1996). For example,
succinyl-CoA is a precursor to the synthesis of L-lysine, L-methionine and tetrapyrroles
of cytochromes and chlorophylls (White 2000). Under fermentative conditions the TCA
cycle enzyme a-ketoglutarate dehydrogenate has little or no activity (Amarasin.Cr and
Davis 1965; Smith and Neidhardt 1983; Iuchi and Lin 1988; Cronan 1996) and therefore
cannot synthesize sufficient succinyl-CoA. For continued supply of metabolic precursors
the TCA cycle enzymes then operate in two separate branches.

a-ketoglutarate is

supplied from citrate through the oxidative branch (as in the normal cycle), while
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succinyl-CoA is produced via reduction of oxaloacetate through the reverse, “reductive”
branch, in which the enzyme fumarate reductase replaces succinate dehydrogenase.

Fermentation
Cell fermentation requires no external electron acceptors and no respiratory
pathways.

Instead, internal metabolites such as pyruvate and acetyl-CoA serve as

substrates of reduction reactions, allowing for NAD+ regeneration with concomitant
secretion of (reduced) acids and alcohols (e.g., lactate and ethanol). Fermentation is a
poor energy-yielding process with little assimilation of substrate carbon into biomass.
The driving force for fermentation is glycolytic ATP production through substrate-level
phosphorylation, which can only continue when coupled to NADH oxidation. Additional
ATP is sometimes produced in the subsequent fermentative pathways (e.g., during acetate
production in mixed acid fermentation). Fermentation products vary depending on the
organism and degree of reduction of the growth substrate. For example, lactic acid
bacteria such as Lactobacillus plantarum produce lactate, yeasts and some fungi such as
Trichocladium canadense (Pavarina and Durrant 2002) produce ethanol, and members of
Clostridrium produce butyrate, butanol and acetone (White 2000). E. coli and other
Enterobacteriaceae carry-out mixed-acid fermentation (Madigan 2006), secreting
mixtures of lactate, ethanol, acetate, succinate and format as shown in Figure 2-2.
Recently, E. coli has been the target of many metabolic engineering efforts aimed at
generation of strains which exclusively overproduce a single fermentation product (e.g.,

31

(Ingram, Conway et al. 1987; Alterthum and Ingram 1989; Chang, Jung et al. 1999;
Vemuri, Eiteman et al. 2002; Zhou, Causey et al. 2003; Shukla, Zhou et al. 2004; Lin,
Bennett et al. 2005; Lin, Bennett et al. 2005).

Oxidative Phosphorylation
The central concept in oxidative phosphorylation is the chemiosmotic theory,
developed by biochemist, Peter Mitchell (Mitchell 1961). Cells use ion gradients to
couple exergonic reactions that occur during electron transport to endergonic reactions
such as ATP synthesis. During oxidative phosphorylation, electrons are ferried from
NADH/FADH2 to terminal electron acceptors through protein complexes and mobile
electron carriers in the electron transport chain (ETC). Free energy becomes available
during the “downhill” passage of electrons to oxygen:
NADH
1

NAD+ + H+ + 2e-

/2 O2 + 2H+ + 2e-

H2 O

∆G = -158.2 kJ

(2-16)

∆G = -61.9 kJ

(2-17)

∆G ≈ -220 kJ

(2-18)

Overall reaction:
NADH + 1/2 O2 + H+

NAD+ + H2O

This free energy is conserved as electrochemical energy/proton motive force
(pmf)/proton potential (∆p) as a result of proton translocation during electron transport.
Electrochemical energy is a function of both the membrane potential ( ΔΨ , electrical

€
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energy) and the difference in concentrations between solutions separated by the
membrane (chemical energy). For n moles of protons that cross a membrane,
Electrochemical energy (Δµ) = Electrical energy + Chemical energy
Electrical energy = nFΔΨ
€

(Joules)

(2-19)
(2-20)

where F is Faraday’s constant and ΔΨ is the potential difference over which the
charge is moved. Also,

€
€

 [H + ] 
in
Chemical energy = RT ln + 
 [H out ] 

(Joules)

(2-21)

where [H +in ] is the concentration of protons inside the cell and [H +out ] is the

€
concentration of protons outside the cell.
€ The electrochemical energy or proton motive force €
is hence written as:

 [H + ] 
in
Δµ = nFΔΨ + RT ln + 
 [H out ] 

(Joules)

(2-22)

Electrochemical energy conserved in the proton gradient is expended when

€ are pumped backed into the matrix to power ATP synthesis through a
extruded protons
membrane-spanning multisubunit protein called the F1F0 ATPase (ATP synthase).
Electron transfer coupled to electrogenic translocation of protons through a membrane is
referred to as vectorial translocation, and is achieved by electron-carrying proton pumps
(White 2000). Examples of proton pumps include the cytochrome c oxidase complex in
the mitochondrial ETC and the NDH-1 (NADH:Ubiquinone oxidoreductase complex) in
bacteria. In scalar translocation, protons are transferred from one side of the membrane
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to the other due to switches in electron carriers involved in the electron transport process
(White 2000). For example, in the “Q cycle”, in which quinol (QH2) is oxidized to
quinone (Q), electron carriers alternate between those that carry hydrogen and those that
do not, such that protons are carried across the membrane and released when this switch
occurs (White 2000). Complexes in the ETC where both electron transfer and proton
translocation occur are called coupling sites.

Electron Transport in Bacteria
The electron transport chain in bacteria is found in the cytoplasmic membrane and
is similar to, but more complex than, the mitochondrial ETC. The complexity of the
bacterial ETC is attributed to the ability of bacteria to alter their electron transport
mechanisms based on growth conditions or available electron donors and acceptors
(White 2000).

Bacterial ETCs can be divided into quinone-reducing branches and

quinol-oxidizing branches. The reductive branches are responsible for electron transfer
from electron donors to quinone and consist of the dehydrogenases, while the oxidative
branches are redox systems involved in the oxidation of quinols, cytochromes and
terminal oxidoreductases (Thony-Meyer 1997). Figure 2-4 depicts a generalized ETC in
bacteria.
Depending on the organism, electrons entering the bacterial ETC can originate
from a wide variety of donors including NADH, FADH2, organic substrates, H2, NH3,
NO2-, sulfur, sulfide, and ferrous iron. The entrance point of electrons into the ETC
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depends on the reduction potential of the donor, with more negative potentials entering at
higher “levels” of the ETC (NADH dehydrogenase being the highest level). Bacterial
terminal electron acceptors include oxygen, nitrate, nitrite, fumarate, sulfate, carbon
dioxide and dimelthylsulfoxide. Of these compounds, oxygen has the largest (positive)
reduction potential and its reduction yields the largest Gibbs free energy.
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Figure 2-4: Generalized Bacterial Electron Transport Chain. (a) Electrons from donors enter the
ETC through dehydrogenase complexes, the quinone pool or the cytochromes. The ETC can
branch at the quinones (quinols) and cytochromes. Under anaerobic conditions, electrons are
transferred from the quinols to reductase complexes that reduce the final electron acceptor. Under
aerobic conditions, electrons are transferred from quinols to terminal oxidases via multiple routes.
(b) Examples of different electron transfer routes employed during aerobic respiration.
Cytochromes o and aa3 are terminal oxidases.
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The well-studied electron transport chain of E. coli is a good illustration of the
complex and branched nature of bacterial ETCs. Proton translocation occurs during
NADH oxidation (2 H+/e-) via NADH:ubiquinone oxidoreductase (NDH-1), while a
second NADH dehydrogenase (NDH-2) does not pump protons (White 2000). Several
different quinol-oxidizing branches connect to terminal reductases or oxidases. Under
aerobic conditions the cytochrome complexes bo and bd are formed for quinol oxidation
(White 2000). Cytochrome bo has a lower affinity for oxygen compared to cytochrome
bd, and their relative activities depend on the oxygen tension.

Cytochrome bo

translocates 2 H+/e- (one scalar and one vectorial) while cytochrome bd translocates 1
H+/e- (one scalar). During anaerobic growth, reductase complexes reduce electron
acceptors. For example, nitrate reductase is synthesized for nitrate reduction and fumarate
reductase for fumarate reduction.
The complexity of the bacterial ETC makes it difficult to postulate a specific
value for the P/O ratio, as it depends on the branches involved and the number of
coupling sites. P/O ratios are higher in bacterial ETCs compared to mitochondria ETCs
because protons are not required to bring Pi into the cell (White 2000).

Key Parameters Influencing Regulation of Catabolic Pathways
Metabolic activities are regulated to ensure a balance between catabolism and
anabolic demands. Catabolic pathways are sensitive to and tightly regulated in response
to a number of related signals that reflect the redox potential and energy charge of the
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cell. This includes the presence of oxygen or other terminal electron acceptors and
whether a growth substrate is limiting or in excess. As was described previously in this
chapter for the regulation of PDHc and PFL enzymes (involved in pyruvate metabolism),
key “control” enzymes of the central pathways are allosterically regulated by central
pathway intermediates. While the effectors vary between isozymes and organisms, some
general examples include: inhibition of phosphofructokinase by ATP and PEP, activation
of pyruvate kinase by fructose-1,6-bisphosphate, inhibition of citrate synthase and
isocitrate dehydrogenase by ATP and NADH, and inhibition of a-ketoglutarate
dehydrogenase by its products NADH and succinyl-CoA.
Transcription factors responsive to the intracellular redox potential also play an
important role in regulating catabolic pathway genes. The most characterized are the
FNR (fumarate nitrate reductase) and the ArcA/B global regulatory systems in E. coli
(reviewed in (White 2000)). FNR is minimally functional during aerobic growth, but
under anaerobic or very low oxidation-reduction potential conditions, FNR acts as a
positive regulator of many genes including pyruvate formate lyase (PFL) and fumarate
reductase. FNR additionally represses many other aerobically expressed genes such as
succinate

dehydrogenase

(in

the

TCA

cycle)

and

respiratory

cytochromes.

Transcriptional control exerted by the Arc system also includes induction as well as
repression and has pronounced effects on central metabolism under microaerobic
conditions (where FNR may still be relatively inactive) in addition to anaerobic
conditions, in coordination with FNR (many genes are regulated by both FNR and Arc)
(Alexeeva, de Kort et al. 2000; Alexeeva, Hellingwerf et al. 2003; Levanon, San et al.
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2005). As examples, the Arc system is responsible (at least partly) for repression of
PDHc and TCA cycle genes and induction of PFL.
“Catabolite repression” in microbes refers to attenuated activity of inducible
enzymes involved in the catabolism of a specific carbon source (i.e., the inducer, such as
xylose or arabinose) when there is a surplus of a more “favorable” substrate such as
glucose (Stulke and Hillen 1999; Todar 2004). Cyclic AMP (cAMP) acts as an effector
of the “catabolite activator protein” (CAP) transcription factor (also called cAMPreceptor protein, or CRP), which regulates transcription of many (or most) catabolic
operons (Pastan and Adhya 1976; Botsford and Harman 1992; Kolb, Busby et al. 1993;
Saier 1996; Todar 2004). Glucose metabolism lowers intracellular cAMP concentrations
(Saier 1996) and as a result glucose is preferentially metabolized when present with other
substrates whose catabolic genes are under CAP control. Microorganisms thus often
exhibit “diauxie” or “diauxic growth” in the presence of sugar mixtures, a phenomenon in
which multiple carbon sources are not metabolized simultaneously but rather utilized
sequentially (Monod 1942; Epstein, Rothmandenes et al. 1975; Stulke and Hillen 1999;
Hernandez-Montalvo, Valle et al. 2001). Elimination of diauxic growth has been
achieved in engineered E. coli strains by elevating the cAMP pool (Hernandez-Montalvo,
Valle et al. 2001; Dien, Nichols et al. 2002) and expressing a constitutive CRP mutant
(Cirino, Chin et al. 2006).
In the presence of excess nutrients, organisms often exhibit “overflow
metabolism” in which the carbon substrate is assimilated rapidly but incompletely
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oxidized, resulting in production of some ATP and biomass as well as secretion of
overflow metabolites such as ethanol and acetate (even in the presence of ample oxygen)
(Hollywood and Doelle 1976; Andersen and Vonmeyenburg 1980; Meyer, Leist et al.
1984; Kaeppeli 1986). Respiration essentially does not “keep-up” with glycolytic flux
and glycolysis is not attenuated, so metabolites are secreted to maintain redox balance
and ATP production (much like fermentation) (Andersen and Meyenburg 1977; Kaeppeli
1986; El-Mansi 1989; Majewski and Domach 1990; Holms 2001; Vemuri, Altman et al.
2006). When the high-energy nutrients have been exhausted, cells switch to a survival
agenda in which they assimilate the previously excreted organic compounds. Examples of
organisms which exhibit overflow metabolism in the presence of excess glucose include
Escherichia coli (acetate accumulates and is later metabolized in what is referred to as the
“acetate switch”) (Wolfe 2005), Saccharomyces cerevisiae (ethanol accumulates)
(Kaeppeli 1986; Pham, Larsson et al. 1999; Pham, Larsson et al. 1999), and Klebsiella
aerogenes (excretes 1,3-propanediol) (Streekstra, Demattos et al. 1987).
As noted, the TCA cycle is subject to multi-tiered regulation at the levels of
transcription and enzyme activity (Amarasin.Cr and Davis 1965; Gray, Wimpenny et al.
1966; Spencer and Guest 1987; Cronan 1996). Under anaerobic conditions enzyme
activities are 10- to 20-fold lower than those during aerobic growth (Gray, Wimpenny et
al. 1966; Smith and Neidhardt 1983; Iuchi and Lin 1988; Guest and Russell 1992; Cronan
1996). High catabolic flux caused by excess glucose results in repression of TCA
cycle/respiratory pathways (the “Crabtree” effect), influenced by a combination of factors
including reduced gene expression (catabolite repression) and inhibition by elevated
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levels of “energetic” metabolites (Spencer and Guest 1987; Miles 1989; Cronan 1996;
Vemuri, Altman et al. 2006). From a metabolic engineering perspective, it is often
desirable to alleviate this repression and increase flux through the TCA cycle or specific
TCA cycle enzymes. This has been demonstrated through deletion of the redox-sensitive
regulators (ArcA and FNR) (Prohl, Wackwitz et al. 1998; Vemuri, Altman et al. 2006)
and through use of a constitutive CRP mutant (Cirino, Chin et al. 2006).

Metabolic Engineering Approaches to Increasing Cofactor Availability for Redox
Biotransformations.
Cellular metabolism provides the reduced cofactors utilized in heterologous
NAD(P)H-dependent transformations occurring in whole-cells. The challenge remains
that these reducing equivalents need to be efficiently diverted away from the native
cellular reaction such as energy production via oxidative phosphorylation and
biosynthesis and towards the reaction of interest. Some metabolic engineering strategies
that have been investigated in order to promote maximum delivery of reducing
equivalents to reaction of interest are discussed below:

Gene Deletions and Additions
A key approach that has been pursued to increase the availability of cofactors for
whole-cell NAD(P)H-dependent biotransformations and obtain high product yields per
substrate is the deletion of potential cofactor-utilizing reactions and/or the addition of
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those that generate cofactors so that reducing power can be used to drive
heterologous/native reactions of interest. Some representative examples are reviewed
below.
A strain in which ethanol is produced at high concentrations from xylose under
anaerobic conditions was developed by deleting the genes encoding competing
fermentation pathways producing succinate, lactate and acetate (∆frd encodes fumarate
reductase, ∆dhal, encodes lactate dehydrogenate, ∆ackA encodes acetate kinas,
respectively) (Peterson and Ingram 2008). This enabled NADH to be diverted towards
ethanol production. Z. mobilis pyruvate decarboxylase (encoded by pdc) was also
expressed to enable pyruvate conversion to acetaldehyde – a precursor for ethanol
production. E. coli’s native alcohol dehydrogenase (encoded by adhE and mediates
reactions for ethanol production from acetyl CoA) was replaced by the alcohol
dehydrogenate from Z. mobiles (encoded by adhA and adhB mediates reactions for
ethanol production from acetaldehyde). A short chain esterase was also expressed in
order to reduce the side production of ethyl-acetate (encoded by estZ gene from
Pseudomonas putida). In minimal medium supplemented with xylose, the resulting strain
produced ethanol at a yield that was 98% of the theoretical maximum yield. Similar
strategies have been used in engineering E. coli for pyruvate (Causey, Shanmugam et al.
2004) and lactate (Zhou, Causey et al. 2003) production.
A fungal NADP+-dependent D-glyceraldehyde-3-phosphate dehydrogenate
(GDP1) was expressed in a zwf1-deletion (encodes glucose-6-phosphate dehydrogenate)
Saccharomyces cerevisiae strain to enable the production of ethanol from xylose at a high
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yield in this organism (Verho, Richard et al. 2002; Verho, Londesborough et al. 2003).
When flux is via GDP1-catalyzed reaction instead of the ZWF1 reaction the levels of
unwanted side products (xylitol and CO2) were lower thus enabling higher yields of
ethanol to be obtained. Additionally this replacement prevents the imbalance of redox
cofactors often observed during pentose catabolism in yeasts. The resulting strain
produced ethanol at a yield that was 50% higher than that obtained in the parent strain.
E. coli was engineered for NADH-dependent alanine production under anaerobic
conditions by heterologous expression of an L-alanine dehydrogenase from Geobacillus
stearothermophilus in an E. coli strain devoid of the native fermentation pathways. The
heterologous gene was placed under the control of the promoter for the native D-lactate
dehydrogenase in E. coli. The methylglyoxal synthase gene (mesa) was also deleted in
order to prevent lactate production via the corresponding enzyme and alanine racemase
gene (dad) was deleted to prevent conversion of L-alanine to D-alanine. In this strain cell
growth and ATP production is obligately linked to alanine production, as this was the
sole means of regenerating NAD+ during anaerobic growth of the engineered strain on
glucose. This was used as the basis of the evolution of a strain with improved alanine
production capability. The resulting mutant strain produced alanine at a yield of 95% and
a chiral purity of greater than 99.5%.
San and his coworkers investigated the possibility of increasing intracellular
NADH availability by overexpressing an NAD+-dependent formate dehydrogenase from
Candida Boidinii (CbFDH) (Berrios-Rivera, Bennett et al. 2002). They showed that
under anaerobic conditions, the presence of the CbFDH resulted in higher ethanol/acetate

42

ratios indicating increased NADH availability. Thymidine production in E. coli was
improved by disruption of genes involved in thymidine degradation and overexpression
of a NAD+ kinas (Lee, Kim et al. 2009), which catalyzes the phosphorylation of NAD+ to
NADP+. A 45% increase in intracellular NADPH/NADP+ ratio and a 27% increase in
thymidine production was observed in the engineered strain.
Strategies similar to those described above have been employed for the improving
cofactor availability for the production of value-added products such as 1,2-propanediol
(Berrios-Rivera, San et al. 2003), xylitol (Cirino, Chin et al. 2006), polyphenols
(Chemler, Fowler et al.), succinate (Zhang, Shanmugam et al. ; Vemuri, Eiteman et al.
2002; Lin, Bennett et al. 2005; Jantama, Zhang et al. 2008; Yazdani and Gonzalez 2008),
1-butanol (Atsumi, Cann et al. 2008), ethanol (Zhou, Iverson et al. ; Kim, Ingram et al.
2007; Yomano, York et al. 2008) and lactate (Zhu and Shimizu 2004; Zhu and Shimizu
2005; Zhu, Eiteman et al. 2007) in E. coli .

Utilization of Different Carbon Sources
An alternative route that has been taken in the quest to increase internal reduced
cofactor pools involved the use of carbon substrates with different oxidation states (San,
Bennett et al. 2002; Saanchez, Bennett et al. 2005). It was discovered that under
anaerobic conditions, the oxidation state of the substrate influences the amount of
reduced cofactors that can be obtained from its catabolism. Sorbitol (oxidation state of -1)
generated the most NADHs per mole of substrate (3 NADHs/ mole sorbitol) while
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gluconate (oxidation state of +1) generated the least NADHs per mole of substrate (1
NADH/mole gluconate). Glucose (oxidation state of 0) was in between and it generated 2
moles of NADH per mole of substrate. All these results are based on six-carbon sugars
and the assumption that the sugars are metabolized through glycolysis. The different
levels of NADH resulted in different metabolite profiles with ethanol being the dominant
product in the sorbitol-fed system.

Transhydrogenase Activity
As mentioned previously, many organisms including Escherichia coli possess one
or more transhydrogenases which catalyze the transfer of reducing equivalents between
cofactors (as shown previously in reactions #5 and #6) and aid in regulating intracellular
cofactor ratios. Although the structural, catalytic and kinetic properties of
transhydrogenases have been well studied (Jackson 1991; Jackson, Cotton et al. 1993;
Hutton, Day et al. 1994; Bizouarn, Grimley et al. 1995), the metabolic role of
transhydrogenases during E. coli biocatalysis still remains an intriguing area of study. In
one study overexpression of the membrane-bound pyridine nucleotide transhydrogenase
(PntAB) was shown to improve the NADPH-dependent synthesis of the chiral alcohol
(R)-phenylethanol in recombinant E. coli (Weckbecker and Hummel 2004). In this
system NADH generated from CbFDH-catalyzed conversion of formate to CO2 was
converted to NADPH via the PntAB reaction. The NADPH generated was subsequently
used to drive the heterologous reduction of acetophenone to (R)-phenylethanol
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Lactobacillus Kefir alcohol dehydrogenase (LkADH). Boonstra and his colleagues
improved their cofactor-dependent hydromorphone production system by expressing the
soluble pyridine nucleotide transhydrogenase from Pseudomonas fluorescens in E. coli
(Boonstra, Rathbone et al. 2000). They designed a recombinant whole cell system in
which a NADP+-dependent morphine dehydrogenase and an NADH-dependent morphine
reductase are used in the production of hydromorphone. Efficient conversion of NADPH
to NADH by the soluble transhydrogenase resulted in an improved biocatalyst with an
extended lifetime. Although not in the context of biocatalysis, Canonaco et al. also
investigated the impact of overexpression of the soluble transhydrogenase in improving
the growth rate of a pgi-deletion (encodes phosphoglucose isomerase) strain (Canonaco,
Hess et al. 2001). In this strain increased flux through the pentose phosphate pathway
results in the overproduction of NADPH and a growth defect in the strain. They believe
that due transfer of electrons from NADPH to NADH mediated by the soluble
transhydrogenase, cellular redox balance is restored and growth promoted. In contrast to
reports by Boonstra and Canonaco, Sanchez and coworkers report that the overexpression
of the soluble pyridine nucleotide transhydrogenase (UdhA) improved NADPHdependent production of poly(3-hydroxybutyrate) (PHB) in E. coli (Sanchez, Andrews et
al. 2006). They attribute this to conversion of catabolic NADH to NADPH by the
overexpressed UdhA. Chin and coworkers indicate that transhydrogenase activity (neither
PntAB nor SthA activity) does not seem to contribute to the supply of NADPH for
xylitol-producing aerobic biotransformations (Chin, Khankal et al. 2009).
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Incorporating Metabolic Network Modeling in Metabolic Engineering of Optimal
Biocatalysts
Traditional metabolic engineering involved strategies that targeted only a part of
metabolism as opposed to the whole system thus limiting the extent of strain
improvements. However, extensive studies on E. coli’s metabolism, which have taken
place in the past two decades, have yielded important information that today aid “systemwide” engineering of strains with optimal characteristics beyond what could be achieved
previously. For instance, metabolic flux analysis has provided a comprehensive and
quantitative understanding of the chemical reaction networks present in cells, including
information such as the level of reaction intermediates and rates of reactions (Varma and
Palsson 1994; Schmidt, Marx et al. 1998; Szyperski 1998; Wiechert 2001; Weckwerth
and Fiehn 2002). A combination of 13C-isotopomer studies, NMR spectroscopy and GCMS data has been used in determining the internal flux partitioning ratios within central
carbon metabolism pathways (Schmidt, Marx et al. 1998; Schmidt, Nielsen et al. 1999;
Christensen, Gombert et al. 2002; Fischer and Sauer 2003). Flux balance analysis has
helped interpretation and analysis of the metabolic capabilities of E. coli as function of
environmental variables and thus enabled the identification of gene products that are
essential for aerobic and anaerobic growth of E. coli on minimal media (Edwards 2000).
In silico genome-scale metabolic models of various organisms which integrate all
this information i.e., genome annotations with metabolic reactions, information from
literature and experimental data, have been developed as a means of managing the
complexity embedded in cellular metabolism (refer to the following reviews on genome-
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scale metabolic models: (Price, Reed et al. 2004; Durot, Bourguignon et al. 2009; Feist,
Herrgard et al. 2009)). In the past decade over 50 genome-scale metabolic network
reconstructions have been published (Oberhardt, Palsson et al. 2009). A lot of the
attention has been directed towards E. coli as a model organism and various
reconstructions of the E. coli metabolic network have been presented (Edwards and
Palsson 2000; Reed and Palsson 2003; Reed, Vo et al. 2003; Covert, Knight et al. 2004;
Feist, Henry et al. 2007; Feist and Palsson 2008). Genome-scale models of the human
metabolic network (Duarte, Becker et al. 2007) and organisms such as Pseudomonas
putida (Nogales, Palsson et al. 2008), Helicobacter pylori 26695 (Schilling, Covert et al.
2002), succinic acid-producing bacterium Mannheimia succiniciproducens (Hong, Kim et
al. 2004), self-replicating parasitic bacterium Mycoplasma genitalium (Suthers, Dasika et
al. 2009), and archaeal methanogen Methanosarcina barkeri (Feist, Scholten et al. 2006)
have also been published.
Various mathematical methods can be used in studying the systemic properties of
these metabolic networks and they include metabolic control analysis, flux balance
analysis, metabolic pathway analysis and cybernetic modeling (Edwards and Palsson
2000). In cases where kinetic information is unavailable for the reactions in the network,
flux balance analysis can be used to assess the theoretical capabilities of metabolism and
determine the feasible metabolic flux distribution under a steady-state assumption. This
analysis is guided by mass balance constraints imposed on the system. Constraints such
as the lower and upper limits of reaction fluxes, reversibility/irreversibility of reaction
metabolite entry into the extracellular space can be applied while maximizing/minimizing
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a particular cellular objective (Burgard, Pharkya et al. 2003). Various algorithms can be
used to generate estimates of parameters such as product secretion rates, and flux
distribution. Several of the common algorithms used in constraints-based flux analysis
are reviewed in (Park, Kim et al. 2009). Nevertheless it is important to realize that
simulation results obtained from maximizing a particular objective are often based on
best-case scenarios (i.e., reactions which favor the specified objectives are utilized while
those which are not necessarily beneficial are avoided), which may not be in operation
experimentally due to constraints such as enzyme kinetics, enzyme affinity for substrates
and gene regulation under different environmental conditions. Metabolic evolution of
strains is sometimes required to achieve model-predicted results (Ibarra, Edwards et al.
2002).
Metabolic network modeling is perceived to be an important component of the
metabolic engineer’s tool box (Tyo, Alper et al. 2007) and has been applied in successful
engineering of various organisms for the production of target metabolites such as
lycopene, ethanol, polyphenols (Chemler, Fowler et al. ; Choi, Lee et al. ; Roberts,
Gowen et al.). In this research, constraints-based genome-scale metabolic network
simulations for predicting phenotypic responses of E. coli strains to changes in genetic
and environmental conditions were carried out using the SimphenyTM (Genomatica Inc.
San Diego, CA) software platform for our simulations. SimPhenyTM was used in building
reconstructions of E. coli’s metabolism and in subsequent simulations described by Reed
and coworkers (Reed, Vo et al. 2003) as well as Feist et al. (Feist, Henry et al. 2007). In
this study it was used to assess the feasibility of rationally devised gene deletion
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strategies in xylitol-producing strain designs, and the impact of xylose transport
energetics and transhydrogenase activity on product yields.

Metabolic Engineering for the Bioproduction of Sugar Alcohols
Sugar alcohols are natural sweeteners that also find applications in
pharmaceuticals, oral and personal care products, and as intermediates in chemical
synthesis. While industrial-scale production of these compounds has generally involved
catalytic hydrogenation of sugars, microbial-based processes receive increasing attention
and in some cases are already commercially viable. The past few years have seen a
variety of interesting metabolic engineering efforts to improve the capabilities of bacteria
and yeasts to overproduce xylitol, mannitol and sorbitol. These approaches include the
expression of heterologous genes, design and construction of non-native pathways and
elimination of competing pathways.
Sugar alcohols are a class of polyols in which a sugar’s carbonyl (aldehyde or
ketone) is reduced to the corresponding primary or secondary hydroxyl group. They have
similar characteristics as sugar and are used to improve the nutritional profile of food
products due to health-promoting properties such as lower caloric content,
noncariogenicity, and low glycemic index and insulin response (Schiweck 2003;
Granstrom, Izumori et al. 2007). Other auspicious qualities as food additives include high
enthalpies of solution and lack of reactive carbonyls. Sugar alcohols additionally find
many applications in pharmaceuticals, chemicals production, oral and personal care and
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animal nutrition (Silveira and Jonas 2002). They are found naturally in fruits and
vegetables and are produced by microorganisms, serving as carbohydrate reserves,
storage of reducing power, translocatory compounds and osmoprotectants.
As mentioned in Chapter 1 traditional industrial production of most sugar
alcohols is by hydrogenation of sugars over nickel catalysts under high temperature and
pressure conditions. Biosynthetic routes offer the potential for safer, environmentally
friendly production with enhanced product specificity. Enzyme cost and instability and
the need for in vitro cofactor regeneration contribute to the general perception that
production of sugar alcohols from crude sugar feedstocks using whole cells presents a
more attractive biological approach. A review of recent metabolic engineering efforts to
improve microbial production of the common sugar alcohols: xylitol and mannitol is
presented below.

