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Abstract

D-glucaric acid is a naturally occurring compoundwhich has been explored for a plethora of potential uses,
including biopolymer production, cancer and diabetes treatment, cholesterol reduction, and as a replacement
for polyphosphates in detergents. This molecule was identified in 2004 as a “Top Value-Added Chemical
from Biomass” by the U.S. Department of Energy (Werpy and Petersen, 2004), implying that production of
D-glucaric acid could be economically feasible if biomass were used as a feedstock. A biosynthetic route
to D-glucaric acid from D-glucose has been constructed in E. coli by our group (Moon et al., 2009b), and
the goal of this thesis has been to improve the economic viability of this biological production route through
improvements to pathway productivity and yield.

One part of this thesis involved the application of metabolic engineering strategies towards improving D-
glucaric acid productivity. These strategies targeted MIOX, which had been identified previously as the least
active pathway enzyme. Directed evolution of MIOX led to the isolation of a 941 bp DNA fragment which
increased D-glucaric acid production 65% from a myo-inositol feed. Fusion of MIOX to SUMO, a eukary-
otic post-translational protein tag, significantly increased soluble expression and stability, resulting in a 75%
increase in D-glucaric acid production from amyo-inositol feed.

A second part of this thesis attempted to apply synthetic biology strategies towards improving pathway
productivity. Manual, delayed expression ofMIOX via time-resolved addition of chemical inducerswas shown
to improve productivity approximately five-fold. However, inducers are generally too costly for use in indus-
trial production processes, so we attempted to develop genetic circuits which could delay MIOX expression
autonomously, eliminating the need for costly chemical inducers. Although the attempts to create robust,
controllable genetic timers in this thesis were unsuccessful, these attempts provided significant insight into
limitations currently preventing widespread application of synthetic biology devices to metabolic engineering
problems.

A third part of this thesis explored strain engineering as a strategy for improving the yield of D-glucaric
acid on D-glucose. Deletion of pgi and zwf was demonstrated to prevent E. coli from consuming D-glucose
as well as eliminate catabolite repression effects in the presence of D-glucose. Finally, both D-glucaric acid
productivity and yield were shown to be increased significantly in this Δpgi Δzwf strain.

Overall, this thesis reports significant strides towards commercially viable titers of D-glucaric acid as well
as interesting avenues of research for further pathway improvements.

Thesis Supervisor: Kristala L. Jones Prather
Title: Asssociate Professor of Chemical Engineering
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CHAPTER 1. INTRODUCTION

Abstract

D-glucaric acid is a naturally occurring compound which has been explored for a myriad of potential uses,

including biopolymer production and cancer treatment. Thismolecule was identified in 2004 as a “Top Value-

Added Chemical from Biomass” by the U.S. Department of Energy (Werpy and Petersen, 2004), implying that

production of D-glucaric acid could be economically feasible if biomass were used as a feedstock. A biosyn-

thetic route to D-glucaric acid from D-glucose has been constructed in E. coli by our group, and D-glucaric

acid titers of 1.13 g/L were obtained in the initial pathway demonstration (Moon et al., 2009b). However,

much higher productivity and yield is necessary if biological production of D-glucaric acid is to become eco-

nomically feasible. This chapter begins with a brief overview of D-glucaric acid and previous work regarding

its production in recombinant E. coli. This overview is followed by a summary of metabolic engineering and

synthetic biology tools which could be applied to improve the productivity and yield of D-glucaric acid in re-

combinant E. coli; difficulties which may arise when using synthetic biology devices as tools for metabolic

engineering are also discussed. Finally, the motivation for pursuing this thesis, specific thesis aims, and an

outline of the thesis are presented.

Portions of this chapter have been published in:

Shiue, E and Prather, KLJ. Synthetic biology devices as tools for metabolic engineering. Biochemical Engi-

neering Journal. 65:82-89 (2012).
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CHAPTER 1. INTRODUCTION

Figure 1.1 | Chemical structure of D-glucaric acid.

1.1 D-Glucaric Acid

D-glucaric acid (Fig. 1.1) is a naturally occurring compound found in fruits, vegetables, and mammals

(Perez et al., 2008). This compound has been investigated for a wide variety of therapeutic and commer-

cial uses: as an antitumor agent via inhibition of carcinogen-DNA binding (Gupta and Singh, 2004), as a

cholesterol-reducing agent (Walaszek et al., 1996), and as a potential replacement for polyphosphates in

detergents (Dijkgraaf et al., 1987). Additionally, in 2004 a U.S. Department of Energy report entitled “Top

Value-Added Chemicals from Biomass” identified several potential uses for D-glucaric acid and its deriva-

tives (Fig. 1.2): glucarolactones could function as novel solvents and glucaramides could serve asmonomers

for biodegradable polymers (Werpy and Petersen, 2004). In fact, production of a hydroxylated nylon from D-

glucaramide monomers has already been demonstrated (Kiely et al., 1994). With a plethora of potential uses,

D-glucaric acid continues to be a product of commercial interest.

Several engineering problems must be solved before these applications for D-glucaric acid can be re-

alized, however. The availability of a cheap, clean source of D-glucaric acid would certainly facilitate the

exploration of glucaric acid and its derivatives as a building block for complex molecules. Current methods

for the production of D-glucaric acid involve the chemical oxidation of D-glucose, frequently with nitric acid

as the solvent and oxidant. However, nitric oxidation of D-glucose suffers from low yields (approximately

40% of the theoretical value) and requires high temperatures, generating numerous oxidation products from

which D-glucaric acidmust be separated (Mehltretter and Rist, 1953). Catalysts such as vanadium pentoxide

and 4-acetylamino-2,2,6,6-tetramethyl-1-piperidinyloxy have been shown to increase D-glucaric acid yields

(Pamuk et al., 2001,Merbouh et al., 2002); however, such catalysts are generally quite expensive. By avoiding

costly catalysts and harsh reaction conditions, biological production of D-glucaric acid offers the potential

for a cheaper and more environmentally friendly process.

21



1.2. D-GLUCARIC ACID PRODUCTION IN RECOMBINANT E. COLI

Figure 1.2 | D-glucaric acid derivatives of possible commercial interest (Werpy and Petersen, 2004).

1.2 D-Glucaric Acid Production in Recombinant E. coli

A pathway for the biosynthesis of D-glucaric acid from glucose exists in animals, but this pathway is com-

plex, involving numerous steps. To construct a simpler pathway towardsD-glucaric acid in E. coli, Moon com-

bined the principles of retrosynthesis with databases of enzyme function (e.g., BRENDA, KEGG) to generate

several novel routes to D-glucaric acid from glucose (Moon, 2006). One pathway, termed “Pathway 1,” was

successfully constructed in E. coli (Fig. 1.3) (Moon et al., 2009b). This pathway consists of three heterologous

enzymes from three different organisms. Briefly, glucose is transported into the cell through the phospho-

transferase system (PTS) of E. coli, generating glucose 6-phosphate. Glucose 6-phosphate is then isomer-

ized tomyo-inositol-1-phosphate bymyo-inositol-1-phosphate synthase (INO1) from Saccharomyces cere-

visiae. An endogenous phosphatase dephosphorylatesmyo-inositol-1-phosphate to producemyo-inositol,

which is then oxidized to D-glucuronic acid bymyo-inositol oxygenase (MIOX) fromMusmusculus (mouse).