Bioproduction of Xylitol
Xylitol is a five-carbon sugar alcohol obtained from xylose reduction. The annual
xylitol market is estimated to be $340 million, priced at $4-5 kg-1 (Kadam, Chin et al.
2008). Xylitol has received the most recent attention of all the sugar alcohols, particularly
as it pertains to microbial production and metabolic engineering. As depicted in
Figure 2-5, yeasts naturally produce xylitol as an intermediate during D-xylose
metabolism. Xylose reductase (XR) is typically an NADPH-dependent enzyme, while
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xylitol dehydrogenase (XDH) requires NAD+. Cofactor imbalance results in secretion of
xylitol as a xylose fermentation by-product.
Among the yeast strains that naturally produce xylitol, Candida sp have received
the most recent attention for developing microbial-based xylitol processes (Granstrom,
Izumori et al. 2007; Ko, Chiu et al. 2008). Using a fed-batch submerged membrane

Xylose
XR

NAD(P)H
NAD(P)+

Xylitol

NAD+
XDH

NADH

Xylulose
XK

ATP
ADP

X-5-P
PPP
Figure 2-5: Xylose Metabolism in Yeasts. Abbreviations: XR: Xylose reductase;
XDH: Xylitol dehydrogenase; XK: Xylulokinase; X-5-P, Xylulose-5-phosphate;
PPP: Pentose phosphate pathway;

bioreactor with cell recycle, Candida tropicalis produced 12 g l-1 h-1 xylitol from xylose,
with glucose as co-substrate (Kwon, Park et al. 2006). This is among the highest
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productivities reported. Ko and coworkers produced xylitol aerobically from xylose with
glycerol as a co-substrate, achieving 0.96 mol xylitol (mol xylose)-1 (theoretical value is 1
mol xylitol (mol xylose)-1 and a volumetric productivity of 3.2 g l-1 h-1 in a XDH gene
(XYL2)-disrupted mutant of C. tropicalis (Ko, Rhee et al. 2006). While Pichia stipitis
does not naturally overproduce xylitol, mutant strains with disruptions in alcohol
dehydrogenase, xylitol dehydrogenase, or D-xylulokinase have been shown to produce
xylitol (Jin, Cruz et al. 2005).
Saccharomyces cerevisiae lacks native xylose-specific transporters and is not an
efficient xylose-utilizing organism (Jeffries 2006). The popularity of S. cerevisiae has led
to research to improve xylose fermentation by this organism, yielding recombinant strains
capable of high levels of xylitol production (Jeppsson, Bengtsson et al. 2006). Efforts to
increase xylose transport and utilization have included expression of homologous and
heterologous transporters (Hahn-Hagerdal, Karhumaa et al. 2007; Saloheimo, Rauta et al.
2007). While S. cerevisiae does possess at least one native aldose reductase capable of
reducing xylose (NADPH-dependent GRE3) (Ford and Ellis 2001), endogenous
expression or activity of this enzyme is apparently insufficient for appreciable xylitol
production. Overexpression of endogenous glucose 6-phosphate dehydrogenase
(G6PDH) encoded by ZWF1 to increase NADPH availability in a recombinant strain of S.
cerevisiae harboring P. stipitis XR gene (XYL1) (Chung, Kim et al. 2002) resulted in 6fold increased G6PDH activity and increased volumetric xylitol productivity (from 1.6 to
2.0 g xylitol l-1 h-1) in glucose-limited, fed-batch cultivations containing xylose (Kwon,
Kim et al. 2006). To further increase pentose phosphate pathway (PPP) flux,
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phosphoglucose isomerase (PGI) activity encoded by PGI1 was reduced by replacing the
PGI1 promoter with the ADHI (encoding alcohol dehydrogenase I) promoter (Oh, Lee et
al. 2007). Simultaneous overexpression of G6PDH and attenuation of PGI in a
recombinant S. cerevisiae strain expressing P. stipitis XYL1 resulted in a specific
productivity of 0.34 g xylitol (g cdw h)-1 in glucose-limited, fed-batch cultivations, which
is 90% higher than the specific productivity of the parent strain expressing only XYL1
(Oh, Lee et al. 2007). The efficiency of glucose utilization as co-substrate was also
improved to 4.2 mol xylitol produced (from xylose) per mole glucose consumed in rich
medium.
Xylitol production from glucose was also demonstrated using engineered S.
cerevisiae (Tolvari, Ruohonen et al. 2007). The strain design included deletion of
transketolase (resulting in accumulation of D-xylulose-5-phosphate and secretion of
ribitol and pentose sugars) followed by expression of XDH from P. stipitis (XYL2) and
overexpression of DOG1 encoding sugar phosphate phosphatase. Ribitol was a coproduct and the total sugar alcohol yield was at most 0.042 mol (mol glucose)-1 (Tolvari,
Ruohonen et al. 2007).
Bacteria offer several potential advantages over yeasts for the production of
xylitol. Cirino and coworkers recently described approaches to produce xylitol from
engineered Escherichia coli (Cirino, Chin et al. 2006; Khankal, Chin et al. 2008). The
objective was to use glucose metabolism as source of reducing equivalents to drive either
direct xylose reduction (via expression of an XR) or conversion of xylose to xylulose (via
the native xylose isomerase) followed by reduction to xylitol (via expression of a XDH).
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A xylulokinase (xylB) deletion prevented xylose metabolism. To overcome glucose
repression of xylose transporter gene expression, the native crp gene was replaced with a
catabolite repression mutant (“crp*”) (Cirino, Chin et al. 2006). Several XRs and XDHs
were screened in E. coli, and the NADPH-dependent XR from Candida boidinii (CbXR)
allowed for the highest levels of xylitol production in batch cultures (38 g l-1 in 46 hours
using minimal medium) (Cirino, Chin et al. 2006). Use of resting cells allowed for a
higher yield on reducing equivalents delivered to the reductase reaction: amount of
xylitol produced was 1.7 mol xylitol (mole glucose)-1 in batch culture compared to 4.7
mol xylitol (mol glucose)-1 by resting cells in minimal medium. The maximum
theoretical amount of xylitol that can be produced per mole glucose consumed is 9.2 mol
xylitol (mol glucose)-1 when using XylE as xylose transporter and NADPH as cofactor
(Cirino, Chin et al. 2006). The contribution of key enzymes in E. coli central metabolism
toward NADPH supply for xylitol production was also recently examined. NADPH
availability limited the amount of xylitol produced per mole of glucose consumed in
resting cells, and it was increased by increasing flux through PPP during glucose
metabolism. Excess reducing equivalents in the form of NADH (resulting from glucose
oxidation) did not translate into available NADPH for xylitol production (Chin, Khankal
et al. 2009).
An alternative to the use of crp* in E. coli is plasmid-based overexpression of
xylose transporters (Khankal, Chin et al. 2008). Overexpressing the ATP-dependent
XylFGH xylose transport system from E. coli resulted in an average specific xylitol
productivity of 0.33 g (g cdw h)-1 in a fed-batch fermentation using mineral salts medium
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(Khankal, Chin et al. 2008). Alternate approaches to xylitol production from glucosexylose mixtures (expression of crp*, xylE or xylFGH) were compared in three common
E. coli host strains (K-12 strains W3110 and MG1655, and wild-type E. coli B), and
differences in host strain genetic background was found to significantly impact metabolic
engineering strategies (Khankal, Luziatelli et al. 2008).
In a similar approach as described above, a xylitol-producing E. coli strain was
constructed by chromosomal insertion of NADPH-dependent XR from Kluyveromyces
lactis (XYL1) and the E. coli D-xylose permease (xylE) under control of an IPTGinducible promoter (Hibi, Yukitomo et al. 2007). Transcriptome analysis of the strain
under conditions where xylitol is produced versus not produced revealed that xylitol
production down-regulated 56 genes, which were considered factors related to reduced
NADPH supply. The 56 individual gene deletions were studied and a yhbC-deficient
strain showed the highest improvements in xylitol production (increasing xylitol
productivity from 0.68 to 0.81 g l-1 h-1). YhbC is uncharacterized, but is potentially a
regulatory factor.
XRs naturally show relaxed sugar specificity and are able to reduce L-arabinose.
This is problematic when xylitol is the desired product from plant hemicellulose raw
materials containing both D-xylose and L-arabinose. Zhao and coworkers characterized
an XR from Neurospora crassa (NcXR), and showed that it naturally had higher
selectivity for D-xylose over L-arabinose (~2.4), compared to several other XRs
(Woodyer, Simurdiak et al. 2005) Using both error-prone PCR and iterative targeted sitesaturation mutagenesis (TSSM), combined with high-throughput screening and a clever
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genetic selection for specificity toward D-xylose reduction, they were able to enhance the
substrate specificity of NcXR to ~16.5, with a moderate loss in catalytic efficiency (Nair
and Zhao 2008)). The mutant NcXR also increased selectivity toward xylitol production
in recombinant E. coli resting cells. Xylitol production by engineered E. coli using
hemicellulose feedstocks is now recognized as a commercially viable process (zuChem;
URL: http://www.zuchem.com/).
Using glucose as the energy source, xylitol was produced from xylose in a
recombinant Lactococcus lactis strain by expressing XR from P. stipitis (XYL1)
(Nyyssola, Pihlajaniemi et al. 2005). A glucose-limited, fed-batch fermentation produced
2.5 mol xylitol (mole glucose)-1 and 1 mole xylitol (mole xylose)-1 (xylose was not
metabolized by the cell) at the rate of 2.7 g xylitol l-1 h-1 over 20 hours. Co-expression of
a xylose transporter with XR did not improve xylitol production.
Finally, Povelainen and Miasnikov reported xylitol (and ribitol) production from
glucose in engineered strains of Bacillus subtilis (Povelainen and Miasnikov 2007).
Expression of D-xylitol phosphate dehydrogenase (XPDH) from Lactobacillus
rhamnosus or Clostridium difficile in a pentulose-producing mutant of B. subtilis (GX7)
(Povelainen and Miasnikov 2006) resulted in xylitol production with a yield of 0.26-0.27
mol xylitol (mol glucose)-1 in rich medium containing 10% glucose. Dephosphorylation
of pentitol-phosphates was presumably due to an intracellular or membrane-associated
sugar phosphate phosphatase (Povelainen and Miasnikov 2007). A summary of xylitol
yields and productivity for different engineered hosts is presented in Table 2-2
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Bioproduction of Mannitol
D-Mannitol is a six-carbon sugar alcohol with a variety of clinical applications, in
addition to its use as a sweetener. It is produced by a variety of organisms including
bacteria and plants, and Candida magnoliae has been used for the industrial production of
mannitol (Lee, Song et al. 2003). Other organisms currently targeted as microbial hosts
for mannitol production include lactic acid bacteria (LAB), E. coli, Bacillus megaterium,
S. cerevisiae and Corynebacterium glutamicum. Metabolic engineering efforts to improve
mannitol production are discussed below.
LAB are industrially important food-grade microorganisms used for the
production of food and pharmaceutical products. Heterofermentative LAB naturally
produce mannitol by direct reduction of fructose in an NADH-dependent reaction
catalyzed by mannitol dehydrogenase (MDH) (Wisselink, Weusthuis et al. 2002). A new
commercial process for mannitol production uses Lactobacillus intermedius strain NRR
B-3693 growing on high fructose syrup (Racine and Saha 2007). Efficient mannitol
production by heterofermentative LAB is often achieved when NADH is supplied by coutilization of glucose (von Weymarn, Hujanen et al. 2002). Mutants of the
heterofermentative LAB Leuconostoc pseudomesenteroides with improved mannitol
yields have been isolated by chemical mutagenesis (Helanto, Aarnikunnas et al. 2005).
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Table 2-2: Summary of Metabolic Engineering Strategies Used in Bioproduction of Xylitol and Mannitol.
Organism

Modifications

Substrate

Yield and/or Productivity

Reference

Disrupted XYL2

Xylose +

0.96 mol (mol xyl)-1;

Ko, Rhee et al., (2006)

Glycerol

3.2 g l-1 h-1

Overexpressed G6PDH,

Xylose +

0.34 g (g cdw h)-1

Oh, Lee et al. (2007)

expressed Xyl1, attenuated

Glucose

4.7 mol (mol gluc)-1

Cirino, Chin et al.,

Xylitol
C. tropicalis

S. cerevisiae

PGI activity
E. coli

Expressed C. boidinii XR,

Xylose +

replaced crp with crp*,

Glucose

(2006)

deleted xylB
E. coli

Expressed C. boidinii XR,

Xylose +

deleted xylB,

Glucose

0.33 g (g cdw h)-1

Khankal, Chin et al.,
(2008)

overexpressed XylE or
XylFGH
E. coli

Expressed XylE and P.

Xylose +

stipitis XR, deleted xylA,

Glucose

0.81 g l-1 h-1

Hibi, Yukitomo et al.,
(2007)

yhbC-deficient
L. lactis

B. subtilis

Expressed P. stipitis XR

Expressed XPDH, deleted
rpi, transketolase-deficient

Xylose +

2.5 mol (mol gluc)-1;

Nyyssola, Pihlajaniemi

Glucose

2.7 g l-1 h-1

et al., (2005)

Glucose

0.27 mol (mol gluc)-1

Povalainen and
Miasnikov (2007)
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Organism

Modifications

Substrate

Yield and/or Productivity

Reference

LDH-deficient,

Glucose

0.33 mol (mol gluc)-1

Gaspar, Neves et al.,

Mannitol
L. lactis

disrupted PTSMtl gene

(2004)

mtlA or mtlF
L. lactis

Expressed Mtl1PDH

0.50 mol (mol gluc)-1

Glucose

Wisselink, Moers et al.,

and mannitol-1-

(2005)

phosphatase
E. coli

Expressed MDH,

Formate +

2.1 g (g cdw h)-1 (external

Kaup, Bringer-meyer et

FDH, & GLF;

Glucose

XylA)

al., 2005

Expressed MDH,

Formate +

1.25 g (g cdw h)-1

Baumchen and Bringer-

FDH and GLF

Fructose

Expressed MDH and

Formate +

FDH

Fructose

glucose isomerase
(XylA) on a plasmid
or added externally
C. glutamicum

B. megaterium

meyer (2007)
0.28 g (g cdw h)-1

Baumchen, Roth et al.,
(2007)

Mannitol can also be produced from a variety of substrates using
homofermentative

LAB

deficient

in

lactate

dehydrogenase

(LDH).

For

the

homofermentative case, fructose-6-phosphate (F6P) is converted to mannitol-1-phosphate
(Mtl1P)

in

an

NADH-dependent

reaction

catalyzed

by

mannitol-1-phosphate
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dehydrogenase

(Mtl1PDH),

and

Mtl1P

is

subsequently

dephosphorylated.

Dephosphorylation occurs either via mannitol-1-phosphatase (Wisselink, Moers et al.
2005) or by protein EIIMtl of the phosphoenolpyruvate-mannitol phosphotransferase
system (PTSMtl) (Ferain, Schanck et al. 1996).
Upon glucose depletion, LDH-deficient L. lactis metabolizes previously produced
mannitol (Neves, Ramos et al. 2000). This strain was therefore further engineered for
mannitol production by inactivation of the mannitol transport pathways, to prevent
mannitol re-utilization (Gaspar, Neves et al. 2004). Two genes of PTSMtl (mtlA and mtlF)
were independently disrupted. Under growing conditions, the recombinant strains did not
produce mannitol but resting cells of the double mutant strains (∆ldh/∆mtlA or
∆ldh/∆mtlF) were able to produce mannitol, ethanol, 2,3-butanediol and lactate as major
end products with glucose conversion to mannitol close to 0.33 mol mannitol (mol
glucose)-1. Production of lactate was attributed to expression of an alternate ldh gene. In
the absence of NAD+ regeneration via lactate, ethanol and 2,3-butanediol formation
pathways, a maximum theoretical conversion of glucose to mannitol of 0.67 mol
mannitol (mol glucose)-1 is expected.
Another strategy to improve mannitol production in L. lactis involved expression
of Mtl1PDH from Lactobacillus plantarum to promote conversion of F6P to Mtl1P
(Wisselink, Mars et al. 2004). Conversion of glucose to mannitol was 0.25 mol mannitol
(mol glucose)-1 in an LDH-deficient strain expressing Mtl1PDH under resting cells
conditions. Mannitol was not reutilized immediately after glucose depletion and this was
attributed to lack of expression genes involved in mannitol transport and utilization
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(Wisselink, Mars et al. 2004). In a subsequent study mannitol production by L. lactis was
further improved by also expressing mannitol-1-phosphatase from Eimeria tenella
(Wisselink, Moers et al. 2005). A glucose to mannitol conversion of 0.50 mol mannitol
(mol glucose)-1 was obtained.
E. coli was engineered to produce mannitol from fructose by plasmid-based
expression of MDH from L. pseudomesenteroides and formate dehydrogenase (FDH)
from Mycobacterium vaccae N10 (Kaup, Bringer-Meyer et al. 2004). A recombinant
oxidation/reduction cycle was established in which NADH produced from formate via
FDH was used to drive MDH-catalyzed reduction of fructose to mannitol. The lowaffinity glucose facilitator protein from Zymomonas mobilis (GLF) was also expressed to
enable transport of free fructose into the cell. By employing pH-static conditions (by
addition of formic acid), mannitol productivity of ~4.1 g (g cdw h)-1 was obtained after 4
hours by resting cells (3 g cdw l-1 of the recombinant E. coli). After 8 hours, 66 g l-1
mannitol was obtained, with a yield of 0.84 mol mannitol (mol fructose)-1. The maximum
theoretical yield is 1.0 mol mannitol (mol fructose)-1. In a subsequent study, mannitol
production from glucose was enabled in E. coli by additional expression of glucose
isomerase (Kaup, Bringer-Meyer et al. 2005). Specific productivities of 0.63 g
(g cdw h)-1 (plasmid-based expression of glucose isomerase) and 2.1 g (g cdw h)-1
(external addition of glucose isomerase) were obtained.
A similar recombinant oxidation/reduction cycle for conversion of fructose to
mannitol was constructed in the Gram-positive soil bacteria C. glutamicum and B.
megaterium (Baumchen and Bringer-Meyer 2007, Baumchen, Roth et al. 2007). Resting
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cells of recombinant C. glutamicum strains expressing FDH and MDH showed a specific
mannitol productivity of 0.22 g (g cdw h)-1. Additional expression of GLF resulted in a
five-fold increase in specific D-mannitol productivity (1.25 g (g cdw h)-1). To
successfully express FDH and MDH in B. megaterium, codon optimization of the FDH
gene sequence and adaptation of the MDH ribosome binding site were required
(Baumchen, Roth et al. 2007). Resting cells of B. megaterium expressing FDH and MDH
showed a specific mannitol productivity of 0.28 g (g cdw h)-1 and exhibited high stability
in terms of specific productivities and cofactor retention. GLF expression was not
required since D-fructose is naturally transported without phosphorylation.
Microbial production of xylitol and mannitol has received considerable attention
in recent years. While many organisms naturally produce these compounds, genetic
modification strategies have allowed for their enhanced production. LAB have been
particularly exploited in that regard. Alternately, organisms which do not naturally
produce a sugar alcohol have been provided the facilities to do so through metabolic
engineering. E. coli has proven an effective host organism in that category. As
biorefining technology improves and renewable, agricultural-based chemicals continue to
gain importance, so will the demand and applications of sugar alcohols grow. Biological
production routes are increasingly attractive, and some microbial-based processes for
sugar alcohols are already commercially viable.
In this study, guided by the knowledge and characteristics of E. coli metabolism
and using genetic manipulation strategies similar to those described herein, we aimed to
improve the yield and productivity of xylitol-producing E. coli. In Chapter 2, E. coli

62

XylB was shown to phosphorylate xylitol to xylitol-phosphate, resulting in inhibited
growth on xylose and poor xylitol production. The xylulokinase from the yeast P. stipitis
(XYL3) was used to replace xylB in E. coli, resulting in a strain capable of producing
xylitol while also metabolizing xylose as a source of carbon and energy. In Chapters 4
and 5 use of anaerobic and microaerobic conditions were investigated as an alternative to
aerobic conditons for xylitol production.
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Chapter 3
Heterologous Expression of D-xylulokinase from Pichia stipitis Enables High Levels
of Xylitol Production by Engineered Escherichia coli Growing on Xylose

Material from this chapter appears in Akinterinwa O, and Cirino, PC: Heterologous
expression of D-xylulokinase from Pichia stipitis enables high levels of xylitol
production by engineered Escherichia coli growing on xylose. Metabolic Engineering
2008, 11: 48-55, and is reprinted with permission from Elsevier (License number:
2438041086883).
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Summary
Deletion of the Escherichia coli xylulokinase gene (xylB) is essential for
achieving high xylitol titers from xylitol-producing E. coli strains growing on glucose in
the presence of xylose. Our study suggests that this is due to XylB-catalyzed toxic
synthesis of xylitol-phosphate. This activity prohibits the use of xylose as the sole carbon
source during xylitol production by E. coli. To overcome this limitation we turned to the
yeast Pichia stipitis, which naturally produces xylitol, as a source of xylulokinase (Xyl3).
We examined the effects of plasmid-based expression of Xyl3 versus XylB on growth
and xylitol production by engineered E. coli strains. Xylulokinase activity assays show
similar levels of functional expression of both enzymes (determined as activity on
xylulose), and reveal significantly more activity on xylitol by XylB compared to Xyl3.
31

P NMR confirms the production of xylitol-phosphate from in vitro reactions with XylB.

Lastly, the replacement of xylB with XYL3 results in drastically enhanced xylitol titers
from E. coli strains co-expressing xylose reductase during growth on xylose.

Introduction
As mentioned in the Chapter 1 xylitol is a pentitol that is traditionally synthesized
by reduction of D-xylose over Raney-nickel catalyst, although whole-cell and in vitro
biocatalyst production routes have become attractive alternatives (Parajo, Dominguez et
al. 1998; Silva, Santos et al. 2003; Bae, Park et al. 2004; Kim, Lee et al. 2004;
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Granstrom, Izumori et al. 2007). As depicted in Figure 3-1, D-xylose-metabolizing yeasts
such as Pichia stipitis naturally produce xylitol by the action of NAD(P)H-dependent
xylose reductase (XR), as an intermediate in the synthesis of the pentose phosphate
xylulose-5-phosphate (X-5-P).
Two strategies for engineering Escherichia coli to produce xylitol by xylose
reduction during growth on glucose were described previously (Cirino, Chin et al. 2006;
Khankal, Chin et al. 2008). Both strategies employed heterologous expression of
NADPH-dependent XR from Candida boidinii (CbXR). In one approach to overcome
glucose repression of xylose transporter expression (Cirino, Chin et al. 2006), the native
gene encoding cyclic AMP receptor protein (CRP) was replaced with a mutant CRP
which has reduced sensitivity to cAMP (named “CRP*” (Eppler and Boos 1999)). An
alternate approach was to express either of the native xylose transporters (XylE or
XylFGH) under control of a (CRP-independent) tac promoter (Khankal, Chin et al.
2008). Figure 3-1 also depicts the first steps of D-xylose metabolism in E. coli. Xylose
isomerase (XylA) converts xylose to xylulose, which is then phosphorylated to X-5-P by
xylulokinase (XylB). xylA and xylB genes in E. coli are arranged in a single operon
governed by a promoter that is co-regulated by CRP and the xylose-inducible regulator
XylR (Song and Park 1997).

In our engineered strains, xylose assimilation was

prevented by deletion of xylB. Thus, glucose served as the growth substrate and source
of reducing equivalents for reduction of xylose to xylitol.
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Figure 3-1: Early Steps of Xylose Catabolism in P. stipitis and E. coli. Similar reactions occur in
many other yeasts and prokaryotes (respectively). Abbreviations: XR, D-xylose reductase; XDH,
xylitol dehydrogenase; XI, xylose isomerase; XK, D-xylulokinase (XylB in E. coli, Xyl3 in P.
stipitis); PPP. Pentose phosphate pathway;

Xylulokinase plays a critical role in xylose utilization by all natural and
engineered microorganisms. Pentulose kinases have documented relaxed substrate
specificities (Leblanc and Mortlock 1972; Mortlock 1976; Neuberger, Hartley et al.
1981). Kinetic studies with E. coli XylB revealed its ability to phosphorylate several
other sugars and polyols (including xylitol) with low catalytic efficiencies (Di Luccio,
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Petschacher et al. 2007). D-xylulokinase from Aerobactoer aerogenes has also been
shown to phosphorylate xylitol at a low rate (Simpson 1966). This non-specific activity
of xylulokinases results in the production and accumulation of potentially toxic
phosphorylated compounds that are not further metabolized. A study aimed at
constructing a xylose catabolic pathway in Zymomonas mobilis by heterologous
expression of xylAB genes from Klebsiella pneumoniae revealed growth inhibition and an
intracellular accumulation of (putatively) xylitol-phosphate in the presence of xylose
(Feldmann, Sahm et al. 1992). This was attributed to non-specific xylose reduction
followed by XylB-mediated xylitol phosphorylation. An analogous pattern of toxic
synthesis has been shown in E. coli C mutants, where xylulokinase activity on D-arabitol
led to the synthesis of arabitol-phosphate and the inability of strains to grow in the
presence of D-arabitol (Scangos and Reiner 1979). This toxicity was relieved by a
xylulokinase gene mutation. Toxic synthesis in E. coli strains due to phosphotransferase
activity on xylitol and arabitol has also been reported (Reiner 1977).
We show that a xylB gene deletion is essential for obtaining high xylitol titers in
xylitol-producing E. coli strains. Deleting xylB alone or in combination with xylA results
in significantly elevated xylitol titers (during growth on glucose), while deleting xylA but
not xylB eliminates xylose metabolism but does not improve xylitol production. In
addition, growth of strains is inhibited by the presence of xylitol when growing on xylose
but not on glucose. We propose that xylitol-phosphate produced by XylB inhibits xylose
uptake, which in turn prevents the use of xylose as the sole carbon source during xylitol
production by engineered E. coli. In vitro studies have shown that the D-xylulokinase
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from Pichia stipitis strain NCYC 1451 does not use xylitol as a substrate (Flanagan and
Waites 1992). In this study, expression of xylulokinase from P. stipitis strain CBS 6054
(Xyl3) in E. coli functionally replaces XylB for growth on xylose. Xylulokinase assays
reveal significant activity on xylitol by XylB but not Xyl3, and
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P NMR confirms the

production of xylitol-phosphate by cell lysates containing XylB. Finally, replacement of
XylB with Xyl3 results in significantly improved xylitol titers from E. coli strains coexpressing CbXR during growth on xylose minimal medium.

Results and Discussion

XylB Deletion is Necessary for Obtaining High Xylitol Titers
Strains and plasmids used in this study are listed in Table 3-1. PC09 (crp*, ∆xylB)
had originally been constructed to compare in a single strain the use of XR (reducing
xylose to xylitol) to the use of xylitol dehydrogenase (XDH; reducing xylulose to xylitol)
for production of xylitol from a glucose-xylose mixture, with glucose serving as the
energy source (Cirino, Chin et al. 2006). Figure 3-2A & B shows the results from batch
cultures of strains expressing CbXR while growing in LB medium supplemented with
glucose (100 mM) and xylose (300 mM). PC09 consumed almost all the xylose and
produced ~280 mM xylitol, and also secreted ~6 mM xylulose due to expression of XylA
(the net amount of xylose consumed was essentially equal to the production of xylitol
plus xylulose, although culture evaporation results in some differences). To eliminate
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xylulose production and improve xylitol titers while expressing CbXR, we constructed
strain OA16 (crp*, ∆xylA). While the xylA deletion alone was sufficient to prevent xylose

Table 3-1: Strains and Plasmids Used in This Study. a

Relevant Characteristics

Reference

E. coli W3110

Wild-type

ATCC 27325

P. stipitis UC7

ura3

Lu et al. (1998)

PC05

W3110, crp*::Tn10 (TetR)

Cirino et al. (2006)

PC07

W3110, ΔxylB

Cirino et al. (2006)

PC09

PC05, ΔxylB (TetR)

Cirino et al. (2006)

OA16

PC05, ΔxylA (TetR)

This study

OA24

PC05, ΔxylA, ΔxylB (TetR)

This study

Strains

Plasmids
pLOI3809

km, pBR322-origin vector for expression of genes, under

Cirino et al. (2006)

control of tac promoter
pLOI3815

Cirino et al. (2006)

pPCC504

pLOI3809 carrying CbXR gene
under control of tac promoter
pLOI3809 carrying xyl3 gene

pPCC505

pLOI3809 carrying xylB gene

This study

pPCC506

pLOI3815 carrying xylB gene

This study

pPCC507

pLOI3815 carrying xyl3 gene

This study

a

Tet = tetracycline, Km = kanamycin

This study
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metabolism and xylulose secretion, xylitol titers were significantly lower with OA16
(~90 mM) compared to PC09. This level of xylitol production is similar to that obtained
from strain PC05, in which neither xylA nor xylB are deleted (~70 mM).
One possibility for the above observation is that the presence of xylulose may
mediate increased xylose transport. However, as shown in Figure 3-2A, strain OA24
(crp*, DxylAB) actually produced slightly more xylitol than PC09 (~330 mM), which is
partly explained by the lack of xylulose production by this strain. Culture evaporation
accounts for the final xylitol titer being slightly above 300 mM (the initial amount of
xylose added). These results demonstrate that xylA is not required for high levels of
xylitol production, while a xylB gene deletion (with or without ∆xylA) is essential for
obtaining high xylitol titers in xylitol-producing E. coli.
We previously reported the observation that acetate production inversely
correlates with xylitol production in various engineered E. coli strains (Cirino, Chin et al.
2006). Strain designs that promote xylitol production (e.g., sufficient xylose transport and
reductase activities) provide an added route for NAD(P)H oxidation that results in
increased glucose oxidation to CO2 and reduced overflow metabolism to acetate.
Accordingly, strains OA16 and PC05 consumed only ~50% of the initial glucose added
and secreted high levels of acetate (Figure 3-2B), while PC09 and OA24 both consumed
all glucose within 72 hours and accumulated significantly less acetate.
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Figure 3-2A: Xylitol Production Profiles for the Indicated Strains Expressing CbXR Growing in
50 ml Shake-Flask Batch Cultures. Average final cell densities (OD600) are given in the legend
next to the strain names. Cultures initially contained LB medium plus xylose (300 mM), glucose
(100 mM), MOPS (50 mM), kanamycin (50 µg ml-1), and IPTG (100 µM).
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Figure 3-2B: Acetate Production Profiles for the Indicated Strains Expressing CbXR Growing in
50 ml Shake-Flask Batch Cultures. Cultures initially contained LB medium plus xylose (300 mM),
glucose (100 mM), MOPS (50 mM), kanamycin (50 µg ml-1), and IPTG (100 µM).
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Proposed Mechanism of Xylitol Toxicity

Strain PC05 can simultaneously metabolize glucose and xylose in the absence of
CbXR expression (i.e. in the absence of xylitol production) (Cirino, Chin et al. 2006)
However, PC05 expressing CbXR (as in the above cultures) only consumes as much
xylose as is converted to xylitol (no xylose is metabolized). Thus, xylose metabolism
appears to be inhibited during xylitol production. Xylitol toxicity was further investigated
with parent E. coli strain W3110. Table 3-2 shows results obtained from the batch culture
growth of W3110 on minimal medium containing only glucose or xylose as carbon
source, with and without the inclusion of xylitol (which is not metabolized). During
growth on glucose in the absence of xylose, conditions in which catabolite repression
prevents xyl gene expression, no growth inhibition was observed in the presence of
xylitol. In contrast, xylitol caused a significant decrease in growth on xylose (estimated
specific growth rate drops from 0.22 h-1 to 0.04 h-1 in the presence of 75 mM xylitol).
Based on the above observations, it seems likely that xylitol inhibition of xylose
metabolism is related to the role of XylB during xylitol production. While it is possible
that high concentrations of xylitol alone inhibit xylose metabolism, this does not explain
the drastic drop in xylitol production from OA16 or PC05 relative to OA24 or PC09 (not
growing on xylose). The observed inhibition of xylitol production and growth on xylose
therefore appears to be due to XylB activity in the presence of xylitol, and implies the
synthesis and accumulation of a phosphorylated xylitol compound. Xylitol and xylulose
(the native substrate for XylB) differ only at the C2 position, and while the carbonyl
group in xylulose (instead of a hydroxyl group) allows this compound to exist as a
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Table 3-2: Growth Rates of E. coli W3110 in Minimal Medium Containing Glucose or Xylose,
with and without Xylitol.a

Xylitol added
(mM)

Xylose cultures
µ (h-1)

Glucose cultures
µ (h-1)

0

0.22

0.21

10

0.19

0.22

75

0.04

0.21

a

Data were obtained from 30ml shake-flask cultures containing glucose (50mM) or xylose (50mM) and the
indicated concentrations of xylitol. MOPS (50mM, pH 7.4) was added for pH control.

furanose ring (Blow, Brick et al. 1992), a recent structure and inhibition study on E. coli
XylB suggests that xylulose binds as a linear molecule prior to phosphorylation (Di
Luccio, Petschacher et al. 2007). In the same study, kinetic parameters for XylB activity
on xylitol were reported (Km ~127 mM). E. coli W3110 is not known to metabolize
xylitol or xylitol-phosphate, and intracellular accumulation of polyol-phosphates is
expected to have toxic effects, as documented for similar examples described in the
Introduction. Also, in a previous study presumed activity of XylB on xylitol was the basis
for the use of XylB overexpression from a cloning plasmid as a negative selection
marker: clones in which xylB was disrupted by successful ligation of genomic library
fragments were readily selected on xylitol-containing medium (Stevis and Ho 1988).
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While identifying mechanisms of the observed inhibition is not the focus of this
study, our results point to inhibited xylose transport. The mechanism is apparently not
related to inhibition of XylA or XylB (these are not required for xylose transport or
xylitol production). And growth on substrates other than xylose is not inhibited in the
presence of xylitol, even when XylB is expressed. For example, strains PC05 and OA16
growing on rich medium (LB) with glucose reached cell densities similar to PC09 and
OA24 (the presence of xylose and expression of CRP* ensures expression of XylB in
PC05 and OA16). In contrast, growth of W3110 on xylose is inhibited by xylitol (Table
3-2). Impaired xylose uptake results in reduced growth on xylose and reduced xylitol
productivity (Khankal, Chin et al. 2008), and reduced availability of xylose in OA16 and
PC05 would account for the increase in acetate secretion.

Expression of Xyl3 from P. stipitis in E. coli
We next sought to determine whether an alternative xylulokinase (one not
expected to act on xylitol) could functionally replace XylB in E. coli, and to quantify the
relative activities of these xylulokinases on xylitol. P. stipitis strain CBS 6054 is a wellstudied, xylose-fermenting yeast that naturally synthesizes xylitol (Dellweg, Rizzi et al.
1984; Jin, Jones et al. 2002). We speculated that this organism’s D-xylulokinase (Xyl3)
would naturally show selectivity against xylitol. This notion is supported by a previous
report that xylitol is not a substrate for the D-xylulokinase from P. stipitis strain NCYC
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1451 (Flanagan and Waites 1992). Xyl3 shares only 23% amino acid sequence identity
with E. coli XylB.
P. stipitis XYL3 and E. coli xylB genes were each cloned into a medium copy
vector (pLOI3809) under the control of a tac promoter, yielding plasmids pPCC504 and
pPCC505 respectively. These plasmids were each transformed into strain PC07 (∆xylB)
and the transformants were tested for growth on xylose minimal medium in the presence
of IPTG, with strain PC07 harboring plasmid pLOI3809 serving as the negative control.
The specific growth rate of PC07 expressing Xyl3 (µ = 0.10 h-1) was similar to that of
PC07 expressing XylB (µ = 0.17 h-1), while no growth was observed for the control
strain. Expression of Xyl3 in E. coli therefore functionally replaces XylB for growth on
xylose. The differences in growth rate resulting from expressing Xyl3 compared to XylB
may reflect differences in functional expression levels and/or kinetic properties between
these enzymes.

Activities of XylB and Xyl3
We next measured xylulokinase activities from crude lysates of strain PC07
expressing either Xyl3 or XylB (from plasmid pPCC504 or pPCC505). Details of the
activity assays are given in Chapter 7. As shown in Table 3-3, specific activity on the
native substrate (5 mM xylulose) was similar for cells expressing Xyl3 (~3.1 U/mg
protein) and XylB (~3.8 U/mg protein). Kinase activities of these lysates in the presence
of 75 mM xylitol were then compared. Table 3-3 shows that activity significantly above
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Table 3-3: Kinase Activities (units/mg protein) of Cell Lysates Containing XylB or Xyl3 with
Xylulose or Xylitol. a

[Total Protein]

Specific Activity in

Specific Activity in

(mg/ml)

5 mM Xylulose

75 mM Xylitol

No xylulokinase

2.4 ± 0.37

0.16 ± 0.01

0.14 ± 0.02

XylB

3.0 ± 0.50

3.8 ± 0.29

0.76 ± 0.02

Xyl3

3.0 ± 0.26

3.1 ± 0.12

0.14 ± 0.01

a

Data were obtained using a pyruvate kinase/lactate dehydrogenase coupled assay for pentulokinase
acitivty, as described in the Materials and Methods. PC07 (W3110, ∆xylB) strains harboring control
plasmid or expressing plasmid-borne XylB (pPCC505) or Xyl3 (pPCC504) were used to prepare cell
lysates for the assays.

background was detected from lysates containing XylB (0.76 U/mg protein). In contrast,
xylulokinase activity on xylitol in lystates containing Xyl3 was not above the background
level of activity measured in the absence of a xylulokinase (0.14 U/mg protein). Note
that this difference in lysate activities on xylitol is clearly much greater than the
difference in activities measured on xylulose.

Characterization of Xylitol-Phosphate Using 31P NMR
31

P NMR was used to confirm the presence and identity of phosphorylated

products resulting from in vitro reactions of xylulokinase-containing lysates with xylitol.
Reactions were carried out as described in Chapter 7; reactions containing xylulose
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instead of xylitol and reactions without ATP served as controls. Data reported in Table
3-3 corresponds to the same lysates used in the NMR experiments. A xylitol-phosphate
peak was clearly distinguished by comparing spectra of samples after incubating XylBcontaining lysate with and without ATP and xylitol. Figure 3-3 shows a proton-decoupled
31

P NMR spectrum of products from in vitro reactions of xylulokinase-containing lysates.

The inset of Figure 3-3 depicts a Gaussian resolution enhancement of the proton-coupled
spectrum, displaying the signature phosphate peak that appears only in the presence of
xylitol and ATP. The 31P chemical shift for this compound at pH 7.5 is approximately 3.9
ppm. The proton-coupled
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P NMR spectrum shows a triplet split peak (specifically, a

triplet of doublets), suggesting a terminal phosphate coupled to a CH2 group and also
weakly coupled to another H atom. Thus, this phosphorylated product is either D-xylitol1-phosphate or D-xylitol-5-phosphate (given the stereospecificity of XylB, the product is
likely the latter). To our knowledge, this is the first characterization of the
phosphorylated xylitol product from xylulokinase activity.
The xylitol-phosphate peak was undetectable in the reaction product of Xyl3-containing
lysates with xylitol + ATP. This result is reasonable based on the lower activity of Xyl3
on xylitol compared to XylB (Table 3-3). Peak areas estimated by integration over the
region where the xylitol-phosphate peak appears in the spectra suggest that at least 14fold more xylitol-phosphate was produced in the XylB-containing reaction compared to
the Xyl3-containing reaction when using the same amount of lysate in the in vitro
transformations.
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Figure 3-3: Proton-Decoupled 31P NMR Spectrum Displaying Phosphorylated Xylitol Product
Resulting from in vitro Reaction of Cell Lysate Containing XylB or Xyl3 with Xylitol and ATP or
Xylitol only. The inset shows the Gaussian resolution enhancement of proton-coupled spectrum
displaying phosphorylated xylitol product.
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Xylitol Production by Engineered E. coli Growing on Xylose
Finally, we compared the effect of functional replacement of XylB with Xyl3 on
xylitol production during growth on xylose. Plasmids pPCC507 and pPCC506 contain the
XYL3 and xylB gene, respectively, downstream of CbXR, such that a single tac promoter
controls expression of CbXR and the xylulokinase. Strain PC07 harboring either
pPCC507 or pPCC506 was compared in shake-flask, minimal medium cultures initially
containing 300 mM xylose and 50 mM MOPS. W3110 (with chromosomal xylB)
expressing CbXR from pLOI3815 was included as a control. Results from this analysis
are presented in Figure 3-4 and Table 3-4. In Figure 3-4A, seed cultures were prepared in
glucose minimal medium (without induction by IPTG); the observed growth lags
therefore reflect conditioning to growth on xylose. Expression of Xyl3 is clearly
beneficial over XylB, both in terms of xylitol production and cell growth in the context of
xylitol synthesis. Whereas PC07 expressing Xyl3 readily grew and produced xylitol after
~48 hour lag, the strains expressing XylB did not begin to grow until ~72 hours, and then
growth was not accompanied by xylitol production. These cells have apparently adapted
to eliminate xylitol production, thus relieving xylitol-phosphate toxicity. Figure 3-4B
shows similar results for cultures in which the strains were first conditioned to growth on
minimal xylose medium (in the presence of 100 µM IPTG). In this case, the growth lag
was eliminated and cells expressing XylB showed the same loss in ability to produce
xylitol, while PC07+pPCC507 produced ~130 mM xylitol in 72 hours.
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Table 3-4: Cell Growth and Xylitol Yields for the Final Time Point of Cultures Presented in Figure 4.

Strain

OD600

Xylose Consumed
(mM)

Xylitol Produced
(mM)

Yielda

Glucose Conditioningb
W3110 + 3815

9.2

110

15

0.13

PC07 + 506

0.9 ± 0.1

13 ± 7

2 ± 0.5

0.14

PC07 + 507

7.5

200

93

0.45

Xylose Conditioningc

a
b

c

W3110 + 3815

6.4 ± 0.7

90 ± 25

1 ± 0.4

0.01

PC07 + 506

6.4 ± 1.1

80 ± 11

1±1

0.01

PC07 + 507

7.5 ± 1.2

320 ± 37

130 ± 24

0.41

Calculated as moles xylitol produced per mole xylose consumed.
Seed cultures were prepared in glucose minimal medium (without induction by IPTG)

Seed cultures were prepared in minimal xylose medium (in the presence of 100 µM IPTG)
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The drastic differences in xylitol production by the strains growing on xylose are
noteworthy and perhaps somewhat surprising. Xyl3-containing lysates were capable of
xylitol phosphorylation (in the presence of 75 mM xylitol), although not to the same
extent as XylB. It is likely that XylB has a higher affinity than Xyl3 for xylitol, and that
intracellular concentrations of xylitol in these strains are such that only cells expressing
XylB

accumulate

toxic

levels

of

xylitol-phosphate.

Shake-flask

cultures

of

PC09+pLOI3815 growing in glucose (100 mM) minimal medium containing xylose (300
mM) produce ~150 mM xylitol in 72 hours (Cirino, Chin et al. 2006).

Xylose

metabolism is disabled in PC09, so all reducing equivalents for xylose reduction are
derived from glucose. In minimal glucose-xylose batch culture, PC09+pLOI3815 had a
yield of 1.8 mol xylitol produced per mol glucose consumed (Cirino, Chin et al. 2006).
As shown in Table 3-4, the highest yield on xylose obtained from PC07+pPCC507
growing on xylose minimal medium is 0.45 mol xylitol per mol xylose consumed.
Alternately, if the amount of xylose converted to xylitol is not included as xylose
“consumed” (i.e., not metabolized for cell mass and energy), the highest yield is 0.83 mol
xylitol per mol xylose consumed.

The differences in xylitol production and yield

between these two cultures (PC07+pPCC507 versus PC09+pLOI3815) may be explained
in part by lower NADPH yields during xylose catabolism and co-utilization of xylose for
energy and biomass production for strain PC07+pPCC507.
Interestingly, replacement of pLOI3815 with pPCC507 in strain PC09 enables
xylose

metabolism

but

results

in

reduced

xylitol

production

compared

to
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PC09+pLOI3815 in shake-flask cultures growing in glucose-xylose minimal medium
(~80 mM xylitol produced from ~110 mM xylose consumed in 72 hours).

Figure 3-4A: Xylitol Production (solid lines) and Growth Profiles (OD600; dashed lines) for
Strains PC07+pPCC506 (expressing CbXR+XylB), PC07+pPCC507 (expressing CbXR+Xyl3),
and W3110+pLOI3815 (expressing CbXR). The 50 ml shake-flask batch cultures initially
contained minimal medium plus xylose (300 mM), MOPS (50 mM), kanamycin (50 µg ml-1), and
IPTG (100 µM). Seed cultures in were grown in minimal medium containing glucose, with no
induction of plasmid-based genes.
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Figure 3-4B: Xylitol Production (solid lines) and Growth Profiles (OD600; dashed lines) for
Strains PC07+pPCC506 (expressing CbXR+XylB), PC07+pPCC507 (expressing CbXR+Xyl3),
and W3110+pLOI3815 (expressing CbXR). The 50 ml shake-flask batch cultures initially
contained minimal medium plus xylose (300 mM), MOPS (50 mM), kanamycin (50 µg ml-1), and
IPTG (100 µM). Seed cultures were grown in minimal medium containing xylose plus 100 µM
IPTG for induction of plasmid-based genes.
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The growth behaviors of these two strains are similar (µ ~0.1 h-1), but PC09+pPCC507
produces acetate (~30 mM), while PC09+pLOI3815 does not. Since glucose consumption
was not reduced, the restoration of xylose metabolism in PC09 may cause the increased
flux to acetate. While initial xylitol production rate is higher in PC09+pPCC507 than
PC09+pLOI3815 (not shown), as the PC09+pPCC507 culture acidifies its productivity
rapidly halts. The acetate production and reduced xylitol production may be related to
regulatory differences resulting from active xylose metabolism, or differences in CbXR
expression levels between the two plasmids. Co-metabolism of glucose and xylose during
xylitol production is currently under further investigation.
In conclusion, we have shown that deletion of xylB is essential for achieving high
xylitol titers from xylitol-producing E. coli strains. Our results strongly suggest that this
is due to XylB-catalyzed toxic synthesis and intracellular accumulation of xylitolphosphate, which likely results in inhibition of xylose transport and ultimately in reduced
xylitol production in strains growing on glucose. Results from 31P NMR analysis confirm
the production of xylitol-phosphate. Activity of XylB on xylitol prevents xylitol
production by E. coli growing on xylose, and this limitation was overcome by
replacement of E. coli xylB with P. stipitis XYL3.

Chapter 4
Anaerobic Obligatory NAD(P)H Reoxidation via Xylitol Production in E. coli
Strains Devoid of Native Fermentation Pathways
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Summary
E. coli bacterium has been successfully engineered to host NAD(P)H-dependent
xylose reduction to xylitol under aerobic conditions (Cirino, Chin et al. 2006). However,
experimental xylitol yields (defined as YRPG = mol xylitol produced / mol glucose
consumed) have been found to be significantly less than the model-predicted theoretical
yields under these conditions. The discrepancy in yield has been attributed to various
factors including the inability of the biotransformations to effectively compete with
native cofactor-utilizing cellular reactions. In this study, using rational design of E. coli
metabolism strains are engineered for anaerobic xylitol production from glucose/xylose
mixtures as an alternative to previously engineered aerobic xylitol-producing strains.
Xylose metabolism in the newly engineered strains is prevented by a xylAB gene deletion.
Competing fermentation pathways are eliminated through corresponding gene deletions
(i.e., ∆ldhA, ∆adhE, ∆frd, ∆pflB) and this makes xylose reduction the sole means of
NAD+ regeneration during anaerobic glucose oxidation. Interestingly, in contrast to
typical biotransformation systems the metabolic behavior of the engineered system is
neither fermentative (as electrons are transferred to an external electron acceptor) nor
respiratory (as the electron transport chain is absent and energy is not generated via
oxidative phosphorylation). Loss of substrate carbons to cell mass is minimized and
aerobic respiration is eliminated as a sink of reducing equivalents. Most importantly we
show that this anaerobic approach is very efficient as the predicted theoretical maximum
xylitol yield per glucose (denoted as YRPG) of 4 is obtained experimentally, with coproduction of ~2 moles of acetate per glucose consumed. We also find that the activity of
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the membrane-bound transhydrogenase, PntA, is crucial to achieving theoretical xylitol
yields experimentally. This engineered system represents a step towards efficiently
harvesting electrons from complete glucose oxidation under anaerobic conditions.

Introduction
Research efforts have been particularly directed towards engineering Escherichia
coli for cofactor (NAD(P)H)-dependent redox transformations catalyzed by reductases,
dehydrogenases and oxygenases to yield products such as chiral alcohols and acids
(Ernst, Kaup et al. 2005), amino acids (Zhang, Jantama et al. 2007), traditional and
advanced biofuels (Kim, Ingram et al. 2007; Atsumi and Liao 2008) and various
commodity chemicals including lactic acid (Zhu, Eiteman et al. 2007), succinic acid
(Sanchez, Bennett et al. 2005) and acetic acid (Causey, Zhou et al. 2003). Whole-cell
systems generally present an attractive approach for executing cofactor-dependent
transformations due to advantages such as regeneration of cofactors using the cellular
apparatus, execution of multi-step transformations, and utilization of cheap and abundant
raw materials. However, the challenge lies in finding the preferred strategy for
implementing whole-cell transformations such that reduced cofactors are generated and
utilized with maximum efficiency.
We previously engineered E. coli for NADPH-dependent xylitol production from
glucose-xylose mixtures by heterologous expression of xylose reductase from Candida
Boidinii yeast (Cirino, Chin et al. 2006). In this system, glucose oxidation to carbon
dioxide serves as the source of electrons for xylose reduction to xylitol under aerobic
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conditions. The metabolic behavior and xylitol production capability of the strains have
been assessed extensively under aerobic cultivation conditions (Cirino, Chin et al. 2006;
Chin, Khankal et al. 2009). Similar to other biotransformations in E. coli as described by
Schmid and coworkers (Blank, Ebert et al. 2008; Buhler, Park et al. 2008) and Walton
and Stewart (Walton and Stewart 2004), the YRPG obtained in the engineered system
tends to be significantly lower than the theoretical maximum yield under aerobic
conditions. The maximum YRPG obtained from aerobic batch cultivation in shake-flasks is
reported as 1.8 (Cirino, Chin et al. 2006). This value is only ~20% of the theoretical value
(9.2) predicted using the constraint based, stoichiometric, network model SimphenyTM
(Chin, Khankal et al. 2009).
Metabolically-active resting cells have been used as a strategy to eliminate
biomass production as a sink of cofactors and thereby improve yield. This resulted in
~2.6-fold increase in YRPG (Cirino, Chin et al. 2006). Use of metabolic engineering
strategies including deleting the ndh gene (encoding NADH dehydrogenase) in an
attempt to minimize the loss of reducing equivalents to oxygen reduction via the electron
transport chain resulted in the secretion of fermentation products and a very low YRPG of
0.6

(Chin,

Khankal

et

al.

2009).

Deletion

of

the

pgi

gene

(encoding

phosphoglucoisomerase) or pfkA (encodes phosphofructokinase) and sthA (encodes
soluble transhydrogenase) genes in order to directly replace NADH production with
NADPH production (via the pentose phosphate and Entner-Duodoroff pathway) for the
xylose reductase reaction resulted in an increase in YRPG compared to that obtained for
the wild type strain (YRPG =5.4, 4.2, 3.4 obtained with pfkA/sthA, pgi/sthA mutant strains
and wild type strain, respectively, under resting cell conditions) (Chin, Khankal et al.
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2009; Chin 2010). The highest YRPG under aerobic conditions is less than 60% of the
predicted theoretical maximum YRPG. The disparity between the experimental and
theoretical yields has been suggested to arise due to various factors including the inability
of the heterologous biotransformation and transhydrogenase reactions to effectively
compete with cofactor-utilizing cellular reactions such as aerobic respiration, non-optimal
flux distribution as well as increased maintenance energy requirements during
biocatalysis, and energy spilling (Blank, Ebert et al. 2008; Chin, Khankal et al. 2009).
The low efficiency (defined as experimental YRPG / theoretical YRPG) obtained
under aerobic conditions is undesirable, therefore, in this study we sought to
eliminate/reduce the disparity between the experimental and theoretical xylitol yield by
creating an analogous system for xylitol production in E. coli under anaerobic conditions.
The new system demonstrates our ability to efficiently divert reducing equivalents
towards our reaction of interest in the absence of aerobic respiration. In this system,
glucose oxidation to acetate is the source of electrons for xylose reduction to xylitol as
depicted in Figure 4-1. Competing fermentation pathways are eliminated in the anaerobic
system; therefore, xylitol production serves as the principal means of regenerating NAD+
and maintaining redox balance during anaerobic glucose oxidation. Interestingly, in
contrast to typical biotransformation systems the metabolic behavior of the engineered
system is neither fermentative (as electrons are transferred to an external electron
acceptor) nor respiratory (as the electron transport chain is absent and energy is not
generated via oxidative phosphorylation). A similar design approach can be utilized in
systems where oxygen-intolerant enzymes are being utilized and also in the efficient
synthesis of reduced products that are not derived from sugars. However, although the
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use of anaerobic conditions has its inherent benefits, it necessary to point out that under
these conditions the energy yields are limited as ATP formation occurs only via substrate
level phosphorylation. Additionally, complete glucose oxidation is also not achieved as
the oxidative citric acid cycle is non-functional under these conditions thus a lower yield
of cofactor is obtained. The maximum theoretical YRPG under anaerobic conditions is
only ~4 (Aerobic theoretical maximum = ~9.2 (Chin, Khankal et al. 2009)).
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Figure 4-1: Anaerobic Xyiltol Production Platform Engineered in E. coli. In the engineered
system glucose conversion to acetate serves as the source of electrons for xylose reduction to
xylitol by Candida boidinii xylose reductase. The cofactors NAD(P)H serve as mobile electron
carriers in the E. coli cell and need to be continuously reoxidized to maintain redox balance.
Activity of the membrane-bound transhydrogenase PntA is required for NADH conversion to
NADPH. Xylose reduction reaction serves as the main means of NADPH reoxidation in the
engineered strains.
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A model strain was examined using a constraint-based stoichiometric network
model of E. coli metabolism (SimphenyTM, Genomatica Inc; model adapted from (Reed,
Vo et al. 2003)). As expected, glucose oxidation by the in silico strain is coupled to
xylitol production and the model reveals the extent to which the mode of xylose transport
and the cofactor specificity of xylose reduction influence the feasibility and yield of the
anaerobic biotransformation (refer to Appendix B for details of simulations).
Experimentally, we constructed the modeled strain by eliminating competing
fermentation pathways through corresponding gene deletions (i.e., ∆ldhA, ∆adhE, ∆frd,
∆pflB; Refer to Figure 4-2 for more details) and preventing xylose metabolism by a xylAB
gene deletion. An NADPH-dependent xylose reductase was employed for xylose
reduction, thus requiring reducing equivalents to be transferred from NADH to NADP+.
A pyruvate dehydrogenase complex mutant with reduced sensitivity to NADH (Kim,
Ingram et al. 2007) was expressed in engineered strains to increase NADH availability
and xylitol yield. Indeed, the engineered system ensured the efficient delivery of reducing
equivalents from anaerobic oxidation of glucose to the heterologous xylose-reductase
reaction and resulted in xylitol yields that approach theoretical limits. This system proved
to be useful in studying the anaerobic behavior of the E. coli transhydrogenases and is a
step towards harvesting electrons from complete glucose oxidation under anaerobic
conditions.
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`
Figure 4-2: The Central Pathways and Fermentation Products in Wild Type E. coli. The EmbdenMeyerhof-Parnas (EMP), Pentose phosphate (PP) and Entner-Duodoroff (ED) pathways convert
glucose-6-phosphate ultimately to pyruvate. The PP and ED pathways branch from 6phosphogluconate and re-enter glycolysis at different locations with one location being the
Glyceraldehyde-3-phosphate node. ATP and NAD(P)H yields depends on the pathway used. The
EMP pathway generates the highest amount of ATP (nEMP=~2) for glucose-6-phosphate
conversion to pyruvate. Major fermentation products obtained from the central pathways are
shown in boxes. Abbreviations: Glc PTS: Glucose phosphotransferase system; PEP:
Phosphoenolpyruvate; PYR: Pyruvate; zwf: glucose-6-phosphate dehydrogenase; pgi:
phosphoglucoisomerase; edd: 6-phosphogluconate dehydratase; eda: 2-keto-3-deoxy-6phosphogluconate aldolase; frd: fumarate reductase; ldhA: lactate dehydrogenase; pfl: pyruvateformate lyase; PDH*: mutated pyruvate dehydrogenase; pta: phosphate acetyltransferase; ackA:
acetate kinase; adhE: alcohol dehydrogenase; Dashed lines indicate a multisep reaction and
dotted line indicates that this reaction is not used for this conversion under anaerobic conditions
in wild type E. coli
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Results and Discussion
The details of genetic manipulations and strain cultivation techniques employed to
achieve maximum biotransformation efficiency under anaerobic conditions are presented
below.

Anaerobic Screw-Cap Tube Cultivations
Strains used in this study are listed in Table 4-1. W3110 (wild type E. coli)
derivative, strain JC11, serves as the reference strain in the study. It contains a
xylulokinase gene (xylB) deletion as well as a single, chromosomally integrated copy of
the xylose reductase from Candida boidinii (CbXR). Chromosomal integration of CbXR
was deemed necessary based on the results obtained from a related study where plasmidbased CbXR expression was shown to be detrimental to cell growth and xylitol
production (Chin 2010). This is possibly due the high energetic demand of plasmid
maintenance (Glick 1995). Initial experiments to evaluate xylitol production capacity of
engineered strains were carried out in anaerobic screw-cap culture tubes. Similar to
W3110, strain JC11 growing anaerobically in minimal medium supplemented with
glucose undergoes mixed acid fermentation whereby it produces a mixture of lactic acid,
succinic acid, formic acid, acetic acid and ethanol (as shown in Figure 4-3). In medium
containing both glucose and xylose, in addition to the fermentation products, JC11 also
produces xylitol albeit at a low yield (YRPG = ~0.1).
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Table 4-1: Strains Used in This Study a

Relevant Characteristics

Reference

W3110

Wild-type

ATCC 27325

JC11

W3110, ∆xylB::FRT CbXR integrated at HK022

Chin 2010

OA126

JC11, ∆ldhA::FRT ∆adhE::FRT ∆frdA::FRT

This study

Strains

W3110, ∆ldhA ∆(focA-pflB)::FRT ∆adhE PDH* (lpd101YK87

Kim et al., 2007
E354K)

OA85

YK87, ∆xylAB::FRT ∆frdA::FRT

This study

OA87

OA85, CbXR integrated at HK022

This study

OA89

OA85, CtXR integrated at HK022

This study

OA120

OA87, ∆pntA::FRT

This study

OA143

OA87, ∆ppc::FRT

This study

OA163

OA87, ∆sthA::FRT

This study

OA176

OA87, ∆(zwf-eda)::FRT

This study

OA182

OA87, ∆galP::FRT

This study

OA205

OA176, ∆pntA::FRT

This study

OA207

OA120, ∆sthA::FRT

This study

OA209

OA85, ∆srlD::FRT

This study

a

Apr= Apramycin, Km = Kanamycin
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Figure 4-3:
Fermentation Profile for W3110 vs. JC11 Growing in Minimal Medium
Supplemented with Glucose +/- Xylose.

Anaerobic glucose oxidation in strains W3110 and JC11 is assumed to proceed
via the Embden Meyerhof Parnas (EMP) pathway as this pathway yields the highest
amount of ATP under anaerobic conditions (refer to Figure 4-2). When the EMP pathway
is utilized electrons from glucose oxidation are transferred to NAD+ to generate NADH.
In order to maintain the cellular redox balance, NADH has to be to reoxizidized to
NAD+. This is achieved in wild type E. coli growing anaerobic conditions by the transfer
of electrons from NADH to internal metabolites, which results in the production of
organic acids and reduced products depicted in Figure 4-2.
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Deletion of Competing Fermentation Pathways
Examination of the fermentation pathways in E. coli showed that elimination of
the competing pathways in the wild type strain expressing CbXR with the exception of
the acetate-producing pathway would result in a derivative strain capable of producing
xylitol from glucose/xylose mixtures at a theoretical maximum YRPG ~2 under anaerobic
conditions. This derivative strain would therefore produce formate and acetate as coproducts with xylitol. Formate is produced from Pfl-catalyzed conversion of pyruvate to
acetyl CoA. Acetate production is required to prevent accumulation of acetyl CoA in the
cell. Ethanol-producing E. coli strains carrying an ldhA (encoding lactate dehydrogenase
which mediated pyruvate reduction to lactate) gene deletion were shown to produce
lower concentrations of lactate (94% lower than wild type strains) during anaerobic
growth on glucose (Kim, Ingram et al. 2007). Deletion of adhE (encodes alcohol
dehydrogenase which mediates conversion of acetyl CoA to ethanol) has been reported to
eliminate ethanol production in E. coli strains engineered for lactate (Zhou, Shanmugam
et al. 2006) or succinate (Jantama, Zhang et al. 2008) production. Similarly ∆frdA
(encoding fumarate reductase flavoprotein which is one of the catalytic subunits in the
fumarate reductase which reduction of fumarate to succinate) mutants were reported to
produce negligible amounts of succinate (80% less than that produced by their wild type
counterparts) during microaerobic growth on glycerol (Durnin, Clomburg et al. 2009). In
this study strain OA126 was constructed by stepwise deletion of the ldhA, adhE and frdA
genes, with the aim of eliminating the production of lactate, ethanol and succinate,
respectively. As shown in Table 4-2, strain OA126 produced xylitol at a yield of ~1.2
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after 48 hours of anaerobic cultivation in glucose/xylose mixtures. This yield is sevenfold higher than the yield obtained from JC11. However, it is only ~60% of the predicted
theoretical maximum YRPG. This discrepancy between the theoretical yield and
experimental yield is discussed later in this chapter.

Expression of Anaerobically-Active PDH (PDH*)
As described in Chapter 2, the PDH complex catalyzes the NAD+-linked
oxidative decarboxylation of pyruvate to acetyl-CoA (primarily considered an aerobic
reaction) and PFL catalyzes the conversion of pyruvate to acetyl-CoA as shown in the
reactions below (Kaiser and Sawers 1994; Quail, Haydon et al. 1994; Guest 1996;
Kessler 1996; Cassey, Guest et al. 1998; Nelson 2005).

Pyruvate + Coenzyme A + NAD+
Acetyl-CoA + NADH + H+ + CO2

Pyruvate + Coenzyme A

Formate + Acetyl-CoA

(4-1)

(4-2)

In E. coli, PDHc is generally considered to be minimally active under anaerobic
or at least non-respiratory conditions (de Graef, Alexeeva et al. 1999) due to a relatively
high ratio of NADH/NAD+ and high concentration of acetyl-CoA, both of which
allosterically inhibit PDHc activity (Hansen and Henning 1966; Snoep, Degraef et al.
1993; de Graef, Alexeeva et al. 1999).
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Table 4-2: Molar Yields of Products From Anaerobic Cultivations in Screw-cap Tubesa

Molar Product Yield Per Glucose
Strain

G consumedb

Xylitol

Acetate

Pyruvate

Succinate

%C Recovered

Glucose/Xylose Cultures
JC11c

41.79

0.18

0.44

0.01

0.10

90

OA126d

10.22

1.24

0.22

0.83

0.13

60

OA87

7.81

2.35

0.85

0.36 ± 0.14

0.10

67

OA89e

7.90

1.40

0.39

0.28

0.04 ±0.04

39

Glucose Cultures
OA126f

0.93

0.00

0.60

0.28

0.03

46

OA87

2.33

0.00

0.00

0.00

0.00

0

a

Anaerobic cultivations were carried out in minimal medium supplemented with ~50 mM glucose + 50 mM
MOPS +/- ~300mM xylose. Molar yields are calculated as mol of product secreted/total mol of glucose
consumed after 48 hours of cultivation. All standard deviations are less than 20% of the reported value unless
otherwise stated. Carbon recovery was calculated as the total mol of carbon in fermentation products secreted /
total mol of carbon in glucose consumed. The number of moles of CO2 released in PDH* strains was assumed to
be equal to the moles of acetate produced.
b
Concentrations reported are in mM
c
Lactate (0.89), ethanol (0.42) and formate (0.59) were also produced by strain JC11. Values in parenthesis
represent the molar yields.
d
Formate (0.15) and Lactate (0.01 ± 0.01) were also produced by strain OA126
e
Lactate (0.05 ± 0.02) was also produced by strain OA89
f
Data reported for the 96 hour time point. Formate (0.48) was also produced by strain OA126 in minimal medium
containing glucose
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Therefore, the pyruvate-formate lyase-catalyzed conversion of pyruvate to acetyl-CoA
(AcCoA) is considered the primary route for AcCoA production under anaerobic
conditions. However, Shanmugam and coworkers recently isolated E. coli mutants in
which anaerobic pyruvate dehydrogenase–catalyzed conversion of pyruvate to AcCoA is
promoted due to mutation in the lpd gene encoding dihydrolipoamide dehydrogenase
(LPD), a component of PDH (Kim, Ingram et al. 2008). They report that reduced NADH
sensitivity of PDH in these mutants apparently increased PDH activity under anaerobic
conditions. As PDH-catalyzed conversion of pyruvate to AcCoA yields NADH instead of
formate, flux through this reaction should be beneficial in improving xylitol yield
obtained from our engineered strains under anaerobic conditions (Theoretical maximum
YRPG increases to ~ 4). Expression of CbXR in a PDH* strain (denotes E. coli mutant
strain with mutations in the lpd gene) devoid of the native fermentation pathways (to
yield strain OA87) resulted in a two-fold increase in experimental xylitol yield (YRPG = ~
2.4) compared to that obtained for strain OA126. However, this yield is still only about
60% of the theoretical maximum.

Probing Yield Discrepancies
This discrepancy between the experimental and theoretical yields under anaerobic
conditions could be due to inability of the reductase to compete effectively with other
cofactor/substrate-utilizing reactions (aside from the ones already eliminated) in the cells
under the conditions tested. In such cases alternate compounds are produced by the
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engineered strains and xylitol yields would be reduced. For instance, strain OA126 was
expected to produce acetate and formate as co-products with xylitol, while strain OA87
was expected to produce acetate and CO2 as co-products. However, HPLC analysis
shows that succinate is produced by both strains (refer to Table 4-2). Acetyl-CoA can be
oxidized to succinate through the glyoxylate bypass. The glyoxylate bypass is an
anaplerotic pathway (Clark 1996) in which the two decarboxylation steps of the citric
acid cycle are bypassed and isocitrate is converted to succinate and glyoxylate by the
enzyme isocitrate lyase (Cronan 1996; White 2000). Glyoxylate condenses with AcetylCoA to form malate in a reaction catalyzed by malate synthase, and malate undergoes a
NAD+-dependent oxidation to form oxaloacetate. The reactions of the glyoxylate bypass
are summarized as follows:
2Acetyl-CoA + NAD+ + 2H2O

→

Succinate + 2CoA + NADH + H+ (4-3)

However it is unlikely that succinate is produced via this route as the expression of the
glyoxylate bypass operon is repressed in the presence of glucose and under anaerobic
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conditions (Sunnarborg, Klumpp et al. 1990). Additionally, additional NADH is
produced via this route, therefore would not expect succinate production via this route to
result in lowered xylitol yield.
Anaerobic succinate synthesis can also occur via a sequence of reactions that ends
with fumarate reductase-mediated conversion of fumarate to succinate and utilizes one
NADH and one FADH2 (Sawers and Clark 2004). The flavoprotein encoded by frdA is
one of two catalytic subunits of the fumarate reductase, therefore we expected that
disruption of frdA in engineered strains would prevent succinate production via this route.
The loss of fumarate reductase activity in frdA deletion strains was not verified in this
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study; therefore, it is possible that this activity is not eliminated completely by the frdA
gene disruption. However, 2 NAD(P)H equivalents are consumed per mole of succinate
produced via this route, therefore the succinate secreted by strain OA126 (0.13 mol
succinate produced/mol glucose consumed) would account for only ~13% of the two
NAD(P)Hs expected to be produced from glucose oxidation via the EMP pathway for
this strain. Similarly, the succinate secreted by strain OA87 (0.10 mol succinate
produced/mol glucose consumed) would account for only ~5% of the 3.9 NAD(P)Hs
expected to be produced from glucose oxidation via the EMP pathway for this strain.
(Note: Total NAD(P)H is 3.9 instead of 4 because 1 mole of PEP is utilized per mole of
succinate produced and this reduces the amount of pyruvate converted to acetyl CoA via
the PDH* reaction. Therefore, the total moles of NAD(P)H produced via EMP per
glucose consumed by strain OA87 = 2 + (2 – (mol of succinate produced/glucose)). This
is not the case for strain OA126 because Pfl mediates pyruvate conversion to acetylCoA
and NADH is not produced in this reaction). In both cases even if the total number of
moles NAD(P)H used in xylitol and succinate production is taken into account, ~30% of
the reducing equivalents from glucose oxidation are still unaccounted for.
Interestingly, the end products from the anaerobic cultivations in minimal
medium supplemented with glucose and xylose account for only ~63% and ~67% of the
carbons contained in the glucose utilized by strains OA126 and OA87, respectively (this
takes into account the carbon in CO2 formed from the PDH* reaction in OA87). Strain
OA126 cultivated in glucose minimal medium consumed ~0.93 mM glucose
(corresponds to 90% decrease in glucose consumed in comparison to value for
glucose/xylose cultivations) and produced low amounts of acetate, formate, pyruvate and
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succinate as shown in Table 4-2. The secreted products account for only 46% of the
glucose carbons and 3% of the NAD(P)H expected from glucose oxidation. Strain OA87
cultivated in glucose minimal medium consumed ~2.88 mM glucose (corresponds to 70%
decrease in glucose consumed in comparison to value for glucose/xylose cultivations)
and produced no significant detectable fermentation products. These observations suggest
that glucose oxidation is hampered in the engineered strain when NAD(P)+ is not
regenerated via xylose reduction. They also buttress the assumption that the substrate /
substrate derivatives and cofactors are diverted through other pathways resulting in
production of other compounds which may not be detected in the HPLC analysis due to
factors such as intracellular accumulation of storage compounds such as glycogen in the
cell (reported to be formed from metabolites during unbalanced growth (Wilkinson
1963)), concentrations of excreted compounds being below detection limits, co-elution of
unknown compounds with known compounds due to insufficient separation and HPLC
method/instrumentation not being appropriate for detection of by-products . It is also
possible that the low amounts of dissolved oxygen present in medium initially also
contributed to NADH oxidation and incomplete carbon recovery (as glucose can be
oxidized to yield CO2 via the TCA cycle and NADH can be oxidized via the electron
transport chain in the presence of oxygen).
We hypothesized that the entrapment of the CO2 by-product in the anaerobic
screw-cap tubes promotes phosphoenolpyruvate carboxylase-catalyzed carboxylation of
the glycolytic intermediate, phosphoenolpyruvate (PEP), resulting in the production of
amino acids and organic acids such as oxaloacetate and malate via reactions which
consume NAD(P)H. (Note that formate produced in strain OA126 can be converted to
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CO2 and H2 via formate-hydrogen lyase (FHL) and PDH*-catalyzed conversion of
pyruvate to acetyl CoA OA87 yields CO2). We sought to eliminate such side reactions by
disrupting the ppc gene (which encodes PEP carboxylase) in strain OA87. However,
strain OA143 (OA87 ∆ppc) produced xylitol at a very low yield (YRPG = 0.3) and titer
(1.3 mM) after 72 hours of cultivation in anaerobic screw-cap tubes. Controlled
fermentation in which CO2 is released to atmosphere as it is produced was thus pursued
as an alternative to the anaerobic screw-cap tube cultivations. The results obtained from
these fermentations are discussed later in this chapter.