D-glucuronic acid is then further oxidized by uronate dehydrogenase (Udh) from Pseudomonas syringae to

produce D-glucaric acid. Using this pathway, titers of 1.13 g/L D-glucaric acid were obtained from 10 g/L

glucose after optimization of culturing and induction conditions.

Analysis of the heterologous pathway enzymes revealed MIOX to be the least active enzyme, with an ac-
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Figure 1.3 | Heterologous pathway for production of D-glucaric acid from D-glucose in E. coli.

tivity an order of magnitude lower than INO1 and several orders of magnitude lower than Udh (Moon et al.,

2009b). It was also observed that addition ofmyo-inositol to the culturemedium significantly increasedMIOX

activity in the exponential phase; however, this gain in activity was quickly lost in stationary phase, pointing

to potential instabilities in MIOX. Previous works have attempted to increase D-glucaric acid production by

using protein scaffolds to colocalize the three D-glucaric acid pathway enzymes (Dueber et al., 2009,Moon

et al., 2010). Because INO1 actively produces myo-inositol from glucose 6-phosphate, the local concen-

tration of myo-inositol around the enzyme should be higher than the bulk myo-inositol concentration. By

colocalizingMIOX in close proximity to INO1 using protein scaffolds, it was hypothesized that the higher local

concentration of myo-inositol would result in increased activation of MIOX. Indeed, D-glucaric acid titers of

approximately 2.5 g/L were achieved with the protein scaffolds (Moon et al., 2009b). However, MIOX activ-

ity in this system was low relative to previously measured activities. Further work, including application of

metabolic engineering and synthetic biology strategies, will be necessary to further improve D-glucaric acid

production in E. coli.
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1.3 Metabolic Engineering Tools and Synthetic Biology Devices

The advent of of recombinant DNA technology in 1972 (Jackson et al., 1972) opened a new realm of biology

to exploration: by moving “parts” (e.g., genes) of one organism into another, scientists could now study indi-

vidual biological aspects of an organism in isolation. Scientists soon realized that the ability to move genes

between organisms offered them the opportunity to produce nonnative proteins in genetically tractable hosts,

leading to the production of human insulin in Escherichia coli in 1978 (Johnson, 1983). Since this first demon-

stration of heterologous protein production, a large number of recombinant protein products have been pro-

duced, including human growth hormone, interferon (McCormick et al., 1984), factor VIII (Kaufman, 1991),

and spider silk (Xia et al., 2010). In addition, heterologous genes have been combined into “pathways” which

generate amyriad of nonnative biochemical products, including isoprenoids (Ajikumar et al., 2010,Wang et al.,

2011b,Alper et al., 2005b,Yamano et al., 1994), hydroxyacids (Tseng et al., 2009,Tseng et al., 2010,Lee et al.,

2008), biofuels (Bond-Watts et al., 2011,Atsumi and Liao, 2008), polyketides (Pfeifer et al., 2001,Piasecki et al.,

2011), and biopolymers (Park et al., 2011, Xia et al., 2010). A particularly notable product is 1,3-propanediol,

which is microbially synthesized in industry and is widely used as a polymer building block (Kurian, 2005).

1.3.1 Metabolic Engineering Tools

The field of metabolic engineering focuses on improving the productivity of heterologous or natural path-

ways (Raab et al., 2005,Stephanopoulos, 1999,Khosla and Keasling, 2003). A wide variety of strategies have

been developed over the past thirty years to maximize flux through the pathway of interest while minimiz-

ing the burden imposed by the expression of heterologous genes. These methods include overexpression

of pathway enzymes, deletion of off-pathway reactions which siphon flux away from the desired product,

protein engineering for improved enzyme properties, and removal of regulatory mechanisms which may limit

pathway flux. This section provides a brief overview of these well-established strategies.

Overexpression of Pathway Enzymes

The first strategy that is nearly always attempted bymetabolic engineers is overexpression of pathway en-

zymes. High copy plasmids are frequently used to express heterologous pathway proteins at levels orders of

magnitude higher than native proteins: by increasing the amount of catalyst available for product formation, it

is hoped that flux towards the product of interest can be increased as well. This strategy has been successful
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for a myriad of cases (Xu et al., 2011,Michnick et al., 1997,Wisselink and Mars, 2004,McKenna and Nielsen,

2011, Lütke-Eversloh and Stephanopoulos, 2008); however, strong overexpression from high copy plasmids

often places an enormous metabolic burden on the cell, leading to reduced growth and cell viability. Addi-

tionally, overexpression of some proteins, particularly ones which interact with cell metabolism, can be toxic

to the cell (Solomon et al., 2013). In many cases, slight overexpression from low copy plasmids is sufficient

for metabolic engineering purposes (Jones et al., 2000).

Deletion of Off-Pathway Reactions

Another common strategy for increasing pathway productivity and yield is the deletion of off-pathway reac-

tions which divert flux away from the product of interest. In the case of native product pathways, enzymes of-

ten exist within the host organismwhich convert pathway intermediates or the desired product into unwanted

byproducts. By deleting the genes that encode for these enzymes, consumption of the product of interest

can be abolished, leading to increased product yields. Additionally, the deletion of off-pathway reactions may

also lead to increases in the concentration of pathway intermediates, which may in turn lead to increased

pathway productivity. For example, the L-valine biosynthesis pathway competes with the L-isoleucine path-

way for pyruvate. To increase productivity of L-valine, Park et al. deleted ilvA (L-threonine dehydratase),

which produces 2-ketobutyrate from L-threonine, from E. coli (Park et al., 2007). Since L-isoleucine biosyn-

thesis involves the condensation of pyruvate with 2-ketobutyrate, Park et al. hypothesized that the deletion

of ilvA would lead to lower 2-ketobutyrate levels and a slower rate of pyruvate consumption for L-threonine

formation, leaving a greater proportion of pyruvate for L-valine synthesis. panB and leuA, which siphon 2-

ketoisovalerate away from the L-valine pathway, were also knocked out (Park et al., 2007). In the case of

heterologous pathways, byproduct formation is often less of a concern, since the product of interest and its

intermediates are less likely to be actively utilized by the host strain. However, the promiscuous nature of

many native enzymes can still result in unwanted byproduct formation.