Impact of Cofactor Specificity Requirement on Yield
CbXR-mediated xylose reduction to xylitol is NADPH-dependent and requires
NADH obtained from glucose oxidation via the EMP pathway to be converted to
NADPH by transhydrogenase. As depicted in equations 4-4 and 4-5 the membrane-bound
transhydrogenase PntAB uses the electrochemical proton gradient across the cytoplasmic
membrane to drive the reduction of NADP+ via the oxidation of NADH (Jackson 1991).
In order to investigate whether the cofactor specificity requirement of the reductase
impacts biotransformation yields, expression of an alternative xylose reductase from
Candida tenuis (CtXR), which has a dual cofactor specificity (i.e., can use both NADPH
and NADH (Neuhauser, Haltrich et al. 1997)) was compared to CbXR expression. The
CtXR gene was integrated into the chromosome of the PDH* mutant strain devoid of the
native fermentation pathways to yield strain OA89. This strain produced xylitol at a yield
of 1.4 which is lower than the yield obtained for the CbXR-expressing strain, OA87,
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when cultivated in anaerobic screw-cap tubes. Additionally, the end products from the
anaerobic cultivation of strain OA89 account for only 39% of the carbons contained in
the glucose utilized by the strain. It is interesting that although CtXR has a dual cofactor
specificity, it has been reported to have a lower affinity for both xylose (Kmxylose = ~
80mM) and NADPH (KmNADPH = 4.8 mM) (Neuhauser, Haltrich et al. 1997) in
comparison to CbXR (Kmxylose = 13 mM and KmNADPH = 3 - 4 mM) (Bolen and
McCracken 1990). Additionally, strains expressing CtXR have been shown to produce
xylitol at lower titers than strains expressing CbXR over a 96 hour period (Cirino, Chin et
al. 2006). It is possible that the lower xylitol yield and carbon recovery obtained for strain
OA89 is due to “poorer” ability of the CtXR-catalyzed reaction (in comparison to the
CbXR reaction) to effectively compete with other cofactor-utilizing/substrate-utilizing
reactions in the cells due to its kinetic properties or expression levels. We conclude the
impact of the cofactor specificity of the reductase on the biotransformation yield cannot
be considered alone; it has to be considered in conjunction with other properties of the
enzyme (such as the expression level, Kcat) and system. Further investigations involving
CtXR were not pursued in this study.

Dual Phase Controlled Fermentations
The experimental yields from the anaerobic cultivations in screw-cap tubes were
at least 40% less than predicted theoretical maximum yield. We presumed that this was
due to recycling of the CO2 produced through competing, NAD(P)H-utilizing pathways.
In order to test this hypothesis, controlled fermentations with continuous gas flow were
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carried out as an alternative to anaerobic cultivations in screw-cap tubes. This approach
should aid in minimizing side reactions involving CO2 produced from cellular reactions
as this by-product will be continuously released to the atmosphere. Given that growth is
minimal under anaerobic conditions, to successfully assess the anaerobic xylitol
production capability of the engineered strains, they were grown initially on glucose
under aerobic conditions in pH-controlled fermentations followed by an anaerobic
production phase in which xylose was added to the growth medium (see Chapter 7 for
details).
Table 4-3 shows the product yields for the anaerobic phase of the fermentations
involving strains cultivated in minimal medium supplemented with glucose (~ 50 mM)
and xylose (~ 200 mM). After 12 hours of anaerobic cultivation, strain JC11 (wild type
CbXRint) produces low amounts of xylitol (YRPG = ~ 0.8) along with the other native
fermentation products. Strain OA87 (wild type ∆xylAB ∆ldhA ∆adhE ∆frdA ∆pflB PDH*
CbXRint) produces xylitol at a yield of ~ 3.1. Acetate (~ 1.3 mol produced / glucose
consumed), pyruvate (~ 0.1 mol produced / glucose consumed) and succinate (~ 0.3 mol
produced / glucose consumed) are produced as co-products and 94% carbon recovery is
obtained at the 12-hour timepoint. The xylitol yields obtained at the 12-hour timepoint
represent a 7-fold and 1.3-fold increase in the yield obtained for screw-cap tube
cultivations of JC11 and OA87, respectively. However, the yield obtained for strain
OA87 at the 12-hour timepoint is still only about 73% of the predicted theoretical
maximum yield and this yield drops to an even lower value after 24 hours of cultivation
as shown in Table 4-3.

Table 4-3: Molar Yieldsa of Products from Dual Phase Fermentations in Minimal Medium Supplemented with ~50mM Glucose and ~200mM
Xylose

Molar Product Yield Per Glucose
Strain

Xylitol
t = 12

a

Acetate

t = 24

t = 12

t = 24

Pyruvate
t = 12

t = 24

Succinate
t = 12

t = 24

% C Recovered
t = 12

t = 24

JC11b

0.79

0.76

1.68

1.49

0.01

0.01

0.18

0.10

100

95

OA87c

3.05

2.45

1.33

1.08

0.08

0.11

0.29

0.19

94

76

OA143

2.27

1.94

0.74

0.62

0.02

0.02

0.19

0.10

51

39

Molar yields are calculated as mol of product secreted/total mol of glucose consumed after the indicated duration of cultivation.
Lactate (0.29, 0.36), ethanol (0.06, 0.17) and formate (1.09, 0.95) were also produced by strain JC11. Values in parenthesis represent the molar yields for t =
12 and t = 24, respectively.
c
Lactate (0.08, 0.09) was also produced by OA87
b

In contrast to the low yields obtained in the anaerobic tubes, controlled
fermentations involving strain OA143 (OA87 ∆ppc) resulted in xylitol production at a
yield of 2.3 after 12 hours and 51% of the glucose carbon was recovered in the
fermentation products. However this is still only ~57% (~66% assuming 2NADHs are
consumed per succinate produced) of the theoretical maximum yield and again similar to
the result obtained for strain OA87 xylitol yields and carbon recovery for strain OA143
fermentation dropped after 24 hours of anaerobic cultivation. These results confirm that
venting the CO2 by-product positively impacts xylitol yields (at least for the early stages
of the fermentation) but it is unclear why the experimental yields do not correspond to the
theoretical maximum yields and why the yield drops as the fermentation process
progresses.
To better understand why anaerobic yields are lower than expected, strain OA143
was cultivated in minimal medium supplemented with only glucose to investigate if
continued glucose oxidation can be sustained in the strain when it is not producing
xylitol. Similar to the results obtained from anaerobic cultivations of strains OA126 and
OA87 in screw-cap tubes (discussed previously in this chapter), strain OA143 did oxidize
glucose. HPLC-mass spectrometry analysis of the fermentation broth showed that strain
OA143 produced a compound later identified as sorbitol (refer to Appendix C for details
of mass spectrometry experiments). Apparently sorbitol can be produced as a means of
regenerating oxidized cofactors in the engineered strain. Therefore, it is possible that
lowered xylitol yield and carbon recovery observed for strains OA87 and OA143 occurs
as a result of side production of sorbitol. This six-carbon sugar alcohol was not detected
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in the HPLC analysis of the fermentation broth because it has a similar retention time as
xylose.
Sorbitol production in the engineered strains is undesirable as it negatively
impacts the xylitol yields. Therefore strain manipulations and process adjustments to
eliminate sorbitol production were investigated. Additionally, a new HPLC method was
developed to enable separation and quantification of xylose and sorbitol (refer to Chapter
7 for details). Since there is no specific reductase known for glucose conversion to
sorbitol in E. coli, we hypothesized that either CbXR or other promiscuous reductases
were responsible for the production of this sugar alcohol as an alternative means of
anaerobic NADH reoxidation in the engineered strains. Sorbitol may be produced via one
or more of the following routes: (a) NADPH-dependent reduction of glucose to sorbitol
by CbXR; (b) NADPH-dependent reduction of glucose-6-phosphate to sorbitol-6phophate (S-6-P) by CbXR followed by dephosphorylation of S-6-P to sorbitol by a
phosphatase; (c) NADH-dependent reduction of fructose-6-phosphate (F-6-P) to S-6-P by
sorbitol-6-phosphate

dehydrogenase

(encoded

by

srlD

gene)

followed

by

dephosphorylation of S-6-P to sorbitol by a phosphatase; (d) NAD(P)H-dependent
reduction of glucose or glucose-6-phosphate by promiscuous reductases and/or
dehydrogenses in E. coli.
CbXR has been reported to be active on other substrates apart from xylose (Bolen
and McCracken 1990). In this study lysates of PC09 (W3110 ∆xylB) cells expressing
CbXR were prepared and used in vitro enzyme assays. Xylose reductase activity was
measured from cell lysates by measuring substrate-dependent NADPH consumption
(refer to Chapter 7 for more details). Results show that glucose but not glucose-6-
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phosphate can act as a substrate for CbXR (as shown in Table 4-4). This corroborates the
hypothesis that sorbitol can be produced by CbXR-catalyzed reduction of glucose and
disproves that it can be produced by CbXR-catalyzed reduction of glucose-6-phosphate.
This finding is surprising because the glucose-phosphotransferase system (glucose-PTS)
is assumed to be the primary transporter of glucose in E. coli (Postma, Lengeler et al.
1993) and glucose enters the cells as glucose-6-phosphate when the glucose-PTS is
utilized (refer to Figure 4-2 for details). Based on this glucose should not be available in
the cell in its free form unless glucose is transported non-specifically by other
transporters. The galactose permease (GalP) has been reported to transport glucose in
cells devoid of the glucose-PTS system (Hernandez-Montalvo, Martinez et al. 2003).
However as shown in Table 4.5 the deletion of galP in strain OA87 (yielded strain
OA182) did not prevent production of sorbitol. Similar sorbitol yields were obtained for
strain OA87 and OA182 (refer to Figure 4.4 (X/G = ~5) and Table 4.5 for details).
Therefore it is unclear if CbXR is involved in sorbitol production and if it is, how glucose
gets into the cell. To investigate the possibility of SrlD-mediated sorbitol production, a
strain that has an srlD deletion and no CbXR integrated (OA209) was tested.
Surprisingly, as shown in Table 4.5 strain OA209 still produced sorbitol, thus disproving
the hypotheses that SrlD or CbXR are involved in sorbitol production.
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Table 4-4: Xylose Reductase Activity of Cell Lysates with Different Substratesa.

Specific Activity
Subtrate
(units/mg protein)
No substrate

<<0.01

G-6-P

<<0.01

Glucose

0.06 ± 0.03

Xylose

0.30 ± 0.03

a

Data were obtained using a xylose reductase assay described in Chapter 7. PC09 (W3110, ∆xylB crp*)
strain expressing plasmid-borne Candida boidinii xylose reductase (CbXR) was used to prepare cell lysates
for the assays. Glucose (300 mM), xylose (300 mM, native substrate for CbXR) or glucose-6-phosphate
(G-6-P, 50mM) was used as the substrate in individual reactions.

Given the above results, it is obvious that sorbitol production cannot be easily prevented
via strain manipulations as it is unclear which enzymes are responsible for the production
of this compound. As an alternative to this approach process adjustments that involved
altering the relative concentrations of glucose and xylose in the cultivation medium were
investigated. We hypothesized that lowering the concentration of glucose in the
cultivation medium may aid in reducing intracellular glucose/glucose-6-phosphate
concentrations as well as the subsequent non-specific reduction of either compound and
thus eliminate sorbitol production by the engineered strains. Along the same line of
reasoning, we hypothesized that increasing xylose concentrations may aid in increasing
xylitol yields as this may result in higher intracellular concentration of xylose and thus
improve xylose reduction by CbXR. Three different ratios of xylose to glucose were
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investigated and as shown in Figure 4-4 by increasing the ratio of xylose to glucose in the
cultivation medium sorbitol production by strain OA87 was eliminated.

Yield (mol of prod/mol of glucose)

4

[X]/[G] = ~ 5
3

[X]/[G] = ~10
2

[X]/[G] = ~20
1

0
Xylitol t = 12

Xylitol t = 20

Sorbitol t = 12

Sorbitol t = 20

Figure 4-4: Xylitol and Sorbitol Yields for Strain OA87 Cultivated in Minimal Medium
Containing Different Ratios of Xylose to Glucose. Sorbitol yield decreases as the ratio of glucose
to xylose increases.

Although the use of high xylose/glucose ratios is somewhat impractical because it
introduces an extra purification step, i.e., seperation of unused xylose from the xylitol
product, subsequent cultivations were carried out in minimal medium containing ~15 mM
glucose and ~300 mM xylose to investigate if the competing sorbitol producing reaction
could be eliminated and maximum theoretical yield could be obtained. Results of these
cultivations are presented in Table 4-5. The reference strain, JC11, produces xylitol albeit
at a low yield (YRPG = ~1.4).
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Table 4-5: Molar Yieldsa of Dual-Phase Fermentation Products

Strain

a

Molar Product Yield Per Glucose

Designation

Xylitol

Acetate

Pyruvate

Succinate

Sorbitol

JC11b

1.4

1.5

0.1

0.2

0.0

OA126c

2.2

0.6

0.8

0.3

0.0

OA87

4.0

1.8

0.0

0.2

0.0

OA85

0.2

1.0

0.0

0.2

0.6

OA176

3.9

1.7

0.0

0.2

0.00

OA163

3.9

1.6

0.00

0.3

0.00

OA120d

1.8

0.3

0.0

0.2

0.6

OA182e

2.3

1.1

0.1

0.2

0.5

OA205

0.4

0.0

0.2

0.1

0.5

OA209f

0.5

0.6

0.0

0.7

0.6

OA207

2.1

0.3

0.0

0.3

0.6

OA207

2.1

0.3

0.0

0.3

0.6

Data was obtained from the anaerobic production phase of dual-phase fermentations in minimal medium
supplemented with ~15 mM glucose and ~300mM xylose was used for anaerobic cultivation. Molar yields are calculated
as mol of product secreted/total mol of glucose consumed over the duration of the cultivations.
b
Lactate (0.41), and formate (1.33) were also produced by strain JC11. Ethanol production could not be accurately
quantified because this product is volatile. Values in parentheses represent molar yield of respective products.
c
Formate (0.47) was also produced by strain OA126
d
Lactate (0.12) was also produced by strain OA120
e
Anaerobic cultivations were carried out in minimal medium supplemented with ~60mM glucose and ~200 mM
xylose for 24 hours. Lactate (0.07) was also produced by strain OA182.
f
Formate (0.07) is also produced by Strain OA209
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Xylitol yield was increased by ~97% in the derivative strain OA126 (wild type
∆xylB ∆ldhA ∆adhE ∆frdA CbXRint) compared to JC11, with xylitol and pyruvate being
the major end products. 85% of the glucose carbons are accounted for in the products
secreted by this strain. The experimental yield obtained for OA126 (YRPG = ~2.23) was
~1.1-fold higher than the predicted theoretical maximum yield of 2 and this may be due
to error in HPLC measurements (previous experiments have shown HPLC measurements
have about ~5% CV but this was not quantified in this study). It is interesting that a
significant amount of pyruvate instead of acetate was secreted by strain OA126 even
though the pyruvate-formate lyase-catalyzed conversion of pyruvate to acetyl-CoA
(AcCoA) was still possible in this strain. However, this did not impact the experimental
yield because NADH is not produced by/after the Pfl reaction (refer to Figure 4-2). The
experimental xylitol yield was 2-fold higher for strain OA87 (YRPG = ~ 4) compared to
strain OA126. Xylose reduction to xylitol serves as the major means of regenerating
NAD(P)+ during anaerobic glucose oxidation in strain OA87. In addition to xylitol,
acetate and little amounts of succinate are produced in strain OA87. It is unclear how
succinate is being produced in OA87 given that the experimental yield obtained for this
strain corresponds to the theoretical maximum yield.
It is interesting that strain OA87 combines the beneficial attributes of
fermentative and oxidative metabolism, i.e., absence of oxygen and electron transport
while employing an external electron acceptor, to achieve optimal product yields per
substrate. However, although xylitol is the principal product in this strain, it is important
to point out that in absence of the xylose reductase (as we have in strain OA85), the
major product obtained from glucose/xylose mixtures during dual phase cultivation is
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sorbitol. In strain OA85 glucose consumption is 60% lower than in strain OA87 and
xylose utilization is insignificant.

Confirmation that Glucose Oxidation is Through EMP Pathway in Engineered
Strains
We next sought to confirm the assumption that glucose oxidation occurs via the
EMP, as this is basis for theoretical yield calculations in strain OA87. Therefore, in this
strain we deleted zwf, edd and eda genes which encode glucose-6-phosphate-1dehydrogenase, phosphogluconate dehydratase and 2-keto-3-deoxygluconate 6-phosphate
aldolase, respectively, as a means of ensuring that there is no flux through the pentose
phosphate (PP) and Entner-Duodoroff (ED) pathways (Refer to Figure 4-2 for the
reactions catalyzed by these enzymes). Xylitol yield obtained for the derivative strain
OA176 (OA87 ∆zwf, ∆edd, ∆eda) was 3.94 and this is similar to that obtained for strain
OA87 (YRPG = 4.01). This suggests that the PP and ED pathways were not critical and do
not contribute significantly to cofactor supply for xylose reduction.

Role of Transhydrogenases in Anaerobic Xylitol Production
Glucose oxidation via the EMP pathway yields reduced cofactors in form of
NADH, but as stated previously the xylose reductase used in this study is NADPH
dependent. Thus it was important to understand exactly how NADPH was being obtained
for xylitol production in our engineered strains. One likely possibility was that reducing
equivalents were transferred from NADH to NADP+ in a reaction catalyzed by either one
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of E. coli’s native transhydrogenases: the membrane-bound transhydrogenase, PntAB, or
the soluble transhydrogenase, SthA. This was an interesting possibility, as the role of
transhydrogenases during E. coli biocatalysis still needs to be elucidated. Pyridine
nucleotide transhydrogenases catalyze the reversible transfer of reducing equivalents
between NAD and NADP pools (Boonstra, French et al. 1999). However, the
physiological role of PntAB is reported to be the transfer of hydride from NADH to
NADP+ to generate NADPH for use in reductive biosynthetic reactions. On the other
hand, the SthA reaction is deemed to function primarily in the direction of transfer of a
hydride from NADPH to NAD+ (Sauer, Canonaco et al. 2004). The transhydrogenase
reactions are represented in equations 4-4 and 4-5.
+
+
[H+]out + NADP+ + NADH PntAB
→ [H ]in + NADPH + NAD

(4-4)

+
NADPH + NAD+ SthA
→ NADP + NADH

(4-5)

€

Chin et al. reported that transhydrogenase activity (neither PntAB nor SthA

€ contribute significantly to the supply of NADPH for xylitol-producing
activity) does not
aerobic biotransformations (Chin, Khankal et al. 2009). On the other hand, reports have
shown that overexpression of PntAB (Weckbecker and Hummel 2004) or SthA (Sanchez,
Andrews et al. 2006) resulted in improved NADPH-dependent production of their target
product in E. coli. Although it is difficult to compare results between these different
experimentl systems, it is important to point out that flux through the heterologous
pathway in the latter two studies (~ 0.4-1.7 mmol product produced g (cdw h)-1) were
significantly lower than that in the study by Chin et al. (~ 3.0 mmol xylitol g (cdw h)-1)
(Weckbecker and Hummel 2004; Sanchez, Andrews et al. 2006; Chin 2010). Therefore it

117

is possible that at this flux level, further increases in NADPH supply for the heterologous
reaction cannot be achieved due to thermodynamic constraints or other factors.
Deletion of sthA in strain OA87 (to yield strain OA163) had no significant impact
on the experimental xylitol yields. However, deletion of pntA in strain OA87 (to yield
strain OA120) resulted in a ~50% reduction in the experimental xylitol yields. Sorbitol
was produced as side product by OA120 and glucose consumption in this strain was
~50% less than what was observed for strain OA87. The reduction in xylitol yield for
pntA-deletion strain OA120 indicates that PntA plays a major role in NADPH supply for
xylitol production in our engineered strains. However, the fact that xylitol is still
produced in strain OA120 suggests that in that absence of PntA, another route is utilized
for NADPH production. One possibility is that in the pntA-deletion strain (OA120),
similar to the report by Sanchez et al. (Sanchez, Andrews et al. 2006), SthA-mediated
transfer of reducing equivalents from NADH to NADP+ is promoted due to elevated
intracellular NADH and NADP+ concentrations which result from the prevention of
PntA-mediated conversion of NADH to NADPH and the drain of NADPH by the
heterologous reaction. However, this did not seem to be case for strain OA120, because
deletion of sthA in this strain (yielded strain 207) did not have an adverse impact on the
experimental xylitol yields as shown in Table 4-5. Another possibility is that in the pntAdeletion strain flux is rerouted through the PP and/or ED pathways due to elevated
NADH levels and thus NADPH is generated instead since this is depleted due to xylitol
production. The glyceraldehyde-3-phosphate produced from either of these pathways can
be oxidized via the reactions of the lower EMP pathway to generate NADH, which then
is reoxidized via glucose reduction to sorbitol.
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The experimental xylitol yield obtained from dual phase cultivation of OA205
(OA120 ∆zwf, ∆edd, ∆eda) was about 80% less than that of strain OA120. This suggests
that there was indeed flux through either the PP or ED pathway in the latter strain (having
a pntA deletion), providing NADPH for xylose reduction. The major by-products secreted
by strain OA205 were sorbitol and pyruvate, therefore it can be implied that glucose
oxidation to pyruvate serves as a major source of NADH in OA205 and NADH
reoxidation is achieved via glucose reduction to sorbitol.

Closing Remarks
In conclusion, although there has been considerable success with engineering
microorganisms to overproduce native fermentation products such as ethanol, succinate
and lactic acid at a high yield during anaerobic fermentations, very little attention has
been given to the production of non-native redox products under anaerobic conditions. In
this study, we have developed an anaerobic platform for xylitol production in E. coli from
glucose/xylose mixtures, in which xylitol production serves as the main route for
anaerobic NAD(P)H reoxidation. Most importantly the low efficiency observed under
aerobic conditions was overcome under anaerobic conditions. However in the anaerobic
system acetate is produced as co-product with xylitol. Using a combination of metabolic
engineering strategies, strains that produce the desired product at experimental yields
corresponding to the predicted theoretical maximum yield were developed.

The

metabolic behavior of the engineered strains is neither fermentative (as electrons are
transferred to an external electron acceptor) nor respiratory (as the electron transport
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chain is absent and energy is not generated via oxidative phosphorylation). The
engineered system was useful in investigating the role of the transhydrogenases during E.
coli biocatalysis and the membrane-bound transhydrogenase PntA was shown to be the
major source of NADPH for the required biotransformations under anaerobic conditions.
However, flux through the NADPH-producing PP or ED pathways becomes responsible
for NADPH when pntA is deleted. Lastly, the anaerobic platform developed in this study
sets the stage for efficient diversion of electrons towards biotransformations of interest in
E. coli subsequently engineered for complete glucose oxidation under anaerobic
conditions.

Chapter 5
Strategies to Improve Xylitol Yield and Productivity in Metabolically Engineered E.
coli Growing Under Aerobic and Microaerobic Conditions
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Summary
Microaerobic (low aeration) conditions were investigated as an alternative to
aerobic conditions and with the aim of achieving both high yield (defined as mol xylitol
produced per mol glucose consumed and denoted as YRPG) and high xylitol efficiency
(Experimental YRPG / Theoretical YRPG) in the engineered E. coli system. It was
hypothesized that under conditions of reduced aeration the nicotinamide cofactors would
be diverted away from respiration and towards our reaction of interest. Additionally, the
aerobically-active citric acid (TCA) cycle would function to produce more reduced
cofactors. We find that the yields obtained under conditions of reduced aeration are
similar to those obtained under highly aerated conditions for the engineered strain. The
highest xylitol yield under conditions of reduced aeration is 43% of the theoretical
maximum (YRPG = 9.2). Deletion of the gene encoding the redox sensitive transcriptional
regulator ArcA (which has been shown to repress expression of TCA cycle genes under
oxygen-limited conditions) resulted in 53% decrease in YRPG. We conclude that the
inefficiency of biotransformations carried out in the presence of oxygen (high or low)
may be due to factors such as the inability of the biotransformation reactions to
effectively compete with respiration possibly due to thermodynamic or kinetic constraints
which may not be overcome by reducing oxygen concentrations.
Secondly, a growth-based selection strategy is employed with the aim of isolating
strains with improved xylitol productivity under aerobic conditions. We hypothesized
that strains with improved growth rate would exhibit higher xylitol productivity due to
the fact that growth is coupled to xylitol production in the initial strain. We find that
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although a 38% increase in the initial growth rate of the culture is observed after 8 rounds
of serial dilutions in glucose/xylose minimal medium this is accompanied by only ~6%
increase in xylitol productivity (this corresponds to a 53% increase in specific
productivity). A 3-fold increase in the initial growth rate is observed after the 5th round of
serial dilutions in glucose minimal medium (even though xylitol production is not
possible due to absence of xylose in medium). Interestingly in both cases as the
successive culturing progressed the strains exhibit an increased overflow metabolism
mechanism in which acetate is excreted. We conclude that even though xylitol may serve
as a means of alleviating the cofactor imbalance initially, the cell adapts to allow
alternate routes of reoxidizing NADPH after successive rounds of aerobic culturing.

Introduction
E. coli strain PC09 (wild type ∆xylB crp*) expressing NADPH-dependent
Candida boidinii xylose reductase (CbXR) was previously reported to produce xylitol at
yield of 1.8 (corresponds to mol xylitol produced/mol glucose consumed and will be
denoted as YRPG) in aerobically grown shake-flask cultures (Cirino, Chin et al. 2006).
This experimental yield is only ~20% of the theoretical maximum YRPG obtainable under
aerobic conditions. As mentioned in Chapter 4 the combination of various genetic
manipulation strategies which increased NADPH availability with the use of
metabolically active resting cells resulted in increased biotransformation yields in
comparison to yield obtained for growing cultures of PC09 expressing CbXR (Chin,
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Khankal et al. 2009), however, the highest yield obtained was still only ~60% of the
theoretical maximum yield.
In chapter 4, the development of an anaerobic system for xylitol production that
serves as an efficient alternative to the aerobic xylitol production system was described.
Due to the absence of oxygen, aerobic respiration was totally eliminated as a sink of
cofactors in the anaerobic system. This enabled cofactors obtained from anaerobic
glucose oxidation to be delivered to the desired biotransformations with nearly 100%
yield. However one limitation of the anaerobic approach is that the theoretical maximum
YRPG is only ~4 and this is only ~ 44% of the aerobic theoretical YRPG thus leaving room
for further improvements. Higher product yields cannot be obtained under anaerobic
condition due to acetate production – a product of incomplete glucose oxidation. This
occurs because the TCA cycle is not fully operational during anaerobic growth due to
enzyme activities being 10- to 20-fold lower than those during aerobic growth (Gray,
Wimpenny et al. 1966; Smith and Neidhardt 1983; Iuchi and Lin 1988; Guest and Russell
1992; Cronan 1996).
Therefore in this chapter we focus on new strategies aimed at improving the yield
and productivity of the biotransformations in order to make our process more attractive.
The first segment of the chapter gives details of the cultivation of strains under reduced
aeration conditions (as “resting” cells) as opposed to highly aerated conditions as a
strategy to improve xylitol yields. The second segment details a growth-based selection
strategy employed with the aim of isolating strains with improved xylitol productivity
under aerobic conditions. Various studies have focused on the physiological behavior of
E. coli under conditions of oxygen-limitation (Spiro and Guest 1991; Alexeeva, de Kort
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et al. 2000; Levanon, San et al. 2005), and microaerobic conditions have been employed
to enable redox-neutral cultivation of E. coli on substrates such as glycerol (Durnin,
Clomburg et al. 2009) and when overproducing oxidized compounds such as acetate
(Causey, Zhou et al. 2003). However little attention has been directed towards using this
approach as a strategy for improving the efficiency of cofactor trafficking for
heterologous production of reduced products in E. coli as is done in this study.
Under aerobic conditions, respiration occurs whereby electrons are ferried from
NADH/FADH2 to oxygen through protein complexes and mobile electron carriers in the
electron transport chain (ETC). Free energy becomes available during the “downhill”
passage of electrons to oxygen and this energy is converted to ATP in a process referred
to as oxidative phosphorylation. The rate of respiration as well as the favorability of
oxygen reduction depends heavily on the concentration of reactants and the products the
reactions involved. Below the critical dissolved oxygen concentration, respiration
approaches a first-order rate dependence on the dissolved oxygen concentration (Shuler
2002). Additionally, as illustrated in chapter 2 for redox reactions occurring in the cell,
the standard redox potential of the reaction (ΔE ' 0 ) is proportional to its standard Gibbs
free energy change (ΔG ' 0 ) as follows:
ΔG' 0 = − nFΔE ' 0

€

(Joules)

(5-1)

€ n is the number of electrons transferred per molecule, F is the Faraday
where
€
0
0
− E 'donor
constant (F = 96,485 Coulombs/mole) and ΔE 'acceptor
. Based on reported values

for ΔE ' 0 , the ΔG' 0 for NAD(P)H oxidation via oxygen reduction is ~ -220 kJ indicating

€ occurs spontaneously.
that this is an exergonic reaction which
€

€
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NAD(P)H + 1 2 O 2 + H + → NAD(P) + + H 2O

ΔG' 0 ≈ -220 kJ

(5-2)

As far as we know a value for the standard reduction potential for xylose/xylitol
€ redox couple has not been reported in literature €
but we expected it to be smaller (less
positive) than that of O2/H2O (since oxygen has been shown to have one of most positive
redox potentials (Unden and Bongaerts 1997). Therefore it is safe to assume that the ∆G'°
for NAD(P)H oxidation via xylose reduction is >> -220 kJ thus NAD(P)H oxidation via
oxygen reduction would be a more favorable reaction. ∆G'° applies to reactions occurring
at standard temperature (T = 298K), and pH = 7, with starting substrate concentration(s)
of 1M and is often used just as an estimate of the actual ∆G of a reaction. The
relationship between the ∆G'° and the actual ∆G of a reaction is:
ΔG = ΔG ' 0 + RT lnQ