More recently, the availability of in silico genome-scale models of cellular metabolism (Feist and Palsson,

2008) and the development of flux balance analysis (Almaas et al., 2004, Raman and Chandra, 2009) has

allowed for the identification of potential knockout targets which appear to be unrelated to the pathway of

interest. Because these models capture global metabolism, they are able to predict global cellular responses

to genomic perturbations. This method has been used successfully to identify potential knockout targets for

overproduction of lycopene, resulting in a 8.5-fold increase in production over the recombinantwild type (Alper
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et al., 2005b). Several computational algorithms, including OptKnock and OptStrain, have been developed to

perform this type of genome optimization automatically (Burgard et al., 2003,Pharkya et al., 2004).

Protein Engineering

In many heterologous production pathways, one particular enzyme limits flux through the pathway. To

improve pathway productivity, these bottleneck enzymes can be engineered for enhanced activity through

random or rational means. Directed evolution is a powerful tool for protein engineering via random mutage-

nesis of the protein coding sequence, and this method has been used extensively and successfully to alter or

improve various protein properties (Collins et al., 2005,Hibbert and Dalby, 2005,Hawkins et al., 2007,Atsumi

and Liao, 2008). Methods such as error-prone PCR and whole-cell mutagenesis are capable of generating

enormous sequence/structure diversity in a very short amount of time (Marcheschi et al., 2013); however,

the identification of mutations which improve protein activity is a colossal task. The success of a random

directed evolution approach therefore hinges on the availability of a selection or high-throughput screen for

the desired protein property.

When a crystal structure of the protein of interest is available or when a homology model can be con-

structed, a more rational engineering approach is often fruitful. Knowledge about the location of a pro-

tein’s active site allows specific residues to be selected for mutagenesis, significantly decreasing the se-

quence/structure space that must be explored. For example, Leonard et al. were able to increase levopi-

maradiene synthesis in E. coli approximately 2,600-fold by using an LPS (levopimaradiene synthase) homol-

ogy model to identify fifteen key residues for targeted mutagenesis in addition to overexpression of pathway

enzymes (Leonard et al., 2010).

Removal of Regulatory Mechanisms

Metabolic pathways in E. coli and other organisms are often heavily regulated to conserve precious cellular

resources. Feedback inhibition, or inhibition of an upstream pathway enzyme by a downstream metabolite,

is a common regulatory motif (Alon, 2006). This inhibition can severely limit pathway productivity, especially

when native metabolic pathways are involved in product formation. L-valine, for example, inhibits acetohy-

droxy acid synthase isoenzyme III (ilvH), the first step in the biosynthesis of L-valine from pyruvate. Park et

al. mutated ilvH to remove the feedback inhibition in order to overproduce L-valine in E. coli (Park et al., 2007).

Regulatory mechanisms can also be removed by deletion of regulatory proteins or sigma factors: Choi et
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al. demonstrated a twofold increase in 1-propanol production in a strain lacking rpoS, a stationary phase

sigma factor which regulates several stress response genes in E. coli.

1.3.2 Synthetic Biology Devices

Synthetic biology aims to facilitate the engineering of biology through the characterization and standard-

ization of a set of biological “parts” (Canton et al., 2008,Endy, 2005). Together with a set of composition and

abstraction rules, such a collection of well-characterized parts would enable biological engineers to build

“devices” capable of performing complex biological functions such as sensing cell state (Anderson et al.,

2007, Kobayashi et al., 2004), counting of cellular events (Friedland et al., 2009, Burrill and Silver, 2011), and

implementing computational logic (Anderson et al., 2007, Wang et al., 2011a, Lou et al., 2010, Callura and

Dwyer, 2010). Although the metabolic engineering strategies discussed in Sec. 1.3.1 have been successful

in improving product titers for a large number of metabolic pathways, more fine-tuned control over cellu-

lar processes is often required (Solomon and Prather, 2011). In addition, heterogeneities at the population

level, which become magnified at industrial scales, often necessitate control of metabolic processes at the

single-cell level. Synthetic biology devices have the potential to provide metabolic engineers with novel ways

of exerting cellular-level control over heterologous production pathways. This section presents, in order of

complexity, several synthetic biology devices which have potential relevance for the field of metabolic engi-

neering.

Orthogonal Inducible Promoters

To date, the expression of heterologous pathways has relied on a surprisingly small number of inducible

promoters, including arabinose-inducible PBAD, lactose and IPTG-inducible Plac, as well as tetracycline-in-

ducible Ptet. A set of acyl homoserine lactone-responsive quorum sensing promoters is also available (Fuqua

et al., 1994). In many cases, this limited diversity is sufficient for controlling metabolic pathways of inter-

est. However, as metabolic pathways become more complex, individual control over specific elements in

the pathway becomes limited by the number of orthogonal promoters available. This problem can be alle-

viated by using combinatorial promoter libraries to tune expression levels for a given inducer concentration

(Cox et al., 2007) or by combining pathway genes into operons and varying the intergenic regions (Pfleger

et al., 2006). However, the appropriate expression level for each pathway enzyme is rarely known a priori,

so these solutions can be more time-consuming than solutions involving orthogonal promoters. In order to
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cope with the increasing complexity of engineeredmetabolic pathways, new, orthogonal inducible promoters

are needed. For metabolic engineering purposes, these promoters should respond to stimuli not normally

found in cellular metabolism, as the effect of recombinant protein expression on intracellular metabolite lev-

els is often difficult to predict, especially when the recombinant proteins actively siphon carbon flux away

from cellular metabolism.

Light-sensitive promoters, which regulate gene expression in response to light of various wavelengths,

are one example of orthogonal inducible promoters. These promoters rely on light-oxygen-voltage (LOV) do-

mains (Möglich and Moffat, 2007, Fedorov et al., 2003) or light-sensor modules from phytochromes which

are found in a diverse set of bacteria and plants (Yeh et al., 1997,Ni et al., 1999,Tabor et al., 2011). Recently,

light-responsive promoters were used to implement in silico feedback regulation of a synthetic genetic cir-

cuit in Saccharomyces cerevisiae (Milias-Argeitis et al., 2011). An advantage of light-responsive promoters

is that induction is inexpensive and can be applied transiently, as opposed to the small molecule-responsive

promoters described above, where turning off expression requires the removal of inducer. Furthermore, in-

duction can often be reversed using a different wavelength of light.

Temperature-sensitive promoters are another example of orthogonal inducible promoters. Qoronfleh et

al. describe temperature-inducible promoters in E. coli which induce expression 36-fold during extended

growth at 20◦C (Qoronfleh et al., 1992). Temperature-inducible promoters have also been identified in mam-

malian systems: Thaisuchat et al. report a novel CHO promoter that is induced more than 2-fold upon a

temperature shift from 37◦C to 33◦C. In the context of metabolic engineering, however, it is important to rec-

ognize that a temperature change will affect the physiological and metabolic state of a cell (Caspeta et al.,

2009). The effects of such changes on the metabolic pathway of interest should be considered before em-

ploying a temperature-inducible promoter.

The growing number of orthogonal promoters gives metabolic engineers an expanding array of knobs

with which to control cellular processes. The continued development of orthogonal promoters is therefore

critical to ensuring the applicability of synthetic biology devices to metabolic engineering.

Promoter and Ribosome Binding Site (RBS) Libraries

Traditional metabolic engineering has focused on the overexpression of heterologous pathways in an at-

tempt to outcompete endogenous metabolic pathways. However, protein production is highly resource-

intensive, and protein overexpression places an enormous metabolic load on the cell, often resulting in low

28



CHAPTER 1. INTRODUCTION

growth rates and productivity (Glick, 1995, Neubauer et al., 2003). Physiological changes which may occur

upon protein overexpression can lead to unpredictable, nonlinear relationships between expression level and

productivity (Klumpp et al., 2009). In many cases, low-level expression is sufficient for productivity (Jones

et al., 2000); however, the shape of the productivity landscape varies dramatically between different path-

ways.

Several synthetic promoter libraries have been generated which can be leveraged to explore the produc-

tivity landscape. By varying the spacer sequences between the -35 and -10 regions, Jensen et al. constructed

a library of L. lactis promoters spanning a 400-fold range of promoter activity (Jensen and Hammer, 1998).

Alper et al. created a set of constitutive promoters spanning a 196-fold range of activity via error-prone PCR

of the bacteriophage PL-λ promoter (Alper et al., 2005a). Schalabach et al. took a different approach, varying

the sequence of the transcription factor binding site upstream of a CMV promoter (Schlabach et al., 2010).

Other efforts have focused on developing predictivemodels to relate promoter sequence to promoter strength

(De Mey et al., 2007). However, due to the large sequence space and relative lack of understanding regarding

polymerase-promoter interactions, the development of such predictive models remains a daunting task.

In addition to promoter libraries, RBS libraries have been explored as another avenue for regulating gene

expression levels. Salis et al. describe a statistical thermodynamic model which can be used to predict the

rate of translation initiation of mRNAs and to design synthetic ribosome binding sites (Salis et al., 2009). It

has been shown that mRNA secondary structure, which is determined by the DNA sequence surrounding the

RBS, can affect the rate of translation initiation (de Smit and van Duin, 1990). The model developed by Salis

et al. has been incorporated into a software program called the RBS Calculator which can be used to design

synthetic RBS sequences with translation initiation rates varying over a 100,000-fold range (Salis, 2011).

A combination of these synthetic promoter and RBS libraries would yield an enormous, finely gradated

library of expression “devices” for fine-tuning gene expression. In addition, the models that have been devel-

oped allow metabolic engineers the opportunity to precisely engineer protein expression levels in heterolo-

gous pathways.

State Sensors

The variability in industrial-scale fermentations is often due to incomplete mixing, which creates microen-

vironments within the fermentation vessel (Bylund et al., 1998). For example, characteristic mixing times

in large-scale bioreactors have been shown to vary from 2 to over 3,000 seconds (Lara et al., 2006). While
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strategies have been developed to take advantage of incomplete mixing, these strategies rely on controlling

macroscopic fermentation parameters (Ganduri et al., 2005, Patnaik, 2002). “State sensors” are genetic de-

vices which allow a cell to sense and respond to particular attributes about its microenvironment, such as

temperature, dissolved oxygen, andmetabolite concentrations. State sensorsmay be comprised of inducible

promoters, aptamers, riboswitches, and other genetic elements necessary for sensing of cell state. These

genetic devices would allow a cell to change its gene expression profile to maximize productivity in the given

microenvironment. The state sensors that have been developed are capable of responding over a wide range

of time scales frommilliseconds (Desai andGallivan, 2004,Radley et al., 2003) to tens ofminutes (Cohen et al.,

2001,Surette et al., 1999), making them useful tools for controlling ever-fluctuating industrial bioprocesses.

As oxygen is commonly a limiting nutrient in fermentations, mildly hypoxic conditions are frequently en-

countered. In Saccharomyces cerevisiae, the native DAN1 promoter has been shown to respond to strictly

anaerobic conditions (Cohen et al., 2001). Nevoigt et al. used directed evolution to engineer two DAN1 pro-

moter variants that respond to mildly hypoxic conditions (Nevoigt et al., 2007). Although this promoter would

not be active in prokaryotic organisms, this study demonstrated that directed evolution could be used to

modulate the regulatory properties of promoters.

A secondary consequence of oxygen limitation is a shift of redox state within the cell, which is manifested

as a shift in the intracellular cofactor balance. Because many heterologous pathways rely on cofactors to

push flux towards product, changes in cofactor balance can affect product titers dramatically (Cheol et al.,

2010,Chemler et al., 2010). Weber et al. report a redox sensor for mammalian cells consisting of the NADH-

responsive REX protein from Streptomyces coelicolor fused to the transactivating VP16 domain fromHerpes

simplex and a promoter PROP containing a ROP operator site (Weber et al., 2006). High intracellular levels

of NADH prevent REX from binding to ROP, resulting in repression of gene expression (Brekasis and Paget,

2003). Weber and coworkers demonstrate that this redox sensor is able to detect shifts in redox balance due

to changes in substrate and oxygen concentrations.

The sensing of intracellular metabolites can also be an advantageous feature, as genes can be upregu-

lated to consume toxic intermediates or downregulated in the absence of precursors. This “just-in-time” ex-

pression, in which genes in a metabolic pathway are expressed only when necessary, can be found in a wide

variety of bacterial species (Zaslaver et al., 2006,Zaslaver et al., 2004). Sensing of intracellular metabolites is

often mediated by mRNA-metabolite interactions, where the binding of a metabolite acts to repress or acti-

vate protein expression (Nudler and Mironov, 2004). The development of in vitro selection methods in 1990
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allowed for the creation of synthetic aptamers that recognize newmetabolites (Tuerk andGold, 1990,Ellington

and Szostak, 1990), and the development of new screeningmethods allowed for the creation of aptamers that

modulate gene expression, called riboswitches (Desai and Gallivan, 2004,Topp and Gallivan, 2010,Carothers

et al., 2011). While synthetic aptamers are capable of recognizing several classes of molecules, the appli-

cability of riboswitches to current compounds of interest, such as hydroxyacids and biofuels, remains to be

seen.