(5-3)

where Q is the mass action ratio (defined as the ratio of activities of products to
€ and in the case of dilute aqueous solutions is often estimated as the ratio of
reactants,
€

concentrations of products to reactants (Nelson 2005)), R is the gas constant (R = 8.314
J/mole K) and T is the absolute temperature (K).
Based on the above we hypothesized that under oxygen-limited conditions
respiration should proceed at slower rates. Additionally, the ∆G of the NAD(P)H/oxygen
redox reaction would increase and hence make oxidation of nicotinamide cofactors via
this route less favorable. Reduced nicotinamide cofactors can thus be more favorably
diverted towards the biotransformation of interest. However it is important to point out
that these are just two factors of the many that may impact the efficiency of the aerobic
biotransformations. Other factors such as the transport of substrates/products in and out

126

of the cell, gene expression, allosteric control, and the redox reactions requiring multiple
steps that involve various enzymes with diverse kinetic and thermodynamic properties
may also impact the biotransformation efficiency.
Oxygen limitation strategies similar to the one proposed in this study have proven
useful in obtaining increased xylitol yields from xylose in yeasts such as Candida
parapsilosis and Candida tropicalis (Saha and Bothast 1997) although for different
underlying reasons. Increase in xylitol yield in yeasts grown under oxygen-limiting
conditions is attributed to a decrease respiration rate (i.e., decreased NADH reoxidation)
and ultimately in elevated intracellular NADH/NAD+ ratios (Saha and Bothast 1997). As
shown in Chapter 3 (refer Figure 3-1), xylose metabolism in yeast proceeds with
NADPH-dependent xylose reduction to xylitol via a xylose reductase and then NAD+dependent dehydrogenation of xylitol to xylulose via a xylitol dehydrogenase. Xylulose is
then further metabolized via the pentose phosphate pathway (PPP). The cofactor
imbalance under conditions of low oxygen results in increased xylitol secretion because
further conversion xylitol to xylulose is hampered by low NAD+ availability.
In addition to reduced NAD(P)H oxidation via the electron transport chain under
microaerobic conditions additional NAD(P)H can be generated from the TCA
cyclebecause glucose can be completely oxidized (refer to Figure 5-1 for details on the
TCA cycle). Thus microaerobic conditions could allow for higher biotransformation
yields (YRPG) compared to fully anaerobic conditions where the TCA cycle is not fully
operational due to regulation of its enzymes at the kinetic level and the level of
transcription (Smith and Neidhardt 1983; Iuchi and Lin 1988). The ArcAB system is one
of the global regulatory mechanisms which exists in E. coli to ensure the most
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energetically favorable process is adopted under the different growth modes (Iuchi and
Lin 1988; Spiro and Guest 1991). It belongs to the family of two-component (sensorregulator) signal transducing systems in bacteria and have been shown to mediate a wide
range of responses in E. coli growing under microaerobic conditions (Alexeeva,
Hellingwerf et al. 2003). ArcA is the cytoplasmic regulator while ArcB is the membranebound sensor (Iuchi, Fujiwara et al. 1990; Spiro and Guest 1991). Details on the redoxsensitive mechanism of ArcAB can be found in (Malpica, Sandoval et al. 2006). Under
oxygen-limited conditions increased expression of the TCA cycle genes, such as icd
(encodes isocitrate dehydrogenase, and sdhC (encodes one of the two membrane proteins
of the succinate dehydrogenase complex), and other genes such as aceE (encodes a
subunit of the pyruvate dehydrogenase complex) has been achieved via deletion of the
gene encoding the redox-sensitive transcriptional regulator ArcA (Shalel-Levanon, San et
al. 2005; Shalel-Levanon, San et al. 2005). As flux through the PDH reaction and the
TCA cycle is crucial to achieving maximum yields under reduced aeration conditions,
strains carrying an arcA gene deletion were tested in this study. However it is important
to mention that central metabolic fluxes are rarely regulated by gene expression alone but
also by many mechanisms that include allosteric regulation and enzyme kinetics.
In addition to yield, strain productivity is another parameter that should be
optimized to improve the economic feasibility of the E. coli xylitol production platform
developed. Productivities obtained from various xylitol production systems have been
reviewed in Chapter 2 and Table 5-1 gives a summary of the highest xylitol productivities
obtained in various yeasts and bacteria. However it is necessary to point out that it is
difficult to compare results obtained from the different systems as different media and
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conditions are employed. In this study we focus on improving xylitol productivity (g
xylitol l-1 h-1) of an E. coli strain in which growth is coupled to xylitol production in
minimal medium supplemented with glucose and xylose.
The productivity of a biocatalyst can be impacted by a wide range of factors
including substrate transport, product transport, substrate/product inhibition of enzyme
activity or cellular function, and non-optimal protein expression. Tackling each of these
factors individually is time-consuming and in most cases not very straightforward,
therefore, natural selection is often employed as an alternative route to isolating strains
with not only improved productivity but with optimal biocatalytic properties. Through a
process of natural selection microbial populations adapt in different ways to
environmental and genetic perturbations and over a period of time the population is
dominated by the “fittest” organisms. Fitness is often attained through the acquisition of
mutations (Novick and Szilard 1950; Weikert, Sauer et al. 1997) and can be reflected in a
variety of ways including changes in colony morphology (Slutsky, Staebell et al. 1987;
Schrader and Holmes 1988; Dybvig, Simecka et al. 1989; Zelder and Hauer 2000) and
acquisition of novel metabolic capabilities (Hall and Hauer 1993; Textor, Wendisch et al.
1997; Zelder and Hauer 2000). The downside of the natural selection approach is that its
outcomes cannot be predicted nor can they be constrained. Organisms can invoke various
strategies to adjust their functionality to a genetic/environmental perturbation.
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Figure 5-1: The Central Pathways in Wild Type E. coli. The Embden-Meyerhof-Parnas (EMP),
Pentose phosphate (PP) and Entner-Duodoroff (ED) pathways are utilized for conversion of
glucose-6-phosphate to pyruvate. Under aerobic condition pyruvate conversion to acetyl CoA is
mediated by Pdh. Acetyl CoA undergoes further conversion to C02 via the citric (TCA) cycle.
Abbreviations: Glc PTS: Glucose phosphotransferase system; PEP: Phosphoenolpyruvate; PYR:
Pyruvate; zwf: glucose-6-phosphate dehydrogenase; pgi: phosphoglucoisomerase; edd: 6phosphogluconate dehydratase; eda: 2-keto-3-deoxy-6-phosphogluconate aldolase; pdh: pyruvate
dehydrogenase; pta: phosphate acetyltransferase; ackA: acetate kinase; adhE: alcohol
dehydrogenase; gltA: citrate synthase; acnA: aconitase; icd: isocitrate dehydrogenase; αkgdh: αketoglutarate dehydrogenase; sucCD: succinate thiokinase; sdhABCD: succinate dehydrogenase;
fumABC: fumarase; mdh: malate dehydrogenase;

Table 5-1: Xylitol Yields and Productivities from Yeasts and Bacteria

Organism

Media

Substrate

Yield
Yeasts

a

Productivity

References

b

Saccharomyces cerevisiae

Complex

G+ X

4.2 mol (mol G)-1

3.2

(Oh, Lee et al. 2007)

Candida tropicalis

Complex

X

0.9 mol (mol X)-1

4.9

(Kwon, Park et al. 2006)

Candida boidinii

Complex

X

0.44 mol (mol X)-1

0.3

(Winkelhausen, Amartey et al. 2004)

Candida guilliermondii

Complex

X

0.84 mol (mol X)-1

0.9

(Silva, Chanto et al. 1999)

Debaryomyces hansenii

Complex

X

0.79 mol (mol X)-1

4.7

(Converti and Dominguez 2001)

Bacteria
Corynebacterium glutamicum

Complex

G+X

1.6 mol (mol G)-1

0.9

(Kim, Yun et al. 2010)

Lactococcus lactis

Defined

G+X

2.5 mol (mol G)-1

2.7

(Nyyssola, Pihlajaniemi et al. 2005)

Escherichia coli

Defined

G+X

0.85 mol (mol G)-1

0.8

(Hibi, Yukitomo et al. 2007)

Escherichia coli

Defined

G+X

5.4 mol (mol G)-1

0.4

(Chin 2010)

-1

G = glucose, X = xylose. Productivity is reported in g xylitol l h

-1

Therefore it is possible to obtain the desired results with respect to the main selective
pressure (growth) but the underlying physiological state of the cell may not be what is
desired (i.e., the biocatalytic parameter to be improved, and which may be initially
coupled to growth, may not necessarily be improved upon improved growth selection)
(Fong, Nanchen et al. 2006).
It was previously reported that in a pgi sthA-deletion strain (pgi encodes
phosphoglucoisomerase, sthA encodes soluble transhydrogenase; refer to Figure 5-1 for
reactions catalyzed by enzymes) glucose is metabolized solely via the pentose phosphate
and ED pathways and that this results in the overproduction of NADPH. NADPH
overproduction ultimately leads to a cofactor imbalance and growth defect in the strain
(Sauer, Canonaco et al. 2004). In a previous study we hypothesized that expression of
CbXR in the double deletion strain, for NADPH-dependent xylose reduction to xylitol,
could serve as a means of alleviating the cofactor imbalance and restoring growth of the
engineered strain (Chin 2010). Indeed, the ∆pgi ∆sthA CbXRint strain did grow in
glucose/xylose mixtures while producing xylitol, and growth of this strain is coupled to
xylitol production. Measurement of the intracellular concentrations of nicotinamide
cofactors in cells consuming glucose in the absence versus the presence of xylose showed
that the change in the NADPH/NADP+ correlated strongly with the resulting xyiltol yield
(Chin 2010).
In this study we aim to evolve a strain with improved xylitol productivity using a
successive culturing approach based on the premise that after several rounds of serial
dilutions the “fastest” growing strains would represent a substantial fraction of the
culture’s population. Similar serial dilution approaches have been used to successful
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evolve wild type and recombinant strains towards desired objectives such as improved
productivity of a target metabolite, elimination of auxotrophic growth requirement, and
improved glucose consumption rate (Fong, Burgard et al. 2005; Fong, Nanchen et al.
2006; Salles, Forchhammer et al. 2007; Zhang, Jantama et al. 2007). The fastest growing
strains are expected to exhibit improved xylitol productivity due to the fact that growth is
coupled to xylitol production. Improvement in growth and xylitol productivity could
result due to factors such as increased rate of glucose catabolism due to upregulation of
pentose phosphate and Entner-Duodoroff pathway enzymes (this would result in
increased rate of NADPH production for xylose reduction) and upregulation of xylose
import and xylitol export enzymes (as these may positively impact the rate of xylitol
reduction reaction). We find that even though xylitol serves as a means of alleviating the
cofactor imbalance initially, the cell probably adapts to allow alternate routes of
reoxidizing NADPH after successive rounds of aerobic culturing. Therefore, although a
faster growing strain was obtained, improved growth was accompanied by only a subtle
increase in xylitol productivity. The above finding is further corroborated by the ~43%
increase in growth rate observed after five rounds of serial dilutions in glucose minimal
medium (xylitol production is not possible since xylose is not present in medium).
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Results and Discussion

Determination of the Working Strain for Cultivations

Strains used in this study are listed in Table 5-2. Strain OA188 (Wild type ∆xylAB
∆pflB ∆ldhA ∆frdA ∆adhE PDH* crp*) serves as the reference strain. Based on the
results obtained from Chapter 3, a xylAB deletion is used to prevent xylose metabolism in
this strain. pflB (encodes pyruvate-formate lyase), ldhA (encodes lactate dehydrogenase),
frdA (encodes fumarate reductase), adhE (encodes alcohol dehydrogenase) genes are
deleted in strain OA188 in order to prevent the production of the fermentation products:
formate, lactate, formate and ethanol, respectively under condition of low/no oxygen
(reviewed in Chapter 4).
Additionally pyruvate dehydrogenase–catalyzed conversion of pyruvate to
AcCoA is promoted in strain OA188 due to a mutation in the lpd gene encoding
dihydrolipoamide dehydrogenase (LPD), a component of PDH (denoted as PDH*). As
mentioned in chapter 4 this mutation results in reduced NADH sensitivity of PDH and
apparently increased PDH activity under anaerobic conditions (Kim, Ingram et al. 2008)
(PDH* may or may not be required under low oxygen conditions). Lastly, expression of a
mutant crp (crp*) aids in overcoming E. coli’s diauxic property and allows for
simultaneous uptake of glucose and xylose in E. coli. As reviewed in chapter 2, CRP acts
a transcriptional regulator of several catabolic genes in E. coli including those involved in
the uptake and utilization of various sugars such as xylose. CRP* expression has also
been shown to result in the upregulation of TCA cycle genes (Khankal, Chin et al. 2009).
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Table 5-2: Strains Used in This Study a.

Relevant Characteristics

Reference

W3110

Wild type E. coli

ATCC 27325

PC09

W3110, ∆xylB::FRT crp*

Cirino et al., 2006

Strains

YK87

W3110, ∆ldhA ∆(focA-pflB) ∆adhE FRT-Km-FRT PDH*

Kim et al., 2007

(lpd101-E354K)
OA188

YK87, ∆xylAB::FRT ∆frdA::FRT crp*

This study

OA201

OA188, ∆pta::FRT

This study

OA212

OA188, ∆arcA::FRT

This study

JC134

W3110,

∆xylB::FRT

∆pgi::FRT

∆sthA::FRT

CbXR

Chin, 2010

integrated at HK022
Plasmid

Kanamycin resistance, pBR322-origin vector for expression
pLOI3815

of CbXR, under control of tac promoter

Km: kanamycin

Cirino et al., 2006
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As there have been reports which suggest that the yield and productivity of
NAD(P)H-dependent biotransformation carried out in growing cells are negatively
impacted by the loss of cofactors and substrate carbons to biomass production (Walton
and Stewart 2002; Walton and Stewart 2004; Cirino, Chin et al. 2006), in this study we
use “resting” cells as an alternative cultivation strategy. In the resting cell approach a
nutritional deficiency is used to prevent cell growth from occurring during
biotransformations and product formation is thus decoupled from cellular growth.
Therefore, cofactors obtained from substrate metabolism are directed towards product
synthesis instead of biomass synthesis. A resting cell protocol previously developed in
our lab (Chin 2010) that involves the use of nitrogen starvation is used in this study.
In an initial aerobic resting cells experiment (in nitrogen-limited minimal medium
supplemented with glucose (50 mM), xylose (300 mM) and MOPS (50 mM)) the xylitol
yields were compared for strains PC09 (Wild type ΔxylB crp*) and OA188 both
expressing plasmid-based CbXR in order to assess the impact of the genetic
manipulations in strain OA188 under these conditions. As shown in Table 5-3 strain
OA188 expressing CbXR produced xylitol at a yield of 4.13 under highly aerated
conditions. This is ~10% higher than the YRPG value of 3.78 obtained for strain PC09
expressing CbXR under the same conditions. Note that the reported yields are corrected
for background production of xylitol in the absence of glucose as described in Chapter 7.
Although the wild type PDH is functional under aerobic conditions, the PDH* mutation
in OA188 may have had a positive impact on yield obtained for this strain due to
increased flux thru the PDH reaction (as a result of reduced NADH sensitivity of PDH*
and increased PDH activity) and thus increased generation of additional NADH for the
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biotransformations. However the YRPG value obtained for strain OA188 (expressing
CbXR) is still only 45% of the theoretical maximum yield.
The significant level of acetate production may have impacted the yield obtained
from both strains. In the presence of excess glucose, E. coli exhibits “overflow
metabolism” in which glucose is assimilated rapidly but incompletely oxidized, resulting
in production of some ATP and biomass as well as secretion of overflow metabolites
such as ethanol and acetate (even in the presence of ample oxygen) (Hollywood and
Doelle 1976; Andersen and Vonmeyenburg 1980; Meyer, Leist et al. 1984). Overflow
metabolism occurs as a result of respiration essentially not “keeping-up” with glycolytic
flux, so metabolites are secreted to maintain redox balance and ATP production (much
like fermentation) (Andersen and Meyenburg 1977; El-Mansi 1989; Majewski and
Domach 1990; Holms 2001; Vemuri, Altman et al. 2006). As acetate production was a
problem in cultivations carried out under highly aerated conditions, it was more than
likely that it would be a problem under reduced aeration conditions as well.
The deletion of pta (encodes phosphate acetyltransferase, which catalyzes the conversion
of acetyl CoA to acetyl phopsphate – the first step in the 2-step conversion of acetylCoA
to acetate) in strain OA188 was thus investigated as this has proven effective in reducing
acetate production by E. coli strains (Chang, Shin et al. 1999). As shown in Table 5-3
under highly aerated conditions, strain OA201 (OA188 ∆pta) expressing CbXR produced
xylitol at a yield of 3.14. Contrary to what was expected this yield is lower than was
obtained for OA188 expressing CbXR. Although acetate production was much lower for
strain OA201 than for OA188 (both expressing CbXR), pyruvate was produced at a much
higher yield by OA201. Similar excretion of pyruvate by E. coli pta mutants have been
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reported and it is attributed to accumulation of acetyl CoA (one of the reactants in the
pta-catalyzed reaction) which inhibits activity of the pyruvate dehydrogenase complex
(Chang, Shin et al. 1999). Based on this we proceeded with strain OA188 expressing
CbXR as the “working strain” for subsequent genetic manipulations and cultivations.

Table 5-3: Yields from Shake-flask Resting Cells Assays under Different Aeration Conditions.

Condition

Initial Glucose
(mM)

Xylitol/G

PC09 + CbXR

High aeration

50

3.78

0.67

0.00

OA188 + CbXR

High aeration

50

4.13

0.54

0.00

OA201 + CbXR

High aeration

50

3.14

0.14

0.75

OA188 + CbXR

Low aeration

7.5

3.53

0.73

0.00

OA212 + CbXR

Low aeration

7.5

1.65

0.00

0.00

Strain

a

Acetate/G Pyruvate/G

Resting cell assays were carried out in minimal supplemented with glucose (concentration indicated in table),
xylose (~ 300mM) and MOPS (mM). To reduce the level of aeration assays were carried out in unbaffled flasks
and agitation rate was reduced from 250 rpm (highly aeration) to 100 rpm. G represents glucose. Xylitol/G: Xylitol
produced per glucose consumed; Acetate/G: Acetate produced per glucose consumed; Pyruvate/G: Pyruvate
produced per glucose consumed; Yields reported are corrected for background production of xylitol in the absence
of glucose.
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Xylitol Yields from Metabolically-Active Resting Cells Under Reduced Aeration Conditions

Initial experiments were carried out in unbaffled flasks and the agitation rate of
the cultures was lowered to 100 rpm (to maintain culture homogeneity) instead of 250
rpm used for aerobic cultivations. A lower initial concentration of glucose (7.5 mM
instead of 50 mM) was also utilized in an effort to minimize acetate production. We
hypothesized that by reducing the glucose concentration overflow metabolism would be
reduced and that any acetate produced can be metabolized once glucose is exhausted (this
phenomenon is referred to as the “acetate switch” (Wolfe 2005)). An arcA-deletion
mutant strain expressing CbXR was used in this experiment and strain OA188 expressing
CbXR served as the control. As shown in Table 5-3, strain OA188 expressing CbXR
produced xylitol at a yield of 3.53 which is ~15% lower than what was obtained for
comparison cultivations at higher aeration. There no significant change in acetate
production for strain OA188 + CbXR and suprisingly acetate did not get assimilated even
after glucose exhaustion. A significantly lower xylitol yield of 1.64 was obtained for
strain OA212 (OA188 ∆arcA) expressing CbXR. This yield is ~54% lower than the yield
obtained for strain OA188 expressing CbXR cultivated under the same conditions. This
is surprising as there have been reports of increased availability of reducing equivalents
and improved yield of reduced products per cell dry weight for strains carrying an arcA
deletion (Nikel, Pettinari et al. 2006). It is interesting also that acetate is not produced by
strain OA212 expressing CbXR. It is tempting to conclude that higher expression of TCA
cycle enzymes as has been reported for ΔarcA mutant strains growing under microaerobic
conditions (Shalel-Levanon, San et al. 2005; Nikel, Pettinari et al. 2006; Vemuri, Altman
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et al. 2006) resulted in increased activity of the TCA cycle which can potentially result in
the reduced production of acetate, as acetyl-CoA would be readily assimilated and
glucose becomes completely oxidized (Wolfe 2005). However, this does not correspond
with improved xylitol yields in our system.
Although reduced agitation rate was used to achieve lower aeration conditions in
the above experiment (based on the assumption that rate of oxygen transfer from the
gaseous phase to the liquid phase and to the cells is inversely proportional to agitation
rate), this approach does not enable quantification of the actual dissolved oxygen
concentration. Therefore, as a final attempt towards improving xylitol yield we
investigated the use controlled fermentations in which dissolved oxygen (DO)
concentrations could be measured and controlled at a specific value for microaerobic
cultivations. The critical oxygen concentration below which oxygen becomes the ratelimiting factor for growth or respiration is estimated to be about 5% to 10% of the
saturated DO concentration for bacteria and yeast (Shuler 2002). Therefore DO
concentration was set to 3% saturation for microaerobic cultivations. DO concentrations
of 5% and 20% saturation were also investigated for comparison purposes. Resting cell
assays were carried out at a working OD of ~1.5 as described in Chapter 7. A glucoselimited feeding strategy was used whereby the concentration of glucose in the cultivation
medium was maintained at a low/undetectable level for the duration of the assays.
Glucose limitation was previously shown to aid in reducing overflow metabolism and
acetate production by E. coli (el-Mansi and Holms 1989). pH was maintained at 7.0 by
automatic addition of potassium hydroxide and phosphoric acid. As shown in Table 5-4,
this strategy did aid in reducing acetate production and the xylitol yield (for 3% DO
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saturation) is about 13% higher than those obtained from shake-flask microaerobic
cultivations. However, this xylitol yield is still ~ 4% lower than what was obtained for
strain OA188 expressing CbXR under aerobic resting cell conditions and 43% of
theoretical maximum YRPG.
A possible explanation for this result is that the DO levels tested were not low
enough to have any effect on the rate or feasibility of respiration and hence reduced
cofactors are still preferentially oxidized via this route instead of via xylose reduction.
However, lower DO levels are hard to maintain due to limitations in sensitivity of the
dissolved oxygen probes (Alexeeva, Hellingwerf et al. 2002). A strategy similar to one
reported by Kastner and coworkers in which redox potential of the culture medium was
controlled as a means of indirectly attaining the very low oxygen levels required for
optimal xylitol production in Candida tropicalis may be useful for future microaerobic
cultivations.

Table 5-4: Yields from Glucose-limited Controlled Fermentations of Strain OA188 + 3815a.

a

% DO saturation

Xylitol/G

Acetate/G

Pyruvate/G

3%

3.98

0.18

0.01

5%

3.74

0.32

0.01

20%

3.71

0.22

0.02

Resting cell assays were carried out in minimal supplemented with xylose (~ 300mM). Glucose was
continuously added and the concentration of glucose in the cultivation medium was maintained at a
low/undetectable level for the duration of the assays. pH was maintained at 7.0 by automatic addition of
potassium hydroxide and phosphoric acid. Xylitol/G: Xylitol produced per glucose consumed; Acetate/G:
Acetate produced per glucose consumed; Pyruvate/G: Pyruvate produced per glucose consumed; Yields
reported are not corrected for background production of xylitol in the absence of glucose.
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Another possible reason that the yields from the glucose-limited microaerobic
cultivations are lower than those from the aerobic cultivations is that lower intracellular
concentrations of glucose (due to glucose-limitation) may result in a reduced rate of
glucose oxidation and consequently in a reduced rate of NADH generation. In which case
the fraction of cofactors diverted towards the heterologous biotransformation instead of
respiration may be reduced as well.

Growth Selection for Isolating Strains with Improved Xylitol Productivity

As mentioned in the Introduction xylitol production is coupled to biomass
production in the pgi, sthA double deletion strain expressing CbXR (strain JC134). A
total of eight rounds of successive culturing of strain JC134 in minimal medium
supplemented with glucose and xylose was carried out in an attempt to isolate a mutant
strain with improved xylitol productivity. Successive culturing (total of five rounds) of
JC134 on minimal medium with glucose only was also carried as a control experiment.
The control experiment enabled the comparison of the evolutionary adaptation of strains
in the presence/absence of xylose (which is required for xylitol production).
Strain JC134 grew at a rate of 0.13 h-1 and produced xylitol at a rate of 0.29 g
xylitol l-1 h-1 (specific productivity = 3.45 g xylitol (c gdw l hr)-1) when cultured initially
in minimal medium supplemented in both glucose and xylose for 48 hours. As expected
strain JC134 exhibited slower growth (0.07 h-1) in minimal medium supplemented with
only glucose. As detailed in Chapter 7, cells were allowed to the reach exponential
growth phase before being diluted by passage into fresh medium. No significant change
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in growth rate was seen first two rounds of successive culturing, however the xylitol
productivity of the population increased by ~12% and specific productivity increased by
9%. As depicted in Table 5-5 an increase in growth rate was observed from the 4th, 6th
and 8th of culturing and a final growth rate of 0.18 h-1 (corresponds to 38% increase in
the initial growth rate) was obtained for the final population. The increase in growth rate
was accompanied with a ~6% increase in xylitol productivity (corresponds to a
productivity of 0.3 g xylitol l-1 h-1) and a ~53% increase in specific xylitol productivity
(corresponds to a specific productivity = 5.3 g xylitol (c gdw l h)-1). It can be argued that
the successive culturing was not carried out for long enough to obtain an improvement in
strain productivity. However after the third round of successive culturing, cells start to
exhibit overflow metabolism and secrete significant amounts acetate (as shown in Figure
5-2A).
Acetate production in undesirable in any process as it affects growth of the cells
(since pH drops) and also serves as a sink of carbon and energy. The total amount of
glucose consumed by the cells also decreased with each round of culturing (refer to
Figure 5-2A). Additionally, the results obtained from the control cultures grown in
minimal medium supplemented glucose discouraged further pursuit of this approach. As
shown in Table 5-6, growth rate of the strains cultured in glucose increased by ~43%
after the first round of serial dilutions and increased by about 3-fold by the fifth round of
culturing.
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Table 5-5: Growth Rates and Xylitol Productivities for Strain Evolution in Minimal Medium
Supplemented with Glucose and Xylosea .

a

µ

Productivity

Specific Productivity

Xylitol Yield

(h-1)

(g Xylitol (l h)-1)

(g Xylitol (c gdw l h)-1)

(Xylitol/ G)

Initial Culture

0.13

0.29

3.48

0.95

SD # 2

0.13

0.32

3.80

1.06

SD # 4

0.14

0.34

4.96

1.21

SD # 6

0.17

0.27

4.90

1.06

SD # 8

0.18

0.30

5.30

1.20

Cells were allowed to the reach exponential growth phase before being diluted by passage into fresh
medium. Minimal medium contained 100mM glucose +/- 100mM xylose + 50 mM MOPS buffer + 100
µM IPTG. Growth rates were measured for the initial culture and then for every other round. The
productivity, specific productivity and xylitol yield was calculated based on the xylitol values obtained at
the final timepoint. SD: serial dilition. G: Glucose
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Table 5-6: Growth Rates and Xylitol Productivities for Strain Evolution in Minimal Medium
Supplemented with Glucosea

µ (h-1)
Initial Culture

0.07

SD # 1

0.10

SD # 3

0.20

SD # 5

0.23

a

Cells were allowed to the reach exponential growth phase before being diluted by passage into fresh
medium. Minimal medium contained 100mM glucose + 50 mM MOPS buffer + 100 µM IPTG. Growth
rates were measured for the initial culture, the first dilution and then for every other round. SD: serial
dilution.

This indicates that genetic/metabolic adaptations, which allow cell growth on glucose to
be independent of xylitol production, could easily occur. Similar to what was observed
with strains grown in minimal medium containing glucose and xylose, strains cultured in
glucose minimal medium exhibit overflow metabolism and secrete significant amounts
acetate after successive rounds of culturing (refer to Figure 5-2B). It has been
documented that evolution occurs in two phases whereby a biological systems have a
short-term response to environmental changes and then undergo evolutionary adaptation
on longer scales (Fong, Nanchen et al. 2006). Therefore it is possible that when xylose is
present in the medium, NADPH is
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Figure 5-2A: Glucose Consumption and Metabolite Secretion for Different Rounds of Serial
Dilutions in Minimal Supplemented with Glucose (100 mM), Xylose (100 mM) and MOPS (50
mM). Overflow metabolism is exhibited starting with the 4th round of dilutions and acetate is
produced. Strain JC134 (Wild type ∆pgi ∆sthA CbXRint) was utilized in the initial cultures. SD;
Serial dilution
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Figure 5-2B: Glucose consumption and acetate secretion for different rounds of serial dilutions in
minimal supplemented with glucose (100 mM), and MOPS (50 mM). Strain JC134 (Wild type
∆pgi ∆sthA CbXRint) was utilized for the initial cultures. SD: serial dilution
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directed towards xylitol production in the short term but then the cells eventually find
alternative routes for overcoming the cofactor imbalance. This may have resulted in
increased glucose consumption and the observed acetate overflow. However, further
analysis in the form of flux analysis, genome resequencing and microarray analysis are
required to elucidate the genetic and metabolic mechanisms responsible for the
phenotypic responses observed were not pursued in this study.

Closing Remarks
The use of reduced aeration did not result in improved xylitol yield in engineered
E. coli. This approach proved to be non-trivial as there are multiple factors to be
considered. Deletion of arcA (encodes the redox-sensitive regulator ArcA) had adverse
effects on xylitol yield even though arcA-deletion mutant have been shown to have
increased availability of reducing equivalents which supposedly resulted in improved
yield of reduced products per cell dry weight (Nikel, Pettinari et al. 2006). The highest
xylitol yield obtained under microaerobic conditions (3% DO saturation) for the working
strain OA188 + 3815 was 3.98. This is only ~43% of the theoretical maximum xylitol
yield and is lower than the experimental yields obtained under highly aerated conditions.
Achievement of high biotransformation yields under microaerobic/aerobic conditions
remains a big challenge and eliminating oxygen completely from the system is a better
strategy for achieving high biotransformation efficiency. However as mentioned in
chapter 4 further improvements have to be made to the anaerobic system in order to
obtain higher xylitol yields.
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The serial dilution approach used in the evolution of a ∆pgi ∆sthA CbXRint strain
in minimal medium supplemented with glucose and xylose resulted in a strain population
which had a higher growth rate (µ increased from 0.13 h-1 to 0.18 h-1) and produced
xylitol at a slightly improved rate (increased from 0.29 g xylitol l-1 h-1 to 0.3 g xylitol l-1
h-1). The specific productivity increased from 3.5 to 5.3 g xylitol (c gdw l h)-1. However,
acetate overflow was observed as the successive culturing progressed. Additionally,
evolution in glucose minimal medium resulted in even higher growth rates (increased
from 0.07 h-1 to 0.23 h-1) than those obtained for evolution in glucose/xylose minimal
medium. Similar to what was observed for strains grown in minimal medium containing
glucose and xylose, strains grown in glucose minimal medium also exhibited overflow
metabolism. We conclude that even though xylitol serves as a means of alleviating the
cofactor imbalance initially, the strain probably adapts to allow alternate routes of
reoxidizing NADPH after successive rounds of aerobic culturing. This may have resulted
in increased glucose consumption rate and the observed acetate overflow.