Promoters which are induced in response to intracellular metabolites are also capable of acting as state

sensors. The glnAP2 promoter in E. coli was used by Farmer and Liao as a state sensor for intracellular con-

centrations of acetyl phosphate (Farmer and Liao, 2000). A high level of acetyl phosphate, which is indicative

of excess glycolytic flux, induces expression from the glnAP2 promoter. By using this sensor to control ex-

pression of two genes in the lycopene biosynthesis pathway, Farmer et al. achieved increased lycopene titers

by balancing metabolic flux and minimizing the accumulation of toxic byproducts. More recently, Dahl et

al. used whole-genome transcript arrays to identify native E. coli promoters which respond to the presence

of farnesyl pyrophosphate, a toxic intermediate in the pathway for isoprenoid biosynthesis. These promot-

ers were then used as state sensors to dynamically regulate pathway genes and minimize accumulation of

farnesyl pyrophosphate inside the cell (Dahl et al., 2013).

Intracellular metabolite sensing can also be achieved via engineered allostery. Radley et al. designed a

two-domain protein fusion in which the folding of one domain prevents folding of the other domain, a phe-

nomenon termed “mutually exclusive folding” (Radley et al., 2003). By tying the folding of one domain to

ligand binding, an allosteric switch can be created, destroying or enhancing the activity of an enzyme in re-

sponse to the concentration of a particular metabolite. Because such events occur at the post-translational

level, allosteric switches are capable of quickly responding to changes in metabolite concentrations.

In addition to creating substrate andoxygengradients, incompletemixing in large-scale fermentations can

also lead to gradients in cell density. In the absence of sensors for metabolite and oxygen concentrations,

local cell density can be used as an indicator of each cell’smicroenvironment. The ability to sense cell density,

known as “quorum sensing,” is present in several species of bacteria (Fuqua et al., 1994,Surette et al., 1999,

Uroz et al., 2009, Dunlap, 1999, Pesci et al., 1997). Quorum sensing relies on the synthesis of a signaling

molecule which freely diffuses out of the cell and into the extracellular medium. Buildup of the signaling

molecule occurs as cell density increases until the concentration of the signaling molecule is sufficiently

large to effect binding of a transcriptional activator to its cognate promoter. A positive feedback loop ensures
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a population-wide response once the specified cell density is reached. Quorum sensing circuits have been

shown to reliably induce gene expression at a given cell density (Kobayashi et al., 2004).

It has recently been suggested that enzymatic and transcriptional regulation of central metabolism in E.

coli can lead to systems-level responses (Kotte et al., 2010). Coupled with an understanding of the intricate

relationship between variousmetabolic fluxes, the variety of state sensors being developed affordsmetabolic

engineerswith the opportunity to implement carefully crafted control strategieswhich leveragemany aspects

of cellular metabolism to maximize product titers.

Spatiotemporal Controllers

Spatiotemporal control of cellular processes can be a powerful tool for metabolic engineering. Gene ex-

pression can be repressed via spatial sequestration of transcription factors from DNA, the frequency of

protein-protein interactions can be enhanced through colocalization, and “just-in-time” gene expression can

minimize themetabolic burden that is placed ona cell. Synthetic spatiotemporal controllers providemetabolic

engineers with yet another set of tools for manipulating gene expression and flux through metabolic path-

ways.

Compartmentalization is frequently used in eukaryotic systems to isolate sensitive cellular processes

from the rest of the cell environment. For example, disulfide bond formation, which requires an oxidizing

environment, is localized to the endoplasmic reticulum in eukaryotes (Tu and Weissman, 2004). Levskaya

et al. report a device which translocates proteins to the plasma membrane in response to light (Fig. 1.4A)

(Levskaya et al., 2009). The device consists of a phytochrome (PhyB) and transcription factor (PIF), which

bind under red light and dissociate under far-red light. By tethering PhyB to the plasmamembrane, Levskaya

and coworkers are able to recruit any protein fused to PIF to the membrane in a reversible, light-dependent

manner.

Many natural systems use enzyme colocalization to enhance flux through metabolic pathways. For ex-

ample, polyketide synthases consist of long chains of catalytic modules through which intermediates are

channeled (Khosla et al., 2009). Such substrate channeling serves to minimize loss of intermediates through

diffusion, sequester unstable and/or toxic intermediates, aswell as enhance reaction rates by increasing local

substrate concentrations. Inspired by natural systems, Dueber et al. incorporated three different metazoan

protein interaction domains (SH3, PDZ, and GBD) into a synthetic scaffold (Dueber et al., 2009). By attaching

a peptide ligand specific for a particular interaction domain to a protein, the protein can be directed to a partic-

32



CHAPTER 1. INTRODUCTION

Figure 1.4 | Spatiotemporal controllers. (A) Light-responsive localization. The phytochrome PhyB undergoes a confor-
mational change when exposed to red light, changing from the Pr form to the Pfr form. Phytochrome interaction factor
(PIF) only binds to the Pfr form of PhyB. By fusing PhyB to the plasma membrane, proteins fused to PIF can be recruited
in a light-dependent manner. (B) Colocalization using a protein scaffold. Three different protein interaction domains (tri-
angle, circle, and rectangle) allow three different proteins (A, B, and C) to be colocalized, increasing pathway flux through
substrate channeling.

ular location on the scaffold (Fig. 1.4B). The use of three orthogonal protein interaction domains allows three

different proteins to be colocalized. By varying the arrangement and number of protein interaction domains

on the scaffold, the stoichiometry and geometry of the system can be optimized for the metabolic pathway

of interest. Using this scaffold device, Dueber et al. were able to achieve a 77-fold improvement in product

titers. By applying the scaffold technology to the D-glucaric acid pathway, Moon et al. increased product

titers 5-fold over a non-scaffolded control (Moon et al., 2010).

Temporal control of natural metabolic pathways has been observed and has been postulated to help the

cell achieve a particular production goal while minimizing enzyme production (Zaslaver et al., 2004). In fact,
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the genes in many metabolic pathways are arranged into operons in the order in which they are needed

(Zaslaver et al., 2006). Synthetic genetic timers would allow metabolic engineers to mimic this regulatory

scheme; however, there has been little work in this area. Riboswitches containing aptamers which bind

metabolic intermediates could be used to delay expression of downstream genes until needed. If the de-

velopment of metabolite-specific riboswitches proves difficult, quorum sensing circuits can be used to delay

gene expression until a certain cell density is reached.

Logic Gates

The complexity and applicability of synthetic biology devices can be increased significantly by the introduc-

tion of computational logic. For example, genetic inverters (NOT gates) could find application in situations

where a reduction of gene expression is desired. Traditional inducible systems exhibit a positive, monotonic

relationship between expression level and inducer concentration: when more inducer is added, protein ex-

pression level increases until the system becomes saturated. To reduce gene expression, the inducer must

be removed from the system, often a nontrivial task. In contrast, an inverter produces high gene expression

when no inducer is present, and the addition of inducer results in a decrease in gene expression. Inverters

typically consist of a repressor element expressed from an inducible promoter, with the gene of interest under

the control of a repressible promoter (Fig. 1.5A). Inverters have been incorporated into a number of synthetic

biology devices (Kobayashi et al., 2004,Wang et al., 2011a,Song et al., 2011).