Chapter 6
Conclusions and Recommendations
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Conclusions
The work presented in this thesis focused on engineering cofactor trafficking in E.
coli and coupling production of xylitol to glucose metabolism and/or biomass production
with the aim of developing efficient E. coli xylitol production system. An “efficient”
system was considered to be one in which xylose conversion to xylitol is ~100%, and the
experimental YRPG = theoretical maximum YRPG (YRPG = mol of xylitol/mol of growth
substrate consumed). We also sought to isolate strains with improved xylitol productivity
(defined as g xylitol l-1 h-1). The specific contributions of this research are addressed
below with direct reference to the research goals described in Chapter 1.
i) improve conversion of xylose to xylitol by preventing the secretion of the
unwanted xylulose by-product
A xylA (encodes xylose isomerase, the first enzyme of the xylose metabolism
pathway in E. coli) deletion was tested as an alternative/in addition to the xylB (encodes
xylulokinase, the second enzyme of the xylose metabolism pathway in E. coli) deletion in
order to prevent xylose conversion to xylulose and improve conversion of xylose to
xylitol in the aerobic xylitol production system. A 100% xylose conversion to xylitol was
obtained for strains carrying a xylAB deletion in comparison to strains with just a xylB
deletion in glucose/xylose mixtures. However, it was discovered that the deletion of xylB
(with or without a xylA deletion) is essential for achieving high xylitol titers from xylitolproducing E. coli strains growing on glucose in the presence of xylose. Xylitol
production was about 3-fold higher in strains carrying a xylB deletion compared to those
expressing wild type xylB in glucose/xylose mixtures. These results strongly suggest that
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this is due to XylB-catalyzed toxic synthesis and intracellular accumulation of xylitolphosphate. Xylitol and xylulose (the native substrate for XylB) differ only at the C2
position; therefore non-specific activity of XylB on xylitol is not surprising. Xylitolphosphate likely results in inhibition of xylose transport and ultimately in reduced xylitol
production in strains growing on glucose. The inhibition of xylose transport by xylitolphosphate prevented the use of xylose as the sole carbon source during xylitol production
by engineered E. coli.

ii) develop a new platform for xylitol production from xylose under aerobic
conditions
Xylose is the second most abundant sugar after glucose and it is found in the
hemicellulosic constituent of biomass (Parajo, Dominguez et al. 1998). Recovery of
hemicellulosic sugars from hemicellulose via acid hydrolysis tends to be easier and more
efficient than recovery of glucose from cellulose (Jeffries 1983). Therefore creation of a
system that enables xylitol production during growth on xylose was highly desirable.
This was achieved by replacing the E. coli xylB gene with an analogous gene XYL3, from
a natural xylitol-producing organism: Pichia stipitis. In vitro studies have shown that the
D-xylulokinase from Pichia stipitis strain NCYC 1451 does not use xylitol as a substrate
(Flanagan and Waites 1992) and our sequence analysis revealed that Xyl3 shares only
23% amino acid sequence identity with E. coli XylB. The replacement of the E. coli
xylulokinase with one from Pichia stipitis yeast (encoded by XYL3) enabled xylitol
production by E. coli growing on xylose at an improved yield of 0.45 (as opposed to 0.14
mol xylitol produced/ xylose consumed for strain expressing XylB). If the amount of
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xylose converted to xylitol is not included as xylose “consumed” (i.e., not metabolized
for cell mass and energy), the highest yield is 0.83 mol xylitol per mol xylose consumed.
31

P NMR analysis was used confirm and characterize the xylitol-phosphate product of

strains expressing XylB for the first time.

iii) develop an anaerobic and microaerobic platform for highly efficient xylitol
production as an alternative to the previously engineered inefficient aerobic
platform
Similar to other biotransformations carried out in E. coli under aerobic conditions,
the xylitol yields (defined as mol xylitol produced/ mol growth substrate consumed and
denoted as YRPG; growth substrate in this case is glucose) obtained in the aerobic system
are reported to be significantly lower than the theoretical maximum yield (Walton and
Stewart 2004; Blank, Ebert et al. 2008; Buhler, Park et al. 2008; Chin, Khankal et al.
2009). The disparity between the experimental and theoretical yields has been suggested
to arise due to the inability of the heterologous biotransformation pathway to effectively
compete with cofactor-utilizing cellular pathways such as respiratory pathways (Blank,
Ebert et al. 2008; Chin, Khankal et al. 2009). Based on this we investigated anaerobic
conditions as an approach to obtaining improved biotransformation efficiency because
respiration is eliminated as a sink of cofactors under these conditions.
Using a combination of both genetic and process manipulations (e.g., deleting
competing fermentation pathways, altering the ratio glucose to xylose in cultivation
medium, and using controlled and vented fermentations instead of screw-cap tubes) a
system in which electrons are diverted from native cellular pathways towards xylitol
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production under anaerobic conditions was developed. The system design was such that
xylitol production serves as the main route for anaerobic NAD(P)H reoxidation. In
contrast to other biotransformation systems the metabolic behavior of the engineered
system is neither fermentative (as electrons are transferred to an external electron
acceptor) nor respiratory (as the electron transport chain is absent and energy is not
generated via oxidative phosphorylation). We find that this characteristic makes the
system an efficient alternative to the previously developed aerobic xylitol production
system. Experimental xylitol yield obtained for the final anaerobic strain OA87 (Wild
type ∆xylAB ∆pflB ∆ldhA ∆frdA ∆adhE PDH* CbXRint) corresponds to the theoretical
maximum yield of 4 while the highest yield for the aerobic biotransformations is reported
to be only ~ 60% of the theoretical maximum yield of 9.2 (Chin, Khankal et al. 2009).
Anaerobic glucose oxidation in the engineered strain occurs via the EMP pathway and
activity of the membrane-bound transhydrogenase, PntA, is required to achieve
theoretical xylitol yields. Although there has been considerable success with engineering
microorganisms to overproduce native fermentation products such as ethanol, succinate
and lactic acid at a high yield under anaerobic conditions, as far as we know this is the
first demonstration of the production of a non-native redox product in E. coli under
anaerobic conditions.
A limitation of the anaerobic approach to xylitol production is that co-production
of acetate is necessary in the anaerobic system. Acetate is an important commodity
chemical with a broad range of applications (Yoneda, Kusano et al. 2001). Therefore its
co-production could be advantageous, however because acetate serves as a store of
carbon and electrons its production is undesirable in the context of improving anaerobic
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xylitol yield (the theoretical maximum xylitol yield under anaerobic conditions is only ~4
due to incomplete glucose oxidation/acetate production and this is only ~ 44% of the
aerobic theoretical maximum xylitol yield). Co-production of acetate also requires its
separation from xylitol.
Based on the above reasons we investigated microaerobic (reduced aeration)
conditions as an alternative strategy for obtaining improved xylitol yields. We
hypothesized that under microaerobic conditions the rate and favorability of respiration
would be significantly reduced and thus reduced cofactors could be diverted towards
xylitol production resulting in higher xylitol yield. It is found that contrary to our
hypothesis, the highest yield obtained under microaerobic conditions is lower than xylitol
yields obtained in the aerobic system. The highest xylitol yield obtained under
microaerobic conditions for the working strain OA188 + 3815 is 3.98 and acetate was
still produced (0.14 mM acetate produced/mole glucose consumed). This experimental
xylitol yield is only ~43% of the theoretical maximum xylitol yield.
We hypothesized that the lower yield and production of acetate under
microaerobic (reduced aeration) conditions might be due to reduced TCA cycle activity
under these conditions. Deletion of the gene encoding the redox-sensitive regulator ArcA
is reported to result in improved expression of TCA cycle enzymes under microaerobic
conditions, therefore this gene deletion was also investigated in this study. Operation of
the TCA cycle was expected to promote complete oxidation of glucose, which should
prevent the co-production of acetate and provide additional reduced cofactors for xylitol
production. However, deletion of arcA had adverse effects on xylitol yield and greater
than 50% decrease in yield was observed for arcA-deletion mutant strains compared to
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strains without an arcA deletion. This was surprising as increased availability of reducing
equivalents for arcA-deletion strains was reported to supposedly result in improved
NADPH-dependent synthesis of the reduced product, poly(3-Hydroxybutyrate), under
microaerobic conditions (Nikel, Pettinari et al. 2006). The discrepancy in this result and
what was obtained in our study may arise from differences in environmental conditions,
strains and media formulation between the two studies. To better understand why yields
were lower in arcA-deletion strains further investigation in the form of metabolic flux
analysis needs to be carried out.
Achievement of high biotransformation efficiency under microaerobic/aerobic
conditions may be such a big challenge because thermodynamic constraints and relative
kinetic properties of the enzymes in the system (e.g., the transhydrogenase, the xylose
reductase, the NADH dehygrogenases) result in the inability of the CbXR pathway to
effectively compete with the respiratory pathways. This may be why the use of anaerobic
conditions, where oxygen is eliminated completely from the system and xylitol
production is coupled to glucose metabolism, is a better strategy for achieving high
biotransformation efficiency. Strategies to further improve xylitol yield under anaerobic
conditions are presented in the recommendations for future work.

iv) isolate strains with improved xylitol productivity.
Growth of a ∆pgi ∆sthA CbXRint strain was previously shown to be coupled to
xylitol production (Chin 2010). In this study a growth-based selection strategy aimed
towards isolating strains with improved xylitol productivity (defined as g xylitol l-1 h-1)
under aerobic conditions was presented. We hypothesized that using a serial dilution
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culturing approach the fastest growing strains could be isolated. The fastest growing
strains should exhibit higher xylitol productivity due to the fact that growth is coupled to
xylitol production the initial strain. After eight rounds of serial dilutions in minimal
medium supplemented with glucose and xylose, the growth rate of the culture increased
from 0.13 h-1 to 0.18 h-1 and xylitol productivity increased from 0.29 g xylitol l-1 h-1 to
0.3 g xylitol l-1 h-1. Specific xylitol productivity increased from 3.5 g xylitol g cdw-1 l-1 h-1
to 5.3 g xylitol g cdw-1 l-1 h-1 However, acetate overflow was observed starting with the
fourth round of cultures. Additionally, evolution in glucose minimal medium resulted in
an even higher increase growth rates (µ increased from 0.07 h-1 to 0.23 h-1) than that
obtained for evolution in glucose/xylose minimal medium. Similar to what was observed
for cells grown in minimal medium containing glucose and xylose, cells grown in glucose
minimal medium also exhibited overflow metabolism.
We conclude that even though xylitol production serves as a means of alleviating
the cofactor imbalance in the base strain, strain adaption which enables NAD(P)H
reoxidation via alternative routes NADPH occurs is possible and may have resulted in
increased glucose consumption and the observed acetate overflow. These results reflect
the metabolic flexibility and robustness of E. coli. Further analysis in the form of flux
analysis, genome resequencing and microarray analysis are required to elucidate the
genetic and metabolic mechanisms responsible for the phenotypic responses observed.
The work presented in this thesis exemplifies the use of a combination of genetic
manipulation

and

process

manipulation

strategies

to

improve

efficiency

of

biotransformations in E. coli. Vital to our success was the ability to restructure catabolic
pathways, made possible by the genomic revolution and the limitless insights and tools
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that it provides. The knowledge of the metabolic couplings between growth, ATP
production and redox balancing was necessary for constraining metabolic networks
through genetic engineering in order to develop strain designs which produced our target
metabolite at improved yield. Similar strategies can be employed to develop optimal
biocatalysts which are crucial in addressing the need for sustainability through renewable
and biologically-derived products.

Recommendations for Future work
Investigations that can be considered as a follow-up for the work presented
include:

1. Strain Manipulations to Improve Yield in the Anaerobic System

The oxidative pentose phosphate pathway is considered to be one of the major
sources of generating NADPH in E. coli (Fuhrer and Sauer 2009). Therefore strain
manipulations that promote flux through this pathway would be beneficial for improving
NADPH availability for xylose reduction. Strain OA87 (Wild type ∆xylAB ∆pflB ∆ldhA
∆frdA ∆adhE PDH* CbXRint) is a good base strain for the proposed manipulations.
Similar to the aerobic growth-coupled strain, deletion of pgi (encodes the
phosphoglucoisomerase, the first enzyme of the EMP pathway) and sthA (encodes the
soluble transhydrogenase, the physiological role of this enzyme has been suggested to be
conversion of NADPH to NADH) may be a good first step. Additional deletion of edd
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and eda (encode phosphogluconate dehydratase and 2-keto-3-deoxygluconate 6phosphate aldolase enzymes of the ED pathway, respectively) in order to prevent flux
through the ED pathway may also be worthwhile.

Preliminary analysis using the

constraint-based, genome-scale metabolic network modeling framework SimphenyTM
(Genomatica Inc.) reveals that the mode of xylose transport strongly impacts the
feasibility of the proposed strain design (refer to Appendix B for details). Therefore in
addition to the above manipulations a heterologous diffusion system for xylose transport
should be considered. The predicted theoretical maximum yield for strain designs in
which glucose occurs via PPP and xylose enters the cell by diffusion is 5.1 mol
xylitol/glucose consumed. This represents a ~28% increase in the theoretical maximum
yield compared to that of the anaerobic system we described previously.

2. Engineer E. coli for Complete Glucose Oxidation Under Anaerobic Conditions

One of the main limitations of the anaerobic system developed in this study was
the production of acetate - a product of incomplete glucose oxidation. A combination of
the following approaches can be investigated with the aim of achieving complete glucose
oxidation under anaerobic conditions:
(a)

Engineer TCA Cycle Enzymes for Anaerobic Operation: As mentioned in
Chapters 2 and 4, under fermentative conditions the TCA cycle is not fully
operational and operates in two branches (the oxidative and reductive branches)
to supply necessary precursor metabolites. This is due to repression of enzyme
synthesis and enzyme activities being 10- to 20-fold lower than those during
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aerobic growth. Most notably, under fermentative conditions the TCA cycle
enzyme α-ketoglutarate dehydrogenase has little or no activity and has been
shown to allosterically regulated by NADH (Iuchi and Lin 1988; Cronan 1996).
The succinate dehydrogenase complex (catalyzes reaction succinate oxidation to
fumarate and is part of the election transport chain) has been shown to have
significantly lower activity under fermentative conditions and is replaced by the
fumarate reductase (catalyzes the reverse reaction) under these conditions. The
TCA cycle enzymes are regulated by intermediates (feedback inhibition at the
enzyme level), glucose (repression at the transcriptional level) and the ArcA
global regulator (repression at the transcriptional level) (Prohl, Wackwitz et al.
1998; Shalel-Levanon, San et al. 2005). To overcome these limitations E. coli
TCA cycle enzymes can be replaced with analogous enzymes from other
organisms which have been shown to have fully functional citric acid cycle
under anoxic conditions such as Pseudomonas stutzeri (Prohl, Wackwitz et al.
1998). Enzymes that have reduced sensitivity to pathway intermediates can also
recruited, e.g., the citrate synthase from Bacillus subtilis shown to be relatively
insensitive to NADH can be used to replace the E. coli citrate synthase which is
allosterically regulated by NADH (Underwood, Buszko et al. 2002).
Alternatively, protein engineering strategies can be used to generate enzyme
variants. However, a selection/screening strategy has to be developed for
isolating variants with desired properties. Heterologous or engineered enzymes
should be placed under the control of a constitutive promoter to ensure their
expression under anaerobic conditions.
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(b)

Use of Alternative Electron Acceptors: The presence of electron acceptors
would enable anaerobic respiration in which the TCA cycle and the electron
transport chain function concurrently (Iuchi and Lin 1988; Unden and
Bongaerts 1997). Acceptors with lower reduction potential than oxygen (E’0 = +
0.82V) such as nitrate (E’0 = + 0.42V) or fumarate (E’0 = +0.03V) can be used
with the aim of reducing NADH oxidation via respiration.

3. Flux Balance Analysis

Further investigations need to be carried out on the aerobic xylitol production
system to elucidate the mechanisms at work in this system in order to effectively
manipulate cofactors. Metabolic flux analysis based on

13

C-labeling experiments can be

used to understand the distribution of flux between different pathways in xylitolproducing E. coli strains. It would be interesting to know the flux distribution patterns in
arcA-deletion strains and pgi, sthA-deletion strains evolved in minimal medium
supplemented with glucose as this may guide future genetic manipulations aimed at
developing strains with improved yield and productivity under aerobic conditions.
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Chapter 7
Materials and Experimental Protocols
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In this chapter details of experimental procedures and materials are given. The first
segment gives details of general strains, media formulations and analytical methods. The later
segments give experimental procedures relevant to each chapter.

General

Wild-type E. coli strains W3110 (ATCC 27325) was used as the wild type strain in
this study. W3110 derivative, strain YK87, was obtained from K. T. Shanmugam (Kim,
Ingram et al. 2007). All strains were maintained on agar plates containing Luria-Bertani (LB)
medium (per liter: 10 g tryptone, 5 g yeast extract, 5 g NaCl, and 15 g agar). Minimal medium
(per liter: 3.5 g KH2PO4; 5.0 g K2HPO4; 3.5 g (NH4)2HPO4, 0.25 g MgSO4:7H20, 15 mg
CaCl2:2H20, 0.5 mg thiamine, and 1 ml of trace metal stock) was prepared as described
previously (Causey, Zhou et al. 2003). Kanamycin monosulfate (50 µg ml-1) was added to
media for plasmid maintenance when required. Restriction enzymes, Taq DNA polymerase
and bovine serum albumin were from New England Biolabs (Beverly, MA). iProofTM high
fidelity polymerase was obtained from Bio-Rad laboratories (Hercules, CA, USA). Primers
for PCR and sequencing were synthesized by Invitrogen (Carlsbad, CA, USA).

Genetic Methods

Phage P1 transduction, electroporation, PCR and cloning procedures were performed
following standard protocols (Miller 1992; Sambrook 2001). Strains with required single gene
deletions were obtained from the Genome Analysis Project Japan (Baba, Ara et al. 2006) and
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used to introduce necessary deletions into other strains via P1 phage transductions. LB plates
containing appropriate antibiotics were used to select for desired mutants. FRT-flanked
resistance was eliminated in the strains as described previously (Datsenko and Wanner 2000).
PCR-amplification of the gene region was used to confirmed gene deletion. Upon successful
verification, a glycerol stock of each strain was prepared and stored at -80°C.

Analytical Methods

Cell culture optical density was measured at 600 nm using a SPECTRAmax PLUS384
spectrophotometer (Molecular Devices, Sunnyvale, CA) and was used to estimate cell mass (1
OD600 unit = 0.3 g [cell dry weight] L-1). For measuring secreted metabolites, cultures were
centrifuged and supernatants were filtered through a 0.45 mm filter for high performance
liquid chromatography (HPLC) analysis. Xylitol, xylose, xylulose, glucose and organic acid
concentrations in culture broth were measured using a Shimadzu LC-10AD HPLC (Columbia,
MD, USA) equipped with a UV monitor (210 nm) and refractive index detector (RID).
Separation of products was achieved using an Aminex HPX-87H column (Bio-Rad
Laboratories) with 4 mM H2SO4 as the mobile phase (flow rate: 0.5 ml min-1, column
operated at 45°C).
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Materials and Methods for Chapter 3: Heterologous Expression of D-xylulokinase from Pichia
stipitis Enables High Levels of Xylitol Production by Engineered Escherichia coli Growing on
Xylose

Culture Medium and Cultivation Conditions

All cultures were performed in at least duplicate and reported data represent the
average of at least two experiments. Standard errors that are greater than 10% of the average
value are reported for all data. Shake-flask cultures for xylitol production were carried out in
250 ml baffled flasks containing 50 ml of medium and were grown at 30°C and 250 rpm. LB
medium or minimal medium was used and supplemented with glucose and xylose at
concentrations indicated in text.
Shake-flask cultures were inoculated to an initial cell density (OD600) of 0.1. For LB cultures,
overnight seed cultures were prepared by inoculating 3 ml of LB medium (in a 13 x 100 mm
tube) with few colonies from a fresh LB plate. Overnight cultures were grown at 37°C to an
OD of 1 - 2.5 and then used to inoculate shake-flask cultures. Cells were conditioned to
growth in minimal medium prior to culturing the seed as follows: overnight cultures were
prepared as described above (in LB) and used to inoculate 10 ml of glucose (27.8 mM)
minimal medium to an initial OD of 0.1. These cultures were grown at 37°C, harvested in
exponential phase and used to inoculate another 10 ml minimal medium culture (27.8 mM
glucose or mixture of 27.8mM glucose and 33.4mM xylose). These seed cultures were grown
at 30°C harvested in exponential phase and used to inoculate the shake-flask cultures.
Isopropyl-β-D thiogalactopyranoside (IPTG, 100 µM) was used in shake-flask cultures to
induce expression of plasmid genes under the control of a tac promoter. 4-
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Morpholinopropane-sulfonic acid (MOPS) was added to all cultures for pH control (50 mM,
pH 7.4).

Cloning of E. coli and P. stipitis Xylulokinase Genes

E. coli xylulokinase gene (xylB) was PCR-amplified from E. coli genomic DNA using
iProofTM

high-fidelity

polymerase

and

primers

xylBfor2

(5’-

GCGGAATTCAGGAGGACAGCTATGTATATCGGGATAGATCT-3’) and xylBrev (5’CGCGGTACCTTACGCCATTAATGGCAGAA-3’, restriction sites are underlined). The
forward primer includes a Shine-Dalgarno sequence (shown in bold) upstream of the start
codon. The resulting fragment was gel-purified, digested with EcoRI and KpnI, and ligated
into plasmid pLOI3809, yielding pPCC505. Pichia stipitis UC7 (P. stipitis CBS 6054
derivative) strain was kindly provided by T.W. Jeffries. P. stipitis xylulokinase gene (XYL3)
was PCR-amplified from P. stipitis genomic DNA using primers XYL3for3 (5’CGGAATTCAGGAGGACAGCTATGACCACTACCCATT-3’)

and

XYL3rev3

(5’-

GCGGTACCTTAGTGTTTCAATTCACTTTCCATCTTGGC-3’). The resulting fragment
was gel-purified, digested with EcoRI and KpnI and ligated into plasmid pLOI3809, yielding
pPCC504. In all constructs the genes of interest are cloned downstream of a tac promoter and
upstream of a transcription termination sequence in pLOI3809. Plasmid sequences are
available upon request. Functional expression of XYL3 and xylB was verified by transforming
plasmids into a DxylB mutant strain (PC07) and confirming restoration of growth on xylose
minimal medium. Bicistronic plasmids used for xylitol production studies were constructed by
isolating the XYL3 and xylB gene fragments (from pPCC504 and pPCC505, respectively) after
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digestion with EcoRI and KpnI restriction enzymes, and ligating either xylulokinase gene
downstream of CbXR in plasmid pLOI3815, yielding plasmids pPCC507 (CbXR + XYL3)
and pPCC506 (CbXR + xylB).

Preparation of Cell Extracts

Seed cultures were grown in LB medium to OD600 ~ 2.0 - 4.0 and used to inoculate
shake-flask cultures to a final OD600 of 0.1. Cells were grown in 50 ml of LB medium in a 250
ml baffled flask (250 rpm and 30°C). IPTG (100 µM) was used to induce expression of
plasmid-borne genes. Cells were harvested at OD600 ~3.0 - 4.0 by centrifugation and the
pellets were washed with 25 ml of assay wash buffer (10 mM Tris-HCl pH 7.5, 5 mM MgCl2,
1 mM DTT, 1 mM PMSF). Cell pellets were stored overnight at -20°C. The pellet was
resuspended to an OD600 = 50 in 3ml assay wash buffer and lysed by two passes through a
FrenchR Press. Cell lysates were centrifuged for 15 minutes (4°C, 10,000 rpm) to remove
cellular debris. The resulting supernatant was used for enzyme assays and

31

P NMR

experiments.

Xylulokinase Activity Assays

D-Xylulose, ATP, phosphoenolpyruvate, NADH, lactate dehydrogenase (LDH) and
pyruvate kinase (PK) enzymes from rabbit muscle (1000 U ml-1 LDH, 700 U ml-1 PK),
dithiothrietol (DTT), phenylmethanesulphonyl fluoride (PMSF), potassium fluoride (KF), and
potassium cyanide (KCN) were obtained from Sigma Chemical Co. (St. Louis, MO, USA).
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Xylulokinase activities were measured from cell lysates by monitoring NADH depletion,
using an assay in which pentulokinase activity is coupled to pyruvate kinase and lactate
dehydrogenase activities (Simpson 1966; Shamanna and Sanderson 1979; Bu, Tsang et al.
2005) according to the following coupled reactions:
Xylulose + ATP
PEP + ADP
Pyruvate + NADH

Xylulose-5-phosphate + ADP
Pyruvate + ATP
NAD+ + Lactate

(7-1)
(7-2)
(7-3)

Reactions were carried out at 30°C and pH 7.5 in 96-well microtiter plates at a final volume of
200 µl. The reaction mixture consisted of the following (final concentrations indicated): 71
mM Tris-HCl pH 7.5, 7.1 mM MgCl2, 1 mM EDTA, 50 mM KCl, 7.1 mM KF, 5 mM KCN,
1.4 mM ATP, 1 mM PEP, 0.3 mM NADH, 0.7 U ml-1 pyruvate kinase, 1 U ml-1 lactate
dehydrogenase, and 5 mM D-xylulose or 75 mM xylitol (this high concentration of xylitol
was selected based on the reported Km of XylB for xylitol (~127 mM, (Di Luccio, Petschacher
et al. 2007)). Potassium fluoride and potassium cyanide used in assays inhibited ATPase and
NADH oxidase activities respectively. The disappearance of NADH was monitored
continuously at 340 nm for 10 minutes using a SPECTRAmax PLUS384 spectrophotometer
(Molecular Devices). The extinction coefficient (ε) for NADH at 340 nm is 6.22 x 10-3 M-1
cm-1. One unit of D-xylulokinase activity is the amount of enzyme which converts 1 µmol of
NADH to NAD+ per min.
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Total protein concentration was measured using the Quick StartTM Bradford protein
assay protocol (Bio-Rad laboratories) based on binding of Coomassie Blue dye to proteins.
Bovine serum albumin was used as a standard.

31

P NMR Analysis
31

P NMR experiments were performed to characterize and quantify xylitol phosphates

from in vitro reactions. 1 ml reactions were carried out in D2O and consisted of the following
(final concentrations indicated): crude cell extract of PC07 strains expressing XylB or Xyl3,
7.1 mM KF, 1 mM EDTA, 4 mM ATP, 5 mM MgCl2, 50 mM Tris HCl pH 7.5 and 75 mM
xylitol. Control reactions in which ATP was not included were also performed. Reaction
mixtures were incubated at 30°C for five minutes. Each reaction was stopped by boiling the
mixture for five minutes and centrifuging at 10,000 rpm for four minutes at 25°C to remove
denatured proteins. The supernatant was used in NMR analysis.
31

P NMR spectra were acquired at 202.46 MHz with and without 1H decoupling (500.13

MHz) on a Bruker AMX-2-500 spectrometer operating in the quadrature mode at 25°C. In
all cases, the spectral width was 12195 Hz, 64K data points were acquired, the relaxation
delay was two seconds, the acquisition time was 2.69 seconds, a 30 degree 31P pulse of 3.6 µs
was used, and for quantitative spectra 4096 scans were acquired.

Chemical shifts are

indirectly referenced to 85% phosphoric acid (0 ppm), although small shift offsets (< 2 ppm)
were observed with different samples, due presumably to differences in pH. 1 Hz of
exponential apodization was used in processing prior to Fourier transformation. Waltz-16
decoupling during acquisition was used for 1H decoupled spectra. Xylitol-phosphate
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production in different reaction samples was estimated by integration over the region where
the xylitol-phosphate peak appears in NMR spectra, normalized with respect to cell mass in
the reaction (as measured prior to lysis).

Materials and Methods for Chapter 4: Anaerobic Obligatory NAD(P)H Reoxidation via Xylitol
Production in E. coli Strains Devoid of Native Fermentation Pathways

Integration of CbXR into the E. coli Genome

Candida boidinii xylose reductase (CbXR) was integrated into the genome as
described previously (Chin, Khankal et al. 2009). A fragment of plasmid pLOI3815
containing the lacI gene, tac promoter, CbXR gene, and terminator region was integrated into
strains using the CRIM method described by Haldimann and Wanner (Haldimann and
Wanner 2001). The FRT-flanked bla gene in plasmid pAH68 was replaced with the aac gene
to yield plasmid pPCC20 (Chin, Khankal et al. 2009). Plasmid pLOI3815 was digested with
FspI and a 4.4 kb fragment, containing the relevant genes was isolated. Plasmid pPCC20 was
digested with SmaI and treated with CIP (calf intestinal alkaline phosphatase). The two
fragments were then ligated to yield plasmid pPCC100. pPCC100 was subsequently
integrated into the chromosome of strains at the HK022 site. Colonies that were apramycin
resistant were selected and integration of the pLOI3815 fragment was verified by PCR. The
FRT-flanked apramycin resistance cassette was eliminated in strains as described above.
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Dual-Phase Fermentations

Minimal medium was used in dual phase fermentations and was supplemented with
glucose and xylose at concentrations indicated in text. Isopropyl-β-D-thiogalactopyranoside
(IPTG, 100 µM) was used in fermentations to induce expression of the integrated CbXR gene
(under the control of a tac promoter). 4-Morpholinopropane-sulfonic acid (MOPS) was added
to all cultures except fermentations for pH control (50 mM, pH 7.4).
Cells were conditioned to growth in minimal medium prior to fermentation as follows:
Overnight seed cultures were prepared (in a 13 x 100 mm tube) by inoculating 3 ml of
minimal medium (supplemented with 50 mM glucose, 50mM MOPS and 0.5 % w/v yeast
extract with cells obtained from the frozen stock. Overnight cultures were grown at 37°C to an
optical density (OD) of 1 - 2.5 and then used to inoculate shake-flask seed cultures to an OD
of 0.1. Shake-flask cultures were carried out in 250 ml baffled flasks containing 25 ml of
minimal medium (supplemented with 50 mM glucose) and were grown at 30°C and 250 rpm.
These seed cultures were harvested in exponential phase and then used to inoculate 125 ml
pre-fermentation cultures (in 1 L flasks; minimal medium supplemented with 50 mM glucose)
to an OD of 0.05. Pre-fermentation cultures were grown at 30°C to an OD of 2.0 – 3.0. An
appropriate volume of the pre-fermentation culture was centrifuged and cells were
resuspended in 5 ml of spent medium. This was used to inoculate fermentation cultures to an
OD of 0.1.
Fermentations were carried out in a Sixfors, parallel fermentation system (ATR) and
two phases were employed: an aerobic growth phase and an anaerobic production phase. The
aerobic phase was operated in fed-batch mode with an initial glucose concentration of 25 mM
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and IPTG concentration of 100 µM. Additional 50 mM glucose (25 mM doses) was added
manually upon glucose depletion. The anaerobic phase was operated in batch mode with ~15
mM glucose, ~300 mM xylose, and 100 µM IPTG added at its commencement. Each
fermenter had a working volume of 500 ml. During the aerobic growth phase, a sterile
air/oxygen mixture was fed continuously at a rate of 0.5 L min-1 with air/oxygen ratio
controlled via an automatic three-way valve. The following parameters were controlled using
the IRIS software supplied by the manufacturer: temperature (30°C), pH (7.0, by addition of
3.3 M KOH) and DO (20%, by oxygen enrichment and varying agitation between 500 rpm
and 800 rpm). Cells were allowed to grow to an OD of 6 - 8 (complete exhaustion of total
glucose) before switching to anaerobic conditions (nitrogen purging at rate of 1 L min-1, 800
rpm). In order to ensure culture medium was fully anaerobic, nitrogen purging ensued for 15
minutes prior to start of anaerobic xylitol production phase. Cultures were performed in at
least duplicate and reported data represent the average of at least two experiments.

HPLC Method for Separation of Xylose and Sorbitol

The HPLC protocol is similar to the one described above except that in order to
achieve improved separation of xylose and sorbitol two Aminex HPX-87H columns (Bio-Rad
Laboratories) were used. 4 mM H2SO4 was used as the mobile phase. Flow rate was
decreased to 0.4 ml min-1 in order maintain safe operating pressure and column temperature
remained at 45°C.
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CbXR Assays

CbXR assays were performed as described previously (Chin, Khankal et al. 2009)
with some minor modifications. Colonies were picked from a fresh LB plate (supplemented
with antibiotics as required) and used to inoculate a 3ml culture. 3ml cultures were grown
overnight at 37°C with 250 rpm and were then used to inoculate 50 ml cultures (LB +
antibiotic + 100 µM IPTG, 250 ml flask) to an initial OD600 to 0.1. Cultures were incubated at
30°C and 250 rpm and allowed to grow to a final OD600 of 3.0 (~ 12 hours). Cells were
harvested by centrifugation (3,750 rpm, 4°C) and washed twice with 25 ml of 50 mM
potassium phosphate buffer pH 7.5. Cell pellets were stored at 20°C until use. The cell pellets
were resuspended in 3 ml lysis buffer (50 mM potassium phosphate buffer pH 7.5, 4.0 mM
MgCl2, 3.3 mg ml-1 DNase I, Protease Arrest (G Biosciences, St. Louis, MO used at 1/2
manufacturer’s recommended concentration)) to a final OD600 of 50 and lysed by two passes
through a FrenchR Press. Cell lysates were centrifuged for 15 minutes (4°C, 10,000 rpm) to
remove cellular debris. The resulting supernatant containing the xylose reductase was used for
enzyme assays.
Xylose reductase activity was carried out in a 96-well micro titer plate. Reactions
contained 300 mM xylose or 300 mM glucose or 50 mM glucose-6-phosphate, 300 µM ßNADPH, 50 mM potassium phosphate buffer pH 7.5, and cell lysate supernatant in 200 µL
total volume. The disappearance of NADH was monitored continuously at 340 nm for 2
minutes using a SPECTRAmax PLUS384 spectrophotometer (Molecular Devices). The
extinction coefficient (ε) for NADH at 340 nm is 6.22 x 10-3 M-1 cm-1. One unit of D-xylose
reductase activity is the amount of enzyme hat converts 1 µmol of NADH to NAD+ per min.
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Total protein concentration was measured using the Quick StartTM Bradford protein assay
protocol (Bio-Rad laboratories) based on binding of Coomassie Blue dye to proteins. Bovine
serum albumin was used as a standard.