AND gates form the cornerstone of digital computation and could find wide use in metabolic engineering,

especially when multiple inputs (e.g., from multiple state sensors) need to be processed. Generally, biologi-

cal AND gates rely on complementarity of function between two biological parts: for example, the AND gate

constructed by Anderson et al. contains a T7 RNA polymerase with two amber stop codons (Anderson et al.,

2007). While the gene is easily transcribed, it cannot be translated without the amber suppressor tRNA supD

(Fig. 1.5B). Wang et al. employ a similar approach, expressing the co-activating genes hrpR and hrpS from

separately inducible promoters (Wang et al., 2011a). Alternatively, operator sites for different regulatory pro-

teins can be combined into a single promoter (Fig. 1.5C); binding or dissociation of both regulatory proteins

is therefore required for gene expression. Cox et al. used a combinatorial approach to develop a library of

AND gates from four different operator sites (Cox et al., 2007). Other groups have worked to develop models

which facilitate the forward engineering of AND gates (Ramalingam et al., 2009).
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Figure 1.5 | Logic gates. (A) Inverter. Expression of repressor protein A is activated by addition of a smallmolecule inducer
(circles), resulting in a decrease in expression of protein B. (B) AND gate constructed by Anderson et al. (Anderson et al.,
2007). Because the T7 RNA polymerase gene T7pol contains two amber stop codons, the amber suppressor SupD
must be present for translation of the RNA polymerase to occur. Successful translation of T7 RNA polymerase allows
for expression of protein B, which is under the control of a T7 promoter (PT7). (C) AND gate constructed by combining
operator sequences (Cox et al., 2007). Addition of inducer 1 (circles) causes repressor A to dissociate from its operator
site OpA, while addition of inducer 2 (squares) causes repressor B to dissociate from its operator site OpB. Both inducers
must be added to the system in order for protein C to be expressed.
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1.3.3 Discussion

While useful in isolation, the synthetic biology devices described above have the potential to become even

more useful when combined to perform complex sensing and actuation tasks at the single-cell level. In

industrial processes, where process parameters can vary simply due to incomplete mixing, the cellular-level

control which synthetic biology devices are capable of can be a valuable tool for optimizing productivity.

However, the integration of multiple devices into a single cell remains a difficult task. Several barriers to the

integration of synthetic biology devices into industrial processes are discussed below.

Impedance Matching

In electrical engineering, it has long been known that the addition of a load to a circuit affects the electrical

characteristics of the circuit. This phenomenon is due to the internal resistance of the electrical generator:

as the power drawn by the load increases, the power lost in the generator increases as well. The concept

of impedance matching was developed to address this problem: by matching the output impedance of the

generator to the input impedance of the load, the amount of power that is transferred to the load ismaximized.

As with electronic circuits, the addition of a biological device to an existing circuit can strongly influence

circuit behavior. Therefore, to ensure functionality across all conditions, some amount of “impedancematch-

ing” is required: the output range of one devicemust bematched to the input range of its downstream device.

Biological or metabolic fluxes are not perfectly analogous to energy fluxes; therefore, this matching is seldom

a trivial task, usually requiring re-tuning of the expression level of each component within a device. For ex-

ample, directed evolution was employed to modulate the input/output relationships of devices within a non-

functional circuit, turning it into a functional one (Yokobayashi et al., 2002). While model-based device con-

structionmethods have been successful in producing functional, forward-engineered devices, thesemethods

require fully characterized device components (Wang et al., 2011a,Salis et al., 2009,Wu et al., 2011,Ellis et al.,

2009). Thesemethods are also unable to predict secondary effects that arise whenmultiple devices are com-

bined. The applicability of model-based methods to larger, more complex systems, where uncharacterized

components may be involved, however, is unknown.
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Context Dependence

The transfer of a production pathway to industry typically involves a change in host strain and medium

composition, commonly called a change in context. Unfortunately, even small changes in host strain and/or

medium composition can have drastic effects on circuit behavior. Wang et al. observed a twofold difference

in maximal protein expression from an inducible promoter system when the device was moved from E. coli

MC1061 to MC4100 (Wang et al., 2011a). Additionally, a switch from a glucose feed to a glycerol feed re-

sulted in a dramatic shift in the system’s induction curve. Due to the incredibly complex nature of biology, the

differences that result from a change in context are difficult to predict a priori: modifications in host strain

and/or medium composition can have far-reaching and often unpredictable effects on the cell’s physiology

and metabolome. To fully address this problem, a more fundamental understanding of the relationship be-

tween context and cell behavior is needed.

The optimal input/output relationship for a particular devicemay be strongly context-dependent, as circuit

behavior may change unpredictably each time a new device is added to the system (Del Vecchio et al., 2008).

If these changes in context affect any of the interactions between device components, a complete re-tuning

of the system may be required. One solution to this problem is to build circuits that are robust to parameter

changes. Another solution is to build and characterize large libraries of circuits that can be swapped with the

existing circuit for re-optimization. With standardized assembly methods (Knight, 2003), swapping circuits

is a trivial task; however, the screening of large circuit libraries remains a challenge. In many cases, high-

throughput screens for increased metabolite production do not exist.

Orthogonality

Although a multitude of synthetic biology devices are available, the incorporation of multiple devices into a

single system can be a daunting task due to the lack of insularity: in contrast to electronic circuits, insulated

wires do not exist in biological systems to connect devices to one another. In addition, the relative similarity of

biological components can lead to undesired crosstalk between devices and device components. One way

to alleviate this problem is to spatially separate devices within a cell; however, the transmission of signals

between devices remains a problem. Another solution is to increase the number of parts available: with more

parts, the chance of crosstalk decreases. Efforts have been made to develop orthogonal gene circuits (Wang

et al., 2011a,An and Chin, 2009) as well as devices capable of handling multiple inputs and outputs (Pasotti
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et al., 2011). Nevertheless, the tolerable amount of crosstalk for an integrated set of devices remains to be

seen.

Scalability

The synthetic biology devices described in this section have all been built, tested, and shown to function at

the bench scale. One key question that remains, however, is whether these devices can function at the indus-

trial scale. The enormous fermentation volumes used in industry necessitate large vessels, which presents a

challenge for light-inducible devices: because light only penetrates a short distance into the vessel, uniform

and synchronized induction of the entire population is impossible. Such large vessels also suffer from incom-

plete mixing, which presents a challenge for quorum sensing devices: because quorum sensing relies on the

extracellular diffusion of signaling molecules to regulate gene expression, the local concentration gradients

that form due to incomplete mixing may preclude synchronized behavior across the population.

On the other hand, many of these synthetic biology devices provide cells with the ability to sense their

microenvironment and respond accordingly, an ability which is generally absent in traditional bioprocesses.

These state sensors are capable of actuating responses over a range of time scales, from the transcriptional

(tens of minutes) (Cohen et al., 2001,Surette et al., 1999) to the post-translational (milliseconds to seconds)

levels (Desai and Gallivan, 2004, Radley et al., 2003). This capability promises to be a boon to industrial

bioprocessing, allowing engineers to convert spatial and temporal inhomogeneities into tighter and more

efficient control of metabolic pathways.

1.3.4 Conclusions

Metabolic engineering revolves around controlling cellularmetabolism and flux through heterologous path-

ways to maximize production of a desired molecule. By providing elegant methods for gathering information

about cells and their environment, processing that information, andmodulating gene expression in response,

devices from synthetic biology promise to be a useful addition to the metabolic engineer’s toolbox. In fact,

some devices have already been used to increase product titers (Dueber et al., 2009,Moon et al., 2010). How-

ever, synthetic biology devices remain largely untested in industrial settings, and the complexity of biology

makes each application of a device a significant feat of engineering. Nevertheless, an awareness of the po-

tential pitfalls and challenges that may occur upon application at large scale is critical for translation towards

industrial use. With such a perspective, continued work with these devicesmay help elucidate design rules or
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aid in the development of models that will facilitate the integration of these devices into industrial processes.

1.4 Thesis Objectives

Given the commercial potential for D-glucaric acid, the goal of this thesis is to improve the economic viabil-

ity of biological production of D-glucaric acid by improving process productivity and yield. BecauseMIOX has

been identified previously as the least active pathway enzyme, this thesis seeks to improve D-glucaric acid

productivity via metabolic engineering and synthetic biology strategies targeted towards increases in MIOX

activity. Additionally, this thesis attempts to improve the yield of D-glucaric acid on D-glucose via strain

engineering to further improve the commercial prospects of D-glucaric acid.

More specifically, this thesis aims to:

- Improve D-glucaric acid pathway productivity via engineering of MIOX

- Explore synthetic biology devices for time-dependent control of gene expression and their application

to D-glucaric acid production

- Engineer E. coli for improved yield of D-glucaric acid on D-glucose

1.5 Thesis Organization

This thesis is organized into five chapters. Chapter 1 provides an overview ofmetabolic engineering strate-

gies and synthetic biology devices and discusses their application to industrial processes. Chapter 1 also pro-

vides background information on D-glucaric acid and its production in recombinant E. coli. Work regarding

each of the specific thesis aims is then discussed in separate chapters: Chapter 2 describes protein engi-

neering of MIOX for improved activity, Chapter 3 discusses efforts to develop synthetic biology devices for

delayed gene expression, and Chapter 4 outlines efforts to engineer E. coli for improved D-glucaric acid yield

on D-glucose. Finally, Chapter 5 provides conclusions and recommendations for future work.
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Abstract

D-glucaric acid is a naturally occurring compound which has been explored for a myriad of potential uses,

including biopolymer production and cancer treatment. Several additional uses for D-glucaric acid were iden-

tified in 2004, when theU.S. Department of Energy named the compound as a “top value-added chemical from

biomass” (Werpy and Petersen, 2004). A biosynthetic route to produce D-glucaric acid from glucose in E. coli

has been constructed previously in our group. This pathway consists of three heterologous enzymes from

three different sources, and D-glucaric acid titers of 1.13 g/L from a 10 g/L glucose feed were obtained in

the initial pathway demonstration (Moon et al., 2009b). Analysis of the pathway revealed the second het-

erologous enzyme in this pathway,myo-inositol oxygenase (MIOX), which catalyzes the conversion ofmyo-

inositol to D-glucuronic acid, to be the least active enzyme. Soluble expression of MIOX was also observed

to be much lower than that of the other two heterologous enzymes. To increase pathway productivity, we

pursued two parallel strategies in this work to increase MIOX solubility and activity: protein fusion tags for in-

creased solubility and directed evolution for increased activity. An N-terminal SUMO fusion to MIOX resulted

in significantly increased soluble expression of MIOX and a corresponding 75% increase in D-glucaric acid

production frommyo-inositol. While our directed evolution efforts did not yield an improvedMIOX variant, our

screen isolated a 941 bp DNA fragment whose expression led to a 65% increase in D-glucaric acid produc-

tion from myo-inositol. Overall, we report the production of up to 4.85 g/L (23 mM) of D-glucaric acid from

10.8 g/L (60 mM)myo-inositol in recombinant E. coli. In addition, we report the first evidence ofmyo-inositol

transport by PtsG in E. coli as well as evidence of a pH-related limitation on D-glucaric acid productivity.

Portions of this chapter have been published in:

Shiue, E and Prather, KLJ. Improving D-glucaric acid production from myo-inositol in E. coli by increasing

MIOX stability andmyo-inositol transport. Metabolic Engineering. 2013. (doi: 10.1016/j.ymben.2013.12.002)
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2.1 Introduction

D-glucaric acid, a compound which occurs naturally in fruits, vegetables, and mammals, has been investi-

gated for a wide variety of therapeutic and commercial uses, including cholesterol reduction (Walaszek et al.,

1996), diabetes treatment (Bhattacharya et al., 2013), and cancer therapy (Gupta and Singh, 2004). D-glucaric

acid has also been explored as a replacement for polyphosphates commonly found in detergents, which can

be damaging to the environment (Dijkgraaf et al., 1987). Additional uses for D-glucaric acid and its derivatives

were identified in the U.S. Department of Energy’s “Top Value-Added Chemicals from Biomass” list published

in 2004: glucarolactones could function as novel solvents and glucaramides could serve as monomers for

biodegradable polymers (Werpy and Petersen, 2004). In fact, production of a hydroxylated nylon from D-

glucaramide monomers has already been demonstrated (Kiely et al., 1994). With a plethora of potential uses,

D-glucaric acid continues to be a product of commercial interest.

Current methods for the production of D-glucaric acid involve the chemical oxidation of D-glucose, fre-

quently with nitric acid as the solvent and oxidant. However, nitric acid oxidation of D-glucose suffers from

low yields (approximately 40%) and requires high temperatures, generating numerous oxidation products

fromwhich D-glucaric acidmust then be separated (Mehltretter and Rist, 1953). Catalysts such as vanadium

pentoxide and 4-acetylamino-2,2,6,6-tetramethyl-1-piperidinyloxy have been shown to increase D-glucaric

acid yields (Pamuk et al., 2001,Merbouh et al., 2002); however, such catalysts are generally quite expensive.

By avoiding costly catalysts and harsh reaction conditions, biological production of D-glucaric acid offers the

potential for a cheaper and more environmentally friendly process.