Materials and Methods for Chapter 5: Strategies to Improve Xylitol Yield and Productivity in
Metabolically Engineered E. coli Growing Under Aerobic and Microaerobic Conditions

Shake-Flask Resting Cells Assays

Resting cells were prepared as described previously (Walton and Stewart 2004;
Cirino, Chin et al. 2006). Colonies were picked from a fresh LB plate (supplemented with
antibiotics as required) and used to inoculate a 3ml culture. 3ml cultures were grown overnight
at 37°C with 250rpm and were then used to inoculate 25 ml seed cultures (LB + antibiotic,
250 ml flask) to an initial OD600 to 0.1. Seed cultures were incubated at 37°C and 250 rpm and
allowed to grow to a final OD600 of 1.0 - 4.0 (~ 12 hours). Seed cultures were used to inoculate
200 ml cultures (LB medium supplemented with 50 mM xylose, 100 mM glucose, 50 mM
MOPS, 100uM IPTG, 1 L flask) to an initial OD600 of 0.05. 200ml cultures were grown at
30°C and 250rpm and harvested when OD600 was between 2.0 - 4.0 (exponential growth
phase). Cells harvested in exponential growth phase were previously determined give stable
and reproducible yields for at least 48 hours (Cirino, Chin et al. 2006). The volume of culture
needed to inoculate 60 ml assays to an OD600 of ~ 2.0 was measured out and chloramphenicol
was added to the culture to inhibit further protein synthesis. Culture was centrifugated at 3,750
rpm for 15 minutes and cells were washed twice in minimal medium lacking both carbon and
nitrogen sources. After the second wash cells were resuspended in minimal medium lacking
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nitrogen but containing an appropriate amount of sugar (50 mM glucose and/or 300 mM
xylose). Aerated resting cell assays (30 ml each in 250 ml flasks) were carried out at 30°C and
250 rpm. Microaerobic (reduced aeration) resting cell assays were carried out at 30°C and 100
rpm. All resting cell tests were performed in at least duplicate and reported values represent
the averages after 48 hours of resting cell biotransformation. Molar yields (xylitol
produced/glucose consumed) for glucose/xylose assays were corrected by subtracting the
amount of xylitol produced in glucose only assays as described previously (Cirino, Chin et al.
2006).

Microaerobic Glucose-Fed Resting Cell Assays

Cells were prepared as described above for the shake-flask resting cells with the
following modifications: 1000 ml cultures (2.8 L flask, 200 rpm) were grown instead of 200
ml cultures. The volume of culture needed to inoculate 300 ml assays to an OD600 of ~ 1.5 was
measured out and chloramphenicol was added to the culture to inhibit further protein
synthesis. Culture was centrifugated at 5,000 g for 15 minutes and cells were washed twice in
minimal medium lacking both carbon and nitrogen sources. After the second wash cells were
resuspended in 5 ml of the wash medium and used to inoculate resting cell assays to an OD600
of 1.5. Microaerobic resting cell assays were carried out in a Sixfors, parallel fermentation
system (ATR). A sterile nitrogen/oxygen mixture was fed continuously at a rate of 0.5 L min1

with nitrogen/oxygen ratio controlled via an automatic three-way valve. The following

parameters were controlled using the IRIS software supplied by the manufacturer: agitation
(500 rpm), temperature (30°C), pH (7.0, by addition of KOH and H3PO4) and dissolved
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oxygen (DO = 3%, 5% or 20%, by oxygen enrichment). Glucose was added continuously to
the assay medium (nitrogen-limited minimal medium) such that glucose concentrations were
maintained at a low/undetectable level for the duration of the culture. The amount of glucose
added to assays was determined by calculating the difference in weight of the glucosecontaining media bottle at the start and end of the feeding cycle.

Serial Dilutions

Colonies from fresh LB plates was used to inoculate 3 ml overnight cultures (minimal
medium supplemented with 27 mM glucose, 33 mM xylose, and 0.5% (w/v) yeast extract)
Overnight cultures were then used to inoculate 10 ml seed cultures in the same medium to an
OD600 of 0.1 (125 ml flask, 37ºC, 250 rpm). Seed cultures were grown to the exponential
phase (OD600 between 1.5 and 4.0) and then used to inoculate the initial 30 ml culture (initial
OD600 = 0.1, minimal medium cultures supplemented with 100 mM glucose or 100 mM
glucose and 100 mM xylose, 250 ml flask) for the successive culturing. IPTG (100 µM IPTG)
was added to the culture to induce expression of CbXR. Cultures were grown to the
exponential phase (after 20-24 hours of growth) before transferring to fresh medium for the
next round of cultures. Samples were taken at the start of the culture and at the time of transfer
for metabolite quantification via HPLC analysis. Eight rounds of serial dilutions were carried
out in glucose/xylose minimal medium and five rounds of serial dilutions were carried out in
glucose minimal medium. Growth rate (µ (h-1)) was determined by calculating the slope of the
Ln(OD600) versus time plot during exponential growth. Xylitol productivity (g xylitol l-1 h-1)
was determined by dividing the total amount of xylitol produced by the total time of
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cultivation. Specific xylitol productivity was determined by dividing the xylitol productivity
by the cell mass. Cell mass was estimated from the cell density as follows: 1 OD600 unit = 0.33
g [cell dry weight] L-1.
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Appendix A
Strains, Plasmids and Primers

A.1 Strains
Table A-1: Strains
Strain

Genotype

Description

W3110

Wild type

Wild type

PC05

W3110 crp* (TetR)

From Dr. Ingram

PC06

W3110 ΔxylB FRT-Apr-FRT

PC07

W3110 ΔxylB FRT::

From Dr. Ingram

PC09

W3110 ΔxylB FRT:: crp* (TetR)

From Dr. Ingram

RK23

W3110 ΔxylB FRT:: crp* (TetR)

From Dr. Khankal

RK72

PC06 ΔxylG FRT-kan-FRT

From Dr. Khankal

W3110 ΔxylA FRT-Kan-FRT
JC 82

From Dr. Chin
ΔxylB FRT-Apr-FRT
OA25 ΔxylA FRT-Kan-FRT

CF18

From Christopher Frei
ΔxylB FRT-Apr-FRT

CF19

CF18 FRT::

From Christopher Frei

W3110, ΔldhA ΔfrdBC ΔfocASZ47

From Dr Shanmugam
pflB

YK 87

W3110, ΔldhA ΔfocA-pflB

From Dr Shanmugam

Date

196

Strain

Genotype

Description

Date

ΔadhE FRT-Kan-FRT
BW25113
BW25113 ΔfdhF FRT-Kan-FRT

From Dr Cirino

JW 0855

ΔpoxB FRT-Kan-FRT

From KEIO collection

Jan-06

JW1228

ΔadhE FRT-Kan-FRT

From KEIO collection

Jan-06

JW 1328

Δfnr FRT-Kan-FRT

From KEIO collection

Jan-06

JW1375

ΔldhA FRT-Kan-FRT

From KEIO collection

Jan-06

JW 2293

ΔackA FRT-Kan-FRT

From KEIO collection

Jan-06

JW 2294

Δpta FRT-Kan-FRT

From KEIO collection

Jan-06

JW 3537

ΔxylA FRT-Kan-FRT

From KEIO collection

Jan-06

JW 4364

ΔarcA FRT-Kan-FRT

From KEIO collection

Jan-06

JW2674_1 ΔsrlD FRT-Kan-FRT

From KEIO collection

Jan-10

Used OA53 phage library

Feb-09

Used OA53 phage library

Feb-09

Used OA53 phage library

Feb-09

ΔfdhF

RP06

PC07 CbXRint constitutive xylE
promoter FRT-Kan-FRT

RP07

PC07 CtXRint constitutive xylE
promoter FRT-Kan-FRT

RP08

PC07 constitutive xylE promoter
FRT-Kan-FRT

RP09

RP06 FRT::

Used pFTA to remove resistance

Feb-09

RP10

RP07 FRT::

Used pFTA to remove resistance

Feb-09

RP11

RP08 FRT::

Used pFTA to remove resistance

Feb-09
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Strain

Genotype

Description

Date

OA01

SZ47 ΔadhE FRT-Tet-FRT

Used ΔadhE (TC20) phage library

Apr-06

OA02

OA1 ΔxylA FRT-Kan-FRT

Used ΔxylA phage library

Apr-06

OA03

OA2 FRT::

Used pFTA to remove resistance

Apr-06

OA04

SZ47 ΔxylA FRT-kan-FRT

Used ΔxylA phage library

May-06

OA05

OA4 FRT::

Used pFTA to remove resistance

May-06

OA06

OA5 ΔadhE FRT-Kan-FRT

Used ΔadhE phage library

Jun-06

OA07

SZ47 ΔadhE FRT-Kan-FRT

Used ΔadhE phage library

Jun-06

OA08

OA5 crp* (TetR)

Used crp* phage library

May-06

OA09

SZ47 crp* (TetR)

Used crp* phage library

May-06

OA10

OA9 ΔxylB FRT-Apr-FRT

Used PC06 phage library

Jun-06

OA11

W3110 ΔxylA FRT-Kan-FRT

Used ΔxylA phage library

Jun-06

OA12

OA11 FRT::

Used pFTA to remove resistance

Jun-06

OA13

OA6 FRT::

Used pFTA to remove resistance

Jun-06

OA14

OA7 FRT::

Used pFTA to remove resistance

Jun-06

OA15

OA14 crp* (TetR)

Used crp* phage library

Jul-06

OA16

OA12 crp* (TetR)

Used crp* phage library

Jul-06

OA17

OA13 crp* (TetR)

Used crp* phage library

Jul-06

OA18

OA13 ΔpoxB FRT-Kan-FRT

Used ΔpoxB phage library

Jul-06

OA19

OA18 FRT::

Used pFTA to remove resistance

Jul-06

OA20

OA19 crp* (TetR)

Used crp* phage library

Jul -06

OA21

RK23 ΔxylA FRT-Kan-FRT

Used ΔxylA phage library

Aug-06
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Strain

Genotype

Description

Date

OA22

OA21 FRT::

Used pFTA to remove resistance

Aug-06

Used JC82 phage library

Mar-07

RK23 ΔxylA FRT-Kan-FRT
OA23
ΔxylB FRT-Apr-FRT
OA24

OA23 FRT::

Used pFTA to remove resistance

Apr -07

OA25

YK87 FRT::

Used pFTA to remove resistance

Apr-07

OA26

W3110 ΔfdhF FRT-Kan-FRT

Used ΔfdhF phage library

Apr-07

OA27

OA25 crp* (TetR)

Used crp* phage library

Apr-07

OA28

OA26 FRT::

Used pFTA to Kick out resistance

Apr-07

OA29

OA28 ΔldhA FRT-Kan-FRT

Used ΔldhA phage library

May-07

OA30

W3110 ΔldhA FRT-Kan-FRT

Used ΔldhA phage library

May-07

OA31

OA30 FRT::

Used pFTA to remove resistance

May-07

OA32

OA29 FRT::

Used pFTA to remove resistance

May-07

OA33

OA24 ΔldhA FRT-Kan-FRT

Used ΔldhA phage library

May-07

OA34

RK23 ΔldhA FRT-Kan-FRT

Used ΔldhA phage library

May-07

Used JC82 phage library

May-07

OA27ΔxylA FRT-Kan-FRT
OA35
ΔxylB FRT-Apr-FRT
OA36

OA33 FRT::

Used pFTA to remove resistance

Jun-07

OA37

OA34 FRT::

Used pFTA to remove resistance

Jun-07

OA38

OA35 FRT::

Used pFTA to remove resistance

Jun-07

OA39

OA31 ΔadhE FRT-Kan-FRT

Used ΔadhE phage library

Jul-07

OA40

OA32 ΔadhE FRT-Kan-FRT

Used ΔadhE phage library

Jul-07
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Strain

Genotype

Description

Date

OA41

OA37ΔadhE FRT-Kan-FRT

Used ΔadhE phage library

Dec-07

OA42

OA37ΔadhE FRT::

Used pFTA to remove resistance

Jan-08

OA43

JC11 ΔldhA FRT-Kan-FRT

Used ΔldhA phage library

Aug-08

OA44

JC17 ΔldhA FRT-Kan-FRT

Used ΔldhA phage library

Aug-08

OA45

PC07 ΔldhA FRT-Kan-FRT

Used ΔldhA phage library

Aug-08

OA46

OA43 ΔldhA FRT::

Used pCP20 to remove resistance

Sep-08

OA47

OA44 ΔldhA FRT::

Used pCP20 to remove resistance

Sep-08

OA48

OA45 ΔldhA FRT::

Used pCP20 to remove resistance

Sep-08

Used RK72 phage library

Sep-08

Used RK72 phage library

Sep-08

JC11 ΔxylB FRT-Apr-FRT
OA49
ΔxylG FRT-Kan-FRT
JC128 ΔxylB FRT-Apr-FRT
OA50
ΔxylG FRT-Kan-FRT
OA51

OA49 FRT::

Used pCP20 to remove resistance

Oct-08

OA52

OA50 FRT::

Used pCP20 to remove resistance

Oct-08

Used Warner method for integration

Nov-08

Used OA53 phage library

Nov-08

Used pCP20 to remove resistance

Nov-08

Used OA53 phage library

Nov-08

BW25142 + constitutive xylE
OA53
promoter FRT-Kan-FRT
RK74 constitutive xylE promoter
OA54
FRT-Kan-FRT
OA55

OA54 FRT::
Supposed to be JC134

OA56
constitutive xylE promoter FRT-
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Strain

Genotype

Description

Date

used pCP20 to remove resistance

Dec-08

Used OA53 phage library

Jan-09

Kan-FRT but has wild type pgi
OA57

OA56 FRT::
CF19 constitutive xylE promoter

OA58
FRT-Kan-FRT
OA59

OA58 FRT::

Used pFTA to remove resistance

Feb-09

OA60

JC134 ΔldhA FRT-Kan-FRT

Used ΔldhA phage library

Feb-09

OA61

OA60 FRT::

Used pFTA to remove resistance

Feb-09

OA62

RP09 ΔfdhF FRT-Kan-FRT

Used ΔfdhF phage library

Mar-09

OA63

OA62 FRT::

Used pFTA to remove resistance

Mar-09

OA64

RP10 ΔfdhF FRT-Kan-FRT

Phage transduction of RP10 using
Mar-09
fdhF KO phage
0A65

OA65 FRT::

Used pFTA to remove resistance

Mar-09

OA66

RP05 ΔldhA FRT-Kan-FRT

Used ΔldhA phage library

Mar-09

OA67

OA66 FRT::

Used pFTA to remove resistance

Mar-09

OA68

RP05 ΔfdhF FRT-Kan-FRT

Used ΔfdhF phage library

Mar-09

OA69

OA68 FRT::

Used pFTA to remove resistance

Mar-09

OA70

OA61 ΔfdhF FRT-Kan-FRT

Used ΔfdhF phage library

Mar-09

OA71

OA71 FRT::

Used pFTA to remove resistance

Mar-09

OA72

JC134 FRT-Kan-FRT

Used ΔfdhF phage library

Mar-09

OA73

OA72 ΔFRT::

Used pFTA to remove resistance

Mar-09

OA74

CF19 CbXRint FRT-Apr-FRT

Used CRIM method to integrate

Mar-09
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Strain

Genotype

Description

Date

pPCC100(LacI + CbXR) into
HK022 site
OA75

OA74 FRT::

Used pFTA to remove resistance

Mar-09

Used CRIM method to integrate
OA76

CF19 CtXRint FRT-Apr-FRT

pPCC101(LacI + CtXR) into

Mar-09

HK022 site
OA77

OA76 FRT::

Used pFTA to remove resistance

Mar-09

CRIM method to integrate
OA78

OA59 CbXRint FRT-Apr-FRT

pPCC100(LacI + CbXR) into

Mar-09

HK022 site
OA79

OA78 FRT::

Used pFTA to remove resistance

Mar-09

Used CRIM method to integrate
OA80

OA59 CbXRint FRT-Apr-FRT

pPCC101(LacI + CtXR) into HK022 Mar-09
site

OA81

OA80 FRT::

Used pFTA to remove resistance

Mar-09

OA82

BW25142 Δpgi FRT-Cmr-FRT

Used Wanner method for integration

Apr-09

OA84

CF19 ΔfrdA FRT-Kan-FRT

Used ΔfrdA phage library

Apr-09

OA85

OA84 FRT::

Used pFTA to remove resistance

Apr-09

OA86

OA75 ΔfrdA FRT-Kan-FRT

Used ΔfrdA phage library

Apr-09

OA87

OA86 FRT::

Used pFTA to remove resistance

Apr-09

OA88

OA77 ΔfrdA FRT-Kan-FRT

Used ΔfrdA phage library

Apr-09
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Strain

Genotype

Description

Date

OA89

OA88 FRT::

Used pFTA to remove resistance

Apr-09

OA90

OA59 ΔfrdA FRT-Kan-FRT

Used ΔfrdA phage library

Apr-09

OA91

OA90 FRT::

Used pFTA to remove resistance

Apr-09

OA92

OA79 ΔfrdA FRT-Kan-FRT

Used ΔfrdA phage library

Apr-09

OA93

OA92 FRT::

Used pFTA to remove resistance

Apr-09

OA94

OA81 ΔfrdA FRT-Kan-FRT

Used ΔfrdA phage library

Apr-09

OA95

OA94 FRT::

Used pFTA to remove resistance

Apr-09

OA96

OA54 Δpgi FRT-Cmr-FRT

Used OA82 phage library

Apr-09

OA97

OA56 Δpgi FRT-Cmr-FRT

Used OA82 phage library

Apr-09

OA98

OA97 FRT::

Used pFTA to remove resistance

Apr-09

OA99

OA46 ΔadhE FRT-Kan-FRT

Used ΔadhE phage library

Apr-09

OA100

OA99 FRT::

Used pFTA to remove resistance

May-09

OA101

OA47 ΔadhE FRT-Kan-FRT

Used ΔadhE phage library

Apr-09

OA102

OA101 FRT::

Used pFTA to remove resistance

May-09

OA103

OA48 ΔadhE FRT-Kan-FRT

Used ΔadhE phage library

Apr-09

OA104

OA103 FRT::

Used pFTA to remove resistance

May-09

Used ΔJC82 phage library

Apr-09

Used pFTA to remove resistance

May-09

Used ΔJC82 phage library

Apr-09

OA14 ΔxylA FRT-Kan-FRT
OA105
ΔxylB FRT-Apr-FRT
OA106

OA105 FRT::
OA15 ΔxylA FRT-kan-FRT

OA107
ΔxylB FRT-apr-FRT
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Strain

Genotype

Description

Date

OA108

OA107 FRT::

Used pFTA to remove resistance

May-09

OA109

OA85 Δzwf FRT-Kan-FRT

Used Δzwf phage library

May-09

OA110

OA109 FRT::

Used pcp20 to remove resistance

May-09

OA111

OA87 Δzwf FRT-Kan-FRT

Used Δzwf phage library

May-09

OA112

OA111 FRT::

Used pcp20 to remove resistance

May-09

OA113

OA91 Δzwf FRT-Kan-FRT

Used Δzwf phage library

May-09

OA114

OA113 FRT::

Used pcp20 to remove resistance

May-09

OA115

OA93 Δzwf FRT-Kan-FRT

Used Δzwf phage library

May-09

OA116

OA115 FRT::

Used pcp20 to remove resistance

May-09

OA117

OA85 ΔpntA FRT-Kan-FRT

Used ΔpntA phage library

May-09

OA118

OA117 FRT::

Used pcp20 to remove resistance

May-09

OA119

OA87 ΔpntA FRT-Kan-FRT

Used ΔpntA phage library

May-09

OA120

OA119 FRT::

Used pcp20 to remove resistance

OA121

OA91 ΔpntA FRT-Kan-FRT

Used ΔpntA phage library

May-09

OA122

OA121 FRT::

Used pcp20 to remove resistance

May-09

OA123

OA93 ΔpntA FRT-Kan-FRT

Used ΔpntA phage library

May-09

OA124

Missed this number

Missed this number

OA125

OA100 ΔfrdA FRT-Kan-FRT

Used ΔfrdA phage library

OA126

OA125 FRT::

Used pcp20 to remove resistance

OA127

OA102 ΔfrdA FRT-Kan-FRT

Used ΔfrdA phage library

OA128

OA127 FRT::

Used pcp20 to remove resistance

May-09

May-09
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Strain

Genotype

Description

Date

OA129

OA104 ΔfrdA FRT-Kan-FRT

Used ΔfrdA phage library

May-09

OA130

OA129 FRT::

Used pcp20 to remove resistance
Used CRIM method to integrate

OA131

OA106 CbXRint FRT-Apr-FRT

pPCC100 (LacI + CbXR) into

May-09

HK022 site
OA132

OA131 FRT::

Used pcp20 to remove resistance
Used CRIM method to integrate

OA133

OA106 CtXRint FRT-Apr-FRT

pPCC101 (LacI + CtXR) into

May-09

HK022 site
OA134

OA133 FRT::

Used pcp20 to remove resistance
Used CRIM method to integrate

OA135

OA108 CbXRint FRT-Apr-FRT

pPCC100 (LacI + CbXR) into

May-09

HK022 site
OA136

OA137

OA135 FRT::

OA108 CtXRint FRT-Apr-FRT

Used pcp20 to remove resistance

May-09

Used CRIM method to integrate

May-09

pPCC101 (LacI + CtXR) into
HK022 site

OA138

OA137 FRT::

Used pcp20 to remove resistance

May-09

OA139

JW 3985 (∆pgi) FRT:

Used pcp20 to remove resistance

Jun-09

OA140

OA75 Δppc FRT-Kan-FRT

Used Δppc phage library

Jul-09

OA141

OA140 FRT::

Used pcp20 to remove resistance

Jul-09
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Strain

Genotype

Description

Date

OA142

OA87 Δppc FRT-Kan-FRT

Used Δppc phage library

Jul-09

OA143

OA142 FRT::

Used pcp20 to remove resistance

Jul-09

OA144

OA100 Δppc FRT-Kan-FRT

Used Δppc phage library

Jul-09

OA145

OA144 FRT::

Used pcp20 to remove resistance

Jul-09

OA146

OA126 Δppc FRT-Kan-FRT

Used Δppc phage library

Jul-09

OA147

OA146 FRT::

Used pcp20 to remove resistance

Jul-09

OA148

OA93 Δppc FRT-Kan-FRT

Used Δppc phage library

Aug-09

OA149

OA148 FRT::

Used pcp20 to remove resistance

Aug-09

OA150

OA87 ΔxylE FRT-Kan-FRT

Used ΔxylE phage library

Aug-09

OA151

OA150 FRT::

Used pFTA to remove resistance

August
2009
OA152

OA93 ΔxylE FRT-Kan-FRT

Used ΔxylE phage library

Aug-09

OA153

OA152 FRT::

Used pFTA to remove resistance

Aug-09

OA154

OA143 ΔxylE FRT-Kan-FRT

Used ΔxylE phage library

Aug-09

OA155

OA154 FRT::

Used pFTA to remove resistance

Aug-09

Used RK72 phage library

Aug-09

Used pFTA to remove resistance

Aug-09

Used RK72 phage library

Aug-09

Used pcp20 to remove resistance

Aug-09

OA87 ΔxylB FRT-Apr-FRT
OA156
ΔxylG FRT-kan-FRT
OA157

OA156 FRT::
OA93 ΔxylB FRT-Apr-FRT

OA158
ΔxylG FRT-kan-FRT
OA159

OA158 FRT::
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Strain

Genotype

Description

Date

Used RK72 phage library

Aug-09

OA143 ΔxylB FRT-Apr-FRT
OA160
ΔxylG FRT-Kan-FRT
OA161

OA160 FRT::

Used pcp20 to remove resistance

Aug-09

OA162

OA87 ΔsthA FRT-Kan-FRT

Used ΔsthA phage library

Aug-09

OA163

OA162 FRT::

Used pcp20 to remove resistance

Aug-09

Used ΔsthA phage library

Aug-09

see notes

Aug-09

OA143 ΔsthA FRT-Kan-FRT
OA164

(Note: may have wild type ppc
since they are so close together)
Was not able to construct this
strain (Note: see pg 107 of lab

OA165
note 4 seems the region between
sthA and ppc has been deleted
OA166

OA87 ΔackA FRT-Kan-FRT

Used ΔackA phage library

Oct-09

OA167

OA166 FRT::

Used pFTA to remove resistance

Oct-09

OA168

OA157 ΔxylE FRT-Kan-FRT

Used ΔxylE phage library

Oct-09

OA169

OA168 FRT::

Used pFTA to remove resistance

Oct-09

OA170

OA85 ΔackA FRT-Kan-FRT

Used ΔackA phage library

Oct-09

OA171

OA170 FRT::

Used pFTA to remove resistance

Oct-09

Used crp* phage library

Nov-09

Used Δpgi (JC53) phage library

Oct-09

OA171 crp* TetR (Note: was not
OA172
able to construct this strain)
OA173

OA87 Δpgi FRT-Kan-FRT
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Strain

Genotype

Description

Date

OA174

OA173 FRT::

Used pFTA to remove resistance

Oct-09

OA175

OA87 Δzwf-eda FRT-Apr-FRT

Used Δzwf-eda phage library

Oct-09

OA176

OA175 FRT::

Used pFTA to remove resistance

Oct-09

OA177

OA174 ΔsthA FRT-Kan-FRT

Used ΔsthA phage library

Nov-09

OA178

OA177 FRT::

Used pFTA to remove resistance

Dec-09

Used ΔackA phage library

Jan-10

Used pFTA to remove resistance

Jan-10

OA38 ΔackA FRT-Kan-FRT
OA179

(Note: was not able to construct
this strain)
OA179 FRT:: (Note: was not

OA180
able to construct this strain)
OA181

OA87 ΔgalP FRT-Kan-FRT

Used ΔgalP phage library

Jan-10

OA182

OA181 FRT::

Used pFTA to remove resistance

Jan-10

OA183

W3110 ΔsrlD FRT-Kan-FRT

Used ΔsrlD phage library

Feb-10

OA184

OA87 ΔsrlD FRT-Kan-FRT

Used ΔsrlD phage library

Feb-10

OA185

OA184 FRT::

Used pFTA to remove resistance

Feb-10

OA186

OA87 crp*

Used crp* phage library

Feb-10

OA187

OA38 ΔfrdA FRT-Kan-FRT

Used ΔfrdA phage library

Feb-10

OA188

OA188 FRT::

Used pFTA to remove resistance

Feb-10

OA189

OA42 ΔfrdA FRT-Kan-FRT

Used ΔfrdA phage library

Feb-10

OA190

OA189 FRT::

Used pFTA to remove resistance

Feb-10

OA191

missed this number

missed this number
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Strain

Genotype

Description

Date

Used JC82 phage library

Mar-10

Used pFTA to remove resistance

Mar-10

Used JC82 phage library

Mar-10

Used pFTA to remove resistance

Mar-10

Used JC82 phage library

Mar-10

JC11 ΔxylA FRT-kan-FRT ΔxylB
OA192
FRT-Apr-FRT
OA193

OA192 FRT::
OA126 ΔxylA FRT-kan-FRT

OA194
ΔxylB FRT-Apr-FRT
OA194 FRT:: (Note: was not
OA195
able to construct this strain)
OA130 ΔxylA FRT-kan-FRT
OA196
ΔxylB FRT-Apr-FRT
OA197

OA195 FRT::

Used pFTA to remove resistance

Mar-10

OA198

OA108 Δpta FRT-kan-FRT

Used Δpta phage library

Mar-10

OA199

OA198 FRT::

Used pFTA to remove resistance

Apr-10

OA200

OA188 Δpta FRT-kan-FRT

Used Δpta phage library

Mar-10

OA201

OA200 FRT::

Used pFTA to remove resistance

Apr-10

OA202

OA190 Δpta FRT-kan-FRT

Used Δpta phage library

Mar-10

OA203

OA202 FRT::

Used pFTA to remove resistance

Apr-10

OA204

OA176 ΔpntA FRT-kan-FRT

Used ΔpntA phage library

Apr-10

OA205

OA204 FRT::

Used pFTA to remove resistance

Apr-10

OA206

OA120 ΔsthA FRT-kan-FRT

Used ΔsthA phage library

Apr-10

OA207

OA206 FRT::

Used pFTA to remove resistance

Apr-10

OA208

OA85 ΔsrlD FRT-kan-FRT

Used ΔsrlD phage library

Apr-10
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Strain

Genotype

Description

Date

OA209

OA208 FRT::

Used pFTA to remove resistance

Apr-10

OA210

W3110 ΔarcA FRT-kan-FRT

Used ΔarcA phage library

May-10

OA211

OA188 ΔarcA FRT-kan-FRT

Used ΔarcA phage library

May-10

OA212

OA211 FRT::

Used pFTA to remove resistance

May-10

OA213

RK23 ΔarcA FRT-kan-FRT

Used ΔarcA phage library

May-10

OA214

OA213 FRT::

Used pFTA to remove resistance

May-10

OA215

OA188 Δnuo OP FRT-kan-FRT

Used Δnuo operon phage library

May-10

OA216

Not constructed

OA217

W3110 Δndh FRT-kan-FRT

Used Δndh phage library

Jul-10

OA218

OA188 Δndh FRT-kan-FRT

Used Δndh (OA217) phage library
Jul-10
(OA217)
OA219

OA218 FRT::

Used pFTA to remove resistance

A.2 Plasmids
Table A-2: Plasmids
Plasmid

Description

pGS367

lpd (from Pdh complex) overexpressed, tac promoter, ampicillin resistance,
37°C

pFDH1

Formate dehydrogenase from Candida Boidini, ampicillin resistance
(pbluescript vector used), 37°C

Aug-10
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Plasmid

Description

pPCC501 Formate dehydrogenase cloned from pFHD1 and inserted in pPCC423
plasmid with apramycin resistance, 37°C
pPCC502 Formate dehydrogenase cloned from pFHD1 and inserted in ECOR1 and
KPN1 sites of pPCC05 plasmid with kanamycin resistance, 37°C
pPCC503 Formate dehydrogenase cloned from pFHD1 and inserted in pLOI 3815
(CBXR) plasmid with kanamycin resistance, 37°C
pPCC504 xylulokinase (xyl3) cloned from P. stipitis (6054 from Jeffries) inserted in
pLOI 3809 (pPCC05) plasmid with kanamycin resistance, 37°C
pPCC505 xylulokinase (xylB) cloned from E. coli total DNA inserted in pPCC05
plasmid with kanamycin resistance, 37°C
pPCC506 xylulokinase (xylB) cloned from E. coli total DNA inserted in pLOI 3815
plasmid with kanamycin resistance, 37°C
pPCC507 xylulokinase (xyl3) cloned from P. stipitis (6054 from Jeffries) inserted in
pLOI 3815 plasmid with kanamycin resistance, 37°C
pPCC508 Neurospora crassa xylose reductase cloned into pPCC05 plasmid with
kanamycin resistance, 37°C
pPCC510 Geneart plasmid containing CPXR optimized
pPCC511 CpXR opt cloned into pPCC05 (using EcoRI and Kpn1 sites) plasmid with
kanamycin resistance, 37°C
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A.3 Primers
Table A-3: Primers
Primer Name

Sequene (5’ – 3’)

ACKA FOR

TGC GCT ACG CTC TAT GGC TC

ACKA REV

TTG CAC GGA TCA CGC CAA GG

ADHE REV (JON)

CGT CAG GCA GTG TTG TAT CC

ADHE FOR (JON)

AAT CTT GCT TAC GCC ACC TG

ADHE REV (BOLAJI)

CCT GTT GTG GAA GCC GTT AT

ADHE FOR (BOLAJI)

CAC CTG GAA GTG ACG CAT TA

CONST XYLE FOR

TAT CAC AAT TAA GAT CAC AGA AAA GAC ATT
GTG TAG GCT GGA GCT GCT TC

CONST XYLE REV

TTC TGA TCT TTT ATC AGT GCA TTG ATG TTG
ATA TTA TGC ACT CTT GAC GAA

CTXR (PPCC05) NDE1

CGG CCA TAT GAG CGC AAG TAT CCC AGA C

CTXR (PPCC05)

CGG CGA ATT CTT AAA CGA AGA TTG GAA TGT

ECOR1
CP13 END + XYLE`

TAT AAT ACG TGA GAA CTG TTA CTG ATA AAA
GAT CAG AAT G

FAS 8500

ATG AGT CTG ACC TGC ATG AG

FAS7900

CAG TCG ATG CGC TCG CTG TA

FAS 7300

TGT CGA ATT GGC GTG GAC TA

FAS 6700

CAG CGC CTG CAC ATC GTG TT
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Primer Name

Sequene (5’ – 3’)

FAS 6100

GCA GCG ATG GCA ACC TAC CT

FAS 5500

TTC GGC ACA GGT GGC AGA AT

FAS 4200

CTA CGC ACA GGT GCT GTC TT

FAS 3600

GCA CGG TTA GCT GGA TTG GA

FAS 3000

CTG GAA GAC CAC CTT GGA TT

FAS 2400

TAT CCG GCA GCG GAG AAG CA

FAS 1800

GAA TGG TCG AAG GTC TAT GG

FAS 1200

GTG GTA CTT GCC GGT ATG AC

FAS 600

AAC CGG TGT CGA TAG CGT TA

FDHF REV 0328

TAT TAC GCC AGT GCC GCT TC

FDHF FOR 0328

CTG TAG TCG AGA GCG CGT AT

FDH1 REV 0328

CGC TCT AGA TTA TTT CTT ATC GTG TTT AC

FDH1 FOR 0328

GCG CAT ATG AAG ATC GTT TTA GTC TT

FDH FOR 073070

CGG AAT TCA GGA GGA CAG CTA TGA AGA TCG
TTT TAG TCT T

FDH REV 073070

ATA CCC GGG TTA TTT CTT ATC GTG TTT ACC
GTA AGC

FDH 4 3815 REV

ATA CCC GGG TTA TTT CTT ATC GTG TTT AC

FDH 4 3815 FOR

GCG CTC GAG ATG AAG ATC GTT TTA GTC TT

FDH PRIMER 1 SEQ

TCG TCC TAC CTT TCC TCA AC

FDH PRIMER 2 SEQ

GTG GTT ACC ACC GCT ATC AA
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Primer Name

Sequene (5’ – 3’)

FDH PRIMER 3 SEQ

CTG TTG CAG AAC ACG TTG TC

FDH PRIMER 4 SEQ

CCA TTA CAC GCT GGT ACA

FDH 1 SEQ1

GGC TCG TAT AAT GTG TGG

FDH 1 SEQ2

GTT GTC GCT GGT GTC GGT TC

FDH 1 SEQ3

CAT TGG TGC CGG TAG AAT TG

FDH 1 SEQ4

GAG GTT ATG GTG GTG ATG

FOCA FOR

TAG TAT CTC GTC GCC GAC TT

FOR P1

GTG TAG GCT GGA GCT GCT TC

FRD FOR

ACT GTG GTT GCC ACC ATC GT

FRD REV

TCA TGC CGC AGG AAC CAC AA

FRD FOR NEW 0328

AGC GTT CGC AGA CCG TAA CT

FRD REV NEW 0328

AAT AAG GCG CAG AGC GTC GT

LDHA FOR (JON)

AGC GTC ATC AGC AGC GTC AA

LDHA REV (JON)

CAG CAG GCT TAG CGC AAC AA

LDHA REV NEW

AAG GTT GCG CCT ACA CTA AG

LDHA FOR NEW

GGA GCG GCA AGA TTA AAC CA

LPDA FOR

AGG TAG CAA GCG CCA GAA TC

LPDA REV

CGA GCA ACG GTC AGC AGT AT

LPDA REV 2A

CGG ATG GTA CCG ATG TTC CGG CAA ACG AA

LPDA FOR 2A

GCA TCG AAG CTT TGA CCG CCG GAG ATA AAT

LPDA REV 3

CCG CTT TTT TAA TTG CCG GAT TCC GGT CTC
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Primer Name

Sequene (5’ – 3’)
CCT ATA GTG A

LPDA M REV

ACT TTT GCT ACG TGC AGC AGT ACT TTA GAA GG

LPDA M FOR

TCG GCT GTA TCC CTT CTA AAG TAC TGC TGC
ACG TAG CAA AGT

PFLB FOR

TTG TAA TCC GCG ACT TCG CA

PFLB REV

CGT CTA CGG TTC CAC AGG AT

PFLB-FOCA REV

AGT ATC TCG TCG CCG ACT TA

PFLB-FOCA FOR

TCG AAG GCT ACG TCG AGT CT

PFLB-FOCA 4

GCC TAC GCA ATG TAG GCT TA

PGI UP REV 2 +

TCT AGC TTC CCG GCA ACA ATA TTG TAG CGC

pPCC100 O/H

CAG TCA CAG A

PGI DOWN FOR +

AAA GTG CCA CCT GCA TCG ATT AGG CCG GAT

pPCC100 O/H

AAG GCG TTC A

PGI UP REV WITH

CGT TAC CCA ACT TAA TCG CCG TGC CGT TAG
CGT AAT GTT G

PGI UP FOR

CAG AGC GAT ACT TCG CTA CT

PGI UP REV +

ACT TAA TCG CCT TGC AGC ACA TTG TAG CGC

pLOI3421 O/H

CAG TCA CAG A

PGI DOWN REV 2

TCG CCG CAA GCG CAG ATA TG

PGI DO REV

TCG CCG CAA GCG CAG ATA TG

PGI DOWN FOR +

ACA CAA CAT ACG AGC CGG AAT AGG CCG GAT
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Primer Name

Sequene (5’ – 3’)

pLOI3421 O/H

AAG GCG TTC A

PGI DO FOR WITH

TCA CTA TAG GGA GAC CGG AAA CGC GGT CGC
GTC TTA TCA G

PGI UP FOR 2

AAC GCA CGT TGG CAT CAG AA

PGI CMR KO FOR

CGC TAC AAT CTT CCA AAG TCA CAA TTC TCA
AAA TCA GAA GAG TAT TGC TAG TGT AGG CTG
GAG CTG CTT C

PGI CMR KO REV

GTT GCC GGA TGC GGC GTG AAC GCC TTA TCC
GGC CTA CAT ATC GAC GAT GAC ATA TGA ATA
TCC TCC TTA G

POXB REV

GTG CAG AGC ATT AAC GGT AG

POXB FOR

TCC GGT GAA TAT ACG GTG AG

pLOI3421 AAC REV

TTC CGG TCT CCC TAT AGT GA

pLOI3421 AAC FOR

GGC GAT TAA GTT GGG TAA CG

pLOI3421 AAC FOR 2

GGG CTG CAA GGC GAT TAA GT

pLOI3421 AAC REV2

TTC CGG CTC GTA TGT TGT GT

pPCC100 AAC FOR

ATT GTT GCC GGG AAG CTA GA

pPCC100 AAC REV

ATC GAT GCA GGT GGC ACT TT

PPC KO REV

GCA GGG TGT TAG AAC AGA AG

PPC KO FOR

ATG CGA CGT GAA GGA TAC AG

PTA REV

GAT GCA GCG CAG TTA AGC AA
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Primer Name

Sequene (5’ – 3’)

PTA FOR

AAC TGG TTA TCG CGC AAG AC

QOR SEQUENCING R

GAC CGC TGG CGT TAC TAA GG

QOR SEQUENCING F

ACC GAC TGC TCC GCT TCG AT

REV END OF PCP13

AAC AGT TCT CAC GTA TTA TA

SRLD KO FOR

TAT CCG GTG ACC GCT GTT GG

SRLD KO REV

GGC GGA AGT CCT GTA TGC CT

XYL3 FOR

GCG CAT ATG ACC ACT ACC CCA TTT GAT

XYL 3 REV

CGC AAG CTT TTA GTG TTT CAA TTC ACT TTC

XYL3 FOR 2

CGC GCA TAT GAC CAC TAC CCC ATT TG

XYL3 REV 2

GCC TCG AGT TAG TGT TTC AAT TCA CTT TCC A

XYL3 FOR 3

CGG AAT TCA GGA GGA CAG CTA TGA CCA CTA
CCC CAT T

XYL3 REV 3

GCG GTA CCT TAG TGT TTC AAT TCA CTT TCC
ATC TTG GC

XYL 3 SEQ 1

TCG GCT CGT ATA ATG TGT GG

XYL 3 SEQ 2

CTT GTC AAC AGC ACG GTT CG

XYL 3 SEQ 3

AGC CGA TGC TTG TGG AAT GA

XYL3 SEQ 4

CGC TTC TTC TTC TCA ATA CC

XYL3 SEQ 5

CCA GCT CTG CCT CAC CTC AA

XYLA FOR

GCG AGC GCA CAC TTG TGA AT

XYLA REV

CCG GTA TCG CTA CCG ATA AC
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Primer Name

Sequene (5’ – 3’)

XYLAB FOR

CAA TGG GCA TGA GAT CCA TAG CCC AAC CAG
GGC GAT TAA GTT GGG TAA ACG

XYLAB REV

TAC GAC ATC ATC CAT CAC CCG CGG CAT TAC
TTC CGG TCT CCC TAT AGT GA

XYLAB REV2

TAC GAC ATC ATC CAT CAC CCG CGG CAT TAC

XYLAB FOR 2

CAA TGG GCA TGA GAT CCA TAG CCC AAC CAG

XYLB FOR

GCG GAA TTC ATG TAT ATC GGG ATA GAT CT

XYLB FOR 2

GCG GAA TTC AGG AGG ACA GCT ATG TAT ATC
GGG ATA GAT CT

XYLB REV

CGC GGT ACC TTA CGC CAT TAA TGG CAG AA

XYLB SEQ1

GGC TCG TAT AAT GTG TGG

XYLB SEQ 2

GCT CAG CAA CGG GTG TTA

XYLB SEQ 3

GCA GGC TTG CGA CTT ATC TC

XYLB SEQ 4

GCT CAA CAG GCT GAT GAA

XYLE1

CTC TGA GTC ACG GCA ATA GT

XYLE2

CGC ATT ATT GGC GGT ATT GG

XYLE3 FOR

TCT GCA TTA CCG ATC ACC ATC GT

XYLE REV FAR

AGG AAG CTC GCC ACT GTG AA

XYLE P UP REV +

GAA GCAG CTC CAG CCT ACA CTG CCG TGA CTC
AGA GCA

XYLE P DOWN REV

GAA TAT GAG CTG GAG CCA GTT C
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Primer Name

Sequene (5’ – 3’)

XYLE P UP FOR

CGA CAG TTC GCT GGA AGA AG

Appendix B
Metabolic Network Simulations for Anaerobic System
As a preliminary step in development of the anaerobic system described in
Chapter 4 model gene-deletion strains were tested using a constraint-based stoichiometric
network model of E. coli metabolism (SimphenyTM, Genomatica Inc; model adapted
from (Reed, Vo et al. 2003)) in order to assess the feasibility of the proposed system.
Anaerobic conditions were achieved by setting oxygen uptake rate to 0. Gene-deletions
were represented in the model by setting the flux through the corresponding reactions
catalyzed by the gene product(s) to zero, as described previously (Covert and Palsson
2002). The flux through the reactions responsible for the production of lactate (LDH_D),
succinate (FRD2, FRD3), and ethanol (ADHEr)) was set to zero in the base simulation
(assumed to correspond to the deletion ldhA, frdA and adhE genes experimentally). The
objective of the simulations was to maximize growth and linear optimization was used to
find the best solution as such. The model was modified as follows for all scenarios tested:
i.

Addition of a reaction for NADPH-dependent xylose reduction to xylitol (XYLR)
and a xylitol diffusion pathway for xylose secretion (XYLTt, EX_xylt(e)). This
was chosen because although there are no known xylitol transporters in E. coli, it
has been shown to be transported by the E. coli glycerol facilitator (GlpF) (Heller,
Lin et al. 1980).

ii.

Deletion of xylose isomerase reaction (XYLI1) to prevent xylose utilization.

iii.

Deletion of all amino acid secretion pathways to prevent diversion of carbon and
reducing equivalent to production of amino acids.
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iv.

The lower limit for the flux through the biomass-producing reaction (Bio_Eco)
was set to 0.0175 mmol biomass (g cdw h)-1. This corresponds to 10% of the
maximum growth rate of a wild type in silico strain. An ATP maintenance
reaction (ATPM) with a flux of 7.6 mmol ATP (g cdw h)-1 was included in all
simulations (Reed, Vo et al. 2003).

v.

Specific glucose consumption rate was set to 10 mmol glucose (g cdw h)-1.

vi.

Specific xylose consumption rate was set to infinity.
As shown in Table B-1 growth of the in silico strains is coupled to xylitol

production, i.e, growth is not possible when there is no flux through the xylose reductase
reaction. This is so because xylose reduction to xylitol allows for reoxidation of
NAD(P)H produced from anaerobic glucose oxidation. With flux through the xylose
reductase reaction, the in silico strain had a growth rate of 0.12 mmol biomass (g cdw h)1

. As shown in Table B-1 xylose transport was via the XylE transporter and at the

maximum growth rate xylitol was produced at a yield of 1.8 (mol xylitol produced/ mol
glucose consumed) with formate and acetate being major co-products. As a next step,
flux through the PFLi reaction was set to zero (prevents formate production and
corresponds to a pflB gene deletion experimentally). Flux was rerouted through the
pyruvate dehydrogenase reaction which produces an extra NADH instead of formate.
Similar to the previous result, xylose transport was via the XylE transporter but the
maximum growth rate decreased to 0.02. However, the xylitol yield at this growth rate
was 3.94 (corresponds to a 2-fold increase in xylitol yield) and CO2 and acetate were
produced as the major products. To confirm that this was a unique solution, the flux
through the biomass-producing reaction was constrained to 0.0235 mmol biomass (g cdw

221

h)-1 and the objective of the simulation was to minimize xylitol production at this growth
rate. The same amount of xylitol was produced at the same yield. In both cases glucose
oxidation was via the Embden-Meyerhoff-Parnas (EMP) Pathway. We propose that this
is due to the fact that this pathway yields the highest amount of ATP, which is used for
Table B-1: Simulation Results for Proposed Anaerobic Systema
Deletions and Additions
∆XYLI1
∆XYLI1 ∆LDH_D

Growth Rate

YRPG

Metabolites Secreted

0.20

0

Acetate, Ethanol, Formate

Infeasible

N/A

N/A

0.12

1.81

Xylitol, Acetate, Formate

0.02

3.94

Xylitol, CO2, Acetate

∆FRD2 ∆FRD3 ∆ADHEr
∆XYLI1 ∆LDH_D
∆FRD2 ∆FRD3 ∆ADHEr
+ XYLR + XYLTt
∆XYLI1 ∆LDH_D
∆FRD2 ∆FRD3 ∆ADHEr
∆PFLi + XYLR+ XYLTt
a

Flux for the following reactions was set to zero for all simulations except the first one: XYLI1 LDH_D,
FRD2, FRD3, ADHEr . Flux through the ∆PFLi reaction was set to zero for the last simulation. Specific xylose
consumption rate was set to infinity. Lower limit of flux through biomass-producing reaction was set to 0.0175
mmol biomass (g cdw h)-1. All amino acid secretion pathways were deleted. Xylose transport is mediated by Dxylose proton symporter XylE. Glucose consumption rate was set to 10 mmol (g cdw h)-1. Objective of
simulation was to maximize growth. Abbreviation: ∆: Deletion; XYLI1: Xylose isomerase reaction; LDH_D:
lactate dehydrogenase reaction; FRD2: Fumarate reductase reaction (uses menaquinone as cosubstrate); FRD3:
Fumarate reductase reaction (uses demethylmenaquinone as cosubstrate); ADHEr:alcohol dehydrogenase
reaction; PFLi: Pyruvate-formate lyase reaction; XYLR: NADPH-dependent xylose reductase reaction; XYLTt:
Xylitol transport; YRPG = mol xylitol produced/ mol glucose consumed; Growth rate is given in units of mmol
biomass gdw-1 h-1
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cell maintenance, xylose transport (explained below), transhydrogenase reaction
(explained below) and biomass synthesis.
XylE-mediated xylose transport occurs via proton symport i.e., co-transport of
xylose and a proton into the cell as shown in Figure B-1. A pre-existing electrochemical
gradient is required for this form of transport. Therefore ATP is hydrolyzed and protons

Figure B-1: Various Mechanisms for Xylose Transport.

are translocated across the cell membrane, thus creating a proton gradient. For each ATP
hydrolyzed four protons are pumped out of the cell.
As mentioned in Chapter 4, glucose oxidation via the EMP pathway yields
cofactors in the form of NADH. Therefore NADH conversion to NADPH is required
since xylose reduction is specified as being NADPH-dependent. In the metabolic network
model NADH conversion to NADPH occurs via the reaction catalyzed by membranebound transhydrogenase PntAB as follows:

2 [H + ]

( ext )

+
+ NADH cyt + NADPcyt
"PntAB
""# 2 [H + ]

( cyt )

+ NAD+cyt + NADPH cyt
(B-1)

!
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Again a pre-existing electrochemical gradient is required so that protons can be
transported into the cell.
We then investigated the extent to which the glucose consumption rate, mode of
xylose of transport, the cofactor requirement of the xylose reduction, and pathway used
for glucose oxidation, impacted the growth rate of in silico strain and YRPG.

Impact of Glucose Consumption Rate on Growth Rate and Xylitol yield

A maximum specific glucose consumption rate of 20 mmol glucose (g cdw h)-1
has been reported for wild type E. coli strains under aerobic conditions and this limit can
be exceeded under anaerobic conditions (Varma, Boesch et al. 1993; Sauer, Lasko et al.
1999). A specific glucose consumption rate of 10 mmol glucose (g cdw h)-1 was used for
the initial simulations, but based on the above other specific glucose consumption rates
were tested to investigate how this impacts growth rate and YRPG. As shown in Table B-2,
for the simulation conditions tested specific glucose consumption rates less than 10 mmol
glucose (g cdw h)-1 were infeasible due to insufficient ATP availability for proposed
transformations and cell maintenance. The specific glucose consumption rate for strain
OA87 cultivated under anaerobic conditions was less than 1 mmol glucose (g cdw h)-1.
This may be why the growth of strain OA87 (and its derivatives) was stunted during
anaerobic cultivations as shown in Table B-3. At glucose consumption rates higher than
10 mmol glucose (g cdw h)-1, the growth rate of the in silico strain increased but YRPG
decreased slightly. Since we were most interested in YRPG and the experimental glucose
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consumption rates were low a specific glucose consumption rate of 10 mmol glucose (g
cdw h)-1 was used for subsequent simulations.

Table B-2: Simulation Results for Different Specific Glucose Consumption Ratesa.
SGCR

YRPG

Growth rate

mmol G (gdw hr)-1

mol Xylitol/mol Glucose

mmol gdw-1 h-1

5

N/A

Infeasible

7.5

N/A

Infeasible

10

3.94

0.02

20

3.84

0.12

30

3.80

0.22

a

Flux for the following reactions was set to zero for all simulations: ∆XYLI1 ∆LDH_D, ∆FRD2, ∆FRD3,
∆ADHEr ∆PFLi. Specific xylose consumption rate was set to infinity. Lower limit of flux through biomassproducing reaction was set to 0.0175 mmol biomass (g cdw h)-1. All amino acid secretion pathways were
deleted. Abbreviations: SGCR: specific glucose consumption rate. YRPG = mol xylitol produced/ mol
glucose consumed

Impact of Mode of xylose transport on Growth Rate and Xylitol Yield

Three modes of xylose transport were investigated:
1. Xylose transport via the high-affinity ATP-dependent D-xylose transporter
XylFGH
2. Xylose transport via the low-affinity D-xylose proton symporter XylE
3. Xylose diffusion
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Table B-3: Growth of Engineered Strains during Anaerobic Cultivation
Strain

Characteristics

Initial OD

Final OD

Anaerobic Cultivations in Screw-cap Tubes
OA87

WT ∆pflB, ∆ldhA, ∆adhE, ∆frdA, ∆xylAB PDH* CbXRint

0.76

0.63

OA126

WT ∆ldhA, ∆adhE, ∆frdA, ∆xylB CbXRint

0.84

0.72

OA89

WT ∆pflB, ∆ldhA, ∆adhE, ∆frdA, ∆xylAB PDH* CtXRint

0.82

0.71

OA151

OA87 ∆xylE

0.82

0.70

OA157

OA87 ∆xylG

0.87

0.78

OA159

OA87 ∆xylG xylE*

0.89

0.71

OA169

OA87 ∆xylG ∆xylE

0.85

0.76

Anaerobic Phase of Dual-Phase Cultivations
JC11

WT ∆xylAB PDH* CbXRint

7.23

6.08

OA87

WT ∆pflB ∆ldhA ∆adhE ∆frdA ∆xylAB PDH* CbXRint

7.00

5.84

OA126

WT ∆ldhA ∆adhE ∆frdA ∆xylB CbXRint

5.36

4.50

OA85

WT ∆pflB ∆ldhA ∆adhE ∆frdA ∆xylAB PDH*

6.51

6.40

OA176

OA87 ∆zwf ∆edd ∆edd

8.26

5.12

OA163

OA87 ∆sthA

7.89

5.11

OA120

OA87 ∆pntA

5.96

5.22

OA205

OA176 ∆pntA

7.96

5.72

OA207

OA120 ∆sthA

9.04

5.15

OA209

OA85 ∆srlD

9.11

4.85
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As shown in Table B-4, xylose transport via the XylFGH transporter was not possible
under anaerobic conditions due to insufficient ATP availability under these conditions. In
contrast, when xylose enters the cell by diffusion xylitol was produced at a yield of 3.70
at the maximum growth rate. In this case the in silico strain had a growth rate of 0.114
mmol biomass (g cdw h)-1. Xylose diffusion allows for more ATP to be available for cell
growth and this why a higher growth rate is obtained for this scenario. However in this
case more carbon and energy is used towards biomass production and less towards
NAD(P)H production which is why lower xylitol yields are observed.
Based on the above results we sought to characterize the mode of xylose transport
in our experimental system. As a first step either the xylG (expected to result in disruption

Table B-4: Simulation Results for Different Mechanisms of Xylose Transporta.

a

Xylose transport
mechanism

mol Xylitol/mol Glucose

mmol gdw-1 h-1

XylFGH

N/A

Infeasible

XylE

3.94

0.024

Facilitated diffusion

3.70

0.114

YRPG

Growth rate

Simulation conditions were the same as those used previously (refer to Table C-1)

of function of XylFGH) or xylE gene was deleted in strain OA87 (∆pflB, ∆ldhA, ∆adhE,
∆frdA, PDH* CbXRint). As shown in Table B-5, xylitol yield was adversely affected by
either gene deletions thus suggesting that both transporters contribute to xylose
transporters. This was surprising as it is well known that E. coli K-12 usually exhibits a
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diauxic property when grown in sugar mixtures whereby glucose is preferentially
utilized.

This has been attributed to CRP (cAMP-receptor protein)-mediated

transcriptional regulation (repression) of several catabolic genes in E. coli, in the
presence of glucose, including those involved in the xylose uptake and utilization
(Khankal, Chin et al. 2008). Higher xylitol yields obtained when xylE gene is placed
under the control of a constitutive promoter in a strain carrying a xylG-deletion (refer to
Table B-5) further supports that transcription of xylE is repressed in the presence of
glucose.

Table B-5: Experimental YRPG for Xylose Transporter Gene-deletion Strainsa.

Strain
OA87

a

Characteristics

YRPG

WT ∆pflB, ∆ldhA, ∆adhE, ∆frdA, PDH*

2.35

OA151

int
CbXR
OA87 ∆xylE

1.81

OA157

OA87 ∆xylG

1.55

OA159

OA87 ∆xylG xylE*

2.67

OA169

OA87 ∆xylG ∆xylE

2.43

Anaerobic cultivations were carried out in screw-cap tubes containing minimal medium supplemented with
glucose (50 mM), xylose (300 mM), MOPS (50 mM) and IPTG. The values reported were obtained after 48
hours of cultivations. xylE* indicates that the transcription of xylE gene was put under the control of a
constitutive promoter. xylG deletion was expected to disrupt function of the XylFGH transporter.

In contrast to the above results deletion of both xylE and xylG resulted in a xylitol
yield similar to that of the wild type strain suggesting that neither transporters are
involved in xylose transport. It is possible that other transporters are upregulated and used
for xylose transport in the double-deletion strains. It is also possible that xylose enters the
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cell via diffusion especially since very high concentrations of xylose (~300 mM) are used
in experimental investigations. However it is unclear why the strains do not grow, since
there should be more ATP available if energy is not expended for xylose transport.
Another possibility is that xylose transport occurs via an uncharacterized secondary
xylose transport system as suggested previously (Khankal, Chin et al. 2008); in which
case it is unclear if it energy-dependent or independent. There are various possibilities for
how xylose is transported in the engineered strains, therefore further studies need to be
carried out to elucidate which one is valid because the mechanism of xylose transport
impacts xylitol yield in the anaerobic system.

Impact of Cofactor-Specificity of Xylose Reduction on Growth Rate and Xylitol Yield

The impact of the cofactor requirement of xylose reduction on xylitol yield was
also investigated. As shown in Table B-6, when xylose reduction was NADH-dependent
rather than NADPH-dependent the in silico strains grew at a faster rate (0.2 mmol
biomass (g cdw h)-1) but xylitol was produced at a lower yield (3.48). This is probably
due to reasons similar to the above.
Table B-6: Simulation Results: Impact of Cofactor Specificity of Xylose Reduction on YRPG and
Growtha.

YRPG

Growth rate

mol Xylitol/mol Glucose

mmol gdw-1 h-1

NADPH

3.94

0.024

NADH

3.48

0.200

Cofactor Requirement

a

Simulation conditions were the same as those used previously (refer to Table C-1). An NADH-dependent
xylose reaction was added.
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Impact of Pathway Used in Glucose Oxidation on Growth Rate and Xylitol Yield

Previous work by Chin showed that when cofactors are available in form of
NADPH as opposed NADH, higher xylitol yields are obtained under aerobic conditions
(Chin 2010). As shown in Table B-7, ATP and cofactor (NADH versus NADPH) yields
from anaerobic glucose oxidation depend on the pathway utilized.

Table B-7: SimPheny-Predicted Anaerobic Growth Rate, ATP and Cofactor Yields for Wild
type E. coli a

Growth Rate

ATP

NADH

mmol gdw-1 h-1

mmol gdw-1 h-1

mmol gdw-1 h-1

EMP

0.2

36-1
hr

20

0.4

PP

0.05

25

18

20

ED

0.09

19

10

10

Pathway

NADPH
mmol gdw-1 h-1

1

a

Fermentation pathways were not deleted in these simulations. Xylose reductase reaction and xylitol transport
were not included. Reported values are based on specific glucose consumption rate of 10 mmol glucose gdw-1
hr-1 and the fermentation products obtained depend on the pathway utilized. Simulation objective was to
maximize biomass formation. EMP pathway was the preferred pathway for glucose oxidation. In order to
force flux through PP pathway flux through PGI and EDA was set to zero. In order to force flux through ED
pathway, flux through PGI was set to zero. Abbreviations: EMP: Embden-Meyerhoff-Parnas; PP: Pentose
phosphate; ED: Entner Duodoroff. PGI: Phosphoglucoisomerase; EDA:2-dehydro-3-deoxy-phosphogluconate
aldolase

Glucose oxidation via the pentose phosphate (PP) pathway yields the highest
amount of NADPH, however the ATP yield is lower than that obtained when flux is via
the Embden-Meyerhoff-Parnas (EMP) pathway. We thus sought to understand how the
higher NADPH yield from the PP pathway would impact xylitol yields under anaerobic
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conditions and if the lower ATP yields would affect the feasibility of the system. As
shown in Table B-8, the ATP yield does affect the feasibility of the system at specific
glucose consumption rates below 30 mmol glucose (gdw hr)-1. However a xylitol yield of
5.3 can be obtained at higher glucose consumption rates. Use of facilitated diffusion for
xylose transport enables xylitol to be produced at yield of 5.1 at a glucose consumption

Table B-8: Growth Rate and Xylitol Yields for in silico strains with Glucose Oxidation via PP
Pathway

Xylose transport

SGCR

Growth Rate

YRPG

Mechanism

mmol G (gdw hr)-1

mmol gdw-1 h-1

mol Xylitol/mol G

N/A

10

infeasible

N/A

N/A

20

infeasible

N/A

XylE

30

0.02

5.3

Diffusion

10

0.08

5.1

Simulation conditions are similar to those used to generate data reported in Table C-1. In order to force flux
through PP pathway flux through PGI and EDA was set to zero. SGCR: specific glucose consumption rate.

rate of 10 mmol glucose (gdw hr)-1. These yields are ~ 30% higher than those obtained in
the anaerobic system developed in Chapter 4. Thus one recommendation for future work
on the anaerobic system is to modify the system such that anaerobic glucose oxidation
occurs via the pentose phosphate pathway and xylose transport is energy-independent.
This can be achieved by deleting the genes encoding the phosphoglucoisomerase (pgi prevents flux through EMP pathway) and 2-dehydro-3-deoxy-phosphogluconate aldolase
(eda – prevents flux through ED pathway) and overexpressing a facilitated diffusion
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system for xylose transport in strain OA87. It may also be necessary to delete sthA
(encodes the soluble transhydrogenase) in order to prevent conversion of NADPH to
NADH.
In conclusion, the simulations carried out using the constraint-based
stoichiometric network model of E. coli metabolism, SimPheny, enabled preliminary
assessment of the knockout strategies to be employed in the development of the
anaerobic system. It helped to manage the complexity embedded in E. coli metabolism.
Although experimental results may differ from the simulation results, this is a good first
step for investigating the theoretical feasibility of proposed metabolic engineering
strategies.
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Appendix C
HPLC-Mass Spectrometry Analysis of Dual-Phase Fermentation Broth
As mentioned in Chapter 4 fermentation broth from dual-phase cultivation of
strain OA143 in minimal medium supplemented with glucose +/- xylose was used in
HPLC-Mass Spectrometry analysis. The glucose only cultivations served as a control to
see which compounds were produced when strains were not producing xylitol.
Fermentation broth was prepared for high performance liquid chromatography (HPLC)
analysis as described in Chapter 7. A Shimadzu LC-10AD HPLC (Columbia, MD, USA)
equipped with a UV monitor (210 nm) and refractive index detector (RID) was used to
measure concentration of sugars, sugar alcohols and organic acids present in the
fermentation broth. Separation of products was achieved using a single Aminex HPX87H column (Bio-Rad Laboratories) with 0.1% formic acid as the mobile phase (flow
rate: 0.5 ml min-1, column operated at 45°C). Three fractions of the HPLC eluent
containing glucose, xylose and xylitol, respectively were collected individually for each
run of the broth obtained from the glucose/xylose only dual-phase fermentations and they
were used in subsequent mass spectrometry analysis. A fraction of the HPLC eluent from
the run of the broth obtained from the glucose only dual-phase fermentations containing
an unidentified compound, which has a retention time similar to xylose, was also
collected. Each fraction was collected from a total of three consecutive runs in order to
obtain sufficient sample for mass spec analysis. Samples were dried (to about 50-100uL)
using a speed vac. The dried samples were then diluted (~3-fold) in 0.05% TEA
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(triethylamine) + 50% methanol buffer (pH = ~10, buffer components were diluted in
H2O). The resulting solution was then passed through a Waters (Milford, MA)
MicroMass ZQ 2000 mass spectrometer operating with electrospray ionization in the
negative-ion mode. The presence of a particular compound was confirmed based on the
intensity of the peaks at its corresponding mass to charge ratio (m/z) m/z ratios. 100uM
glucose (m/z = 179), xylose (m/z = 149), xylitol (m/z = 151) and sorbitol (m/z = 181)
standards were run as controls in the mass spectrometry analysis. It was confirmed that
sorbitol was being produced in both glucose only and glucose/xylose cultivations. It was
also confirmed that sorbitol co-elutes with xylose when a single column is used for
separation via HPLC (refer to Figure C-1). Mass spectra obtained are illustrated in
Figures C-2 to C-9. Each spectra has been modified such that the intensity (ion
abundance) of compounds with m/z between ~147 to ~184 are shown.

300 mM Xylose Standard
Retention time: 11.73 min

50 mM Sorbitol Standard
Retention time: 12.27 min

Figure C-1: HPLC Chromatograms Showing Peaks for Xylose and Sorbitol Standards. These
compounds coelute when a single column is used for separation. However as described in
Chapter 7 use of two column results in separation of the two compounds.
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Figure C-2: Truncated Mass Spectrum of 100 µM Glucose Standard. m/z = 179.
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Figure C-3: Truncated Mass Spectrum of 100 µM Xylose Standard. m/z = 149.

147.9
149.23
150.56
151.9
153.23
154.69
156.03
157.36
158.7
160.03
161.37
162.7
164.04
165.37
166.77
168.1
169.44
170.77
172.11
173.44
174.84
176.18
177.51
178.85
180.18
181.51
182.85
184.18

Intensity

148.02
149.36
150.69
152.03
153.36
154.69
156.03
157.36
158.7
160.03
161.37
162.77
164.1
165.5
166.83
168.17
169.5
170.84
172.17
173.57
174.9
176.24
177.57
178.91
180.24
181.58
182.91
184.25
185.58

intensity

235

7000000

6000000

5000000

4000000

3000000

2000000

1000000

0

m/z

Figure C-4: Truncated Mass Spectrum of 100 µM Xylitol Standard. m/z = 151.
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Figure C-5: Truncated Mass Spectrum of 100 µM Sorbitol Standard. m/z = 181.
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Figure C-6: Truncated Mass Spectrum of Eluent Fraction Identified as Gluocse from HPLC
Analysis of Broth from OA143 Glucose/Xylose Dual-Phase Fermentations. Mass spectra
confirms that this fraction contains mainly glucose.
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Figure C-7: Truncated Mass Spectrum of Eluent Fraction Identified as Xylose from HPLC
Analysis of Broth from OA143 Glucose/Xylose Dual-Phase Fermentations. Mass spectra shows
this fraction contains xylose (m/z =149) along with glucose (m/z = 179) and sorbitol (m/z = 181).
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Figure C-8: Truncated Mass Spectrum of Eluent Fraction Identified as Xylitol from HPLC
Analysis of Broth from OA143 Glucose/Xylose Dual-Phase Fermentations. Mass confirms that
this fraction contains mostly xylitol (m/z = 151).
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Figure C-9: Truncated Mass Spectrum of Eluent Fraction from the unidentified peak from HPLC
Analysis of Broth from OA143 Glucose only Dual-Phase Fermentations. Mass spectra confirms
that this fraction contains mostly sorbitol (m/z = 181)
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