A biosynthetic route to D-glucaric acid from D-glucose consisting of three heterologous genes has been

constructed in recombinant E. coli by our group (Fig. 1.3) (Moon et al., 2009b). Briefly, D-glucose is imported

into E. coli through the native phosphotransferase system (PTS), generating glucose 6-phosphate. Glucose

6-phosphate is then isomerized tomyo-inositol-1-phosphate bymyo-inositol-1-phosphate synthase (INO1)

from Saccharomyces cerevisiae. An endogenous phosphatase dephosphorylatesmyo-inositol-1-phosphate

to producemyo-inositol, which is then oxidized to D-glucuronic acid bymyo-inositol oxygenase (MIOX) from

Mus musculus (mouse). D-glucuronic acid is then further oxidized by uronate dehydrogenase (Udh) from

Pseudomonas syringae to produceD-glucaric acid. Using this pathway, D-glucaric acid titers of 1.13 g/Lwere

achieved from 10 g/L glucose after optimization of induction and culture conditions. Analysis of the pathway

revealed MIOX to be the least active enzyme, with a specific activity an order of magnitude lower than INO1
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and several orders of magnitude lower than Udh (Moon et al., 2009b). Further experiments demonstrated

a linear, positive correlation between final D-glucaric acid titers and MIOX specific activity, and strategies

targeted towards increasing MIOX specific activity were able to improve titers up to 2.5 g/L (Moon et al.,

2010).

Numerous metabolic engineering strategies are typically employed to increase pathway productivity, in-

cluding overexpression of pathway enzymes (Lütke-Eversloh and Stephanopoulos, 2008), enzyme colocal-

ization via synthetic protein scaffolds (Dueber et al., 2009), and deletion of off-pathway reactions (Alper et al.,

2005b). Given the correlation between final D-glucaric acid titers and MIOX specific activity, we pursued two

parallel, protein-oriented strategies to improve D-glucaric acid production: protein fusion tags and directed

evolution. Protein fusion tags have been used extensively to increase soluble expression and to aid proper

folding of recombinant proteins (Young et al., 2012a). The end goal of the vast majority of these applications,

however, is a purified protein product which can then be studied in vitro. Additionally, because the effects of

a fusion tag on a target protein’s structure and function are rarely predictable, fusion tags are often cleaved

from the protein of interest to reconstitute the protein’s native sequence and structure. Furthermore, the

fusion tag which results in optimal soluble expression for a particular protein is rarely known a priori. The un-

predictable effects of protein fusion tags have therefore limited their usage inmetabolic engineering contexts,

where proteins must function even while fused: in vivo cleavage of the fusion tag would require expression

of a potentially promiscuous protease, and freshly cleaved proteins may simply aggregate into insoluble and

inactive inclusion bodies. Although increased product formation due to increased enzyme solubility has been

reported, these gains were not due to protein fusion tags (Zhou et al., 2012). In contrast, directed evolution

has been used successfully for a number of metabolic engineering problems (Marcheschi et al., 2013).

Previous works have sought to improve D-glucaric acid production from D-glucose (Moon et al., 2010,

Dueber et al., 2009). In this work, we focused on improving D-glucaric acid production from myo-inositol

rather thanD-glucose, a decision basedon the observation that addition ofmyo-inositol to the culturemedium

significantly increased MIOX specific activity during exponential phase (Moon et al., 2009b). Additionally, the

production of large quantities (approximately 20 g/L) of myo-inositol from D-glucose in bacterial cultures

expressing INO1 has been reported previously (Hansen et al., 1999). We hypothesized that by feedingmyo-

inositol rather than D-glucose, we could leverage the previously observedmyo-inositol “activation” effect to

drive flux towards D-glucaric acid more effectively and explore the ability to increase productivity beyond

previously achieved levels.
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2.2 Materials and Methods

2.2.1 E. coli Strains and Plasmids

E. coli strains and plasmids used in this study are listed in Table 2.1, and oligonucleotides used are listed

in Table 2.2. All molecular biology manipulations were performed according to standard practices (Sam-

brook and Russell, 2001). E. coli DH10B was used for transformation of cloning reactions and propagation

of all plasmids. MG1655 was obtained from the Coli Genetic Stock Center (CGSC #6300). Knockout of recA

was achieved with λ-Red mediated recombination using pRedET (Gene Bridges, Heidelberg, Germany). PCR

primers KOrecA-F and KOrecA-R (Table 2.2) were used to amplify the recombination cassette from pKD13

(Datsenko and Wanner, 2000), and MG1655 was transformed with this PCR product. The kan selection cas-

sette was cured from successful deletionmutants using FLP recombinase expressed from pCP20. Knockout

of endA was performed using the λ-Red recombination system contained in pKD46 (Datsenko and Wanner,

2000) and primers KOendA-F/KOendA-R. The λDE3 lysogen was integrated site-specifically into this dou-

ble knockout strain using a λDE3 Lysogenization Kit (Novagen, Darmstadt, Germany), generating strain M2

(MG1655(DE3) ΔendA ΔrecA). To eliminate the native ability of E. coliMG1655 to consume D-glucuronic and

D-glucaric acids, knockouts of gudD and uxaC were performed using the λ-Red recombination system con-

tained in pKD46 (Datsenko andWanner, 2000) with primers KOgudD-F/KOgudD-R and KOuxaC-F/KOuxaC-R,

respectively, generating strain M2-2 (MG1655(DE3) ΔendA ΔrecA ΔgudD ΔuxaC).

Strain M2-2 or its derivatives were used for production experiments. Deletion of ptsG from M2-2 was

achieved by P1 transduction with Keio collection strain JW1087-2 as the donor (Baba et al., 2006). Deletion

of sgrS from M2-2 was achieved with λ-Red mediated recombination (Datsenko and Wanner, 2000) using

pKD46recA (Solomon et al., 2013). PCR primers pKD13_sgrS_fwd and pKD_sgrS_rev (Table 2.2) were used

to amplify the recombination cassette from pKD13 (Datsenko and Wanner, 2000), and strain M2-2 harboring

pKD46recA was transformed with this PCR product. The kan selection cassette was cured from successful

deletion mutants using FLP recombinase expressed from pCP20.

pWW308 was kindly provided by Prof. John Dueber (University of California, Berkeley). To remove a

SpeI restriction site contained in tetR, the tetR-Ptet cassette was amplified in two fragments with primers

BBa_tet_fwd1/tetR_B and tetR_A/BBa_tet_rev1. These two fragments were then combined into one larger

fragment via Splicing by Overlap Extension PCR (SOEing PCR) using primers BBa_tet_fwd1 and BBa_tet_rev1
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(Horton et al., 2013). The resulting fragment was digested with EcoRI and SpeI and inserted into the EcoRI

and SpeI sites of pSB1A7 to generate pSB1A7-tetR1.

The plasmid pRSFD-MI was constructed by digesting pJ2-MIOX with EcoRI and HindIII and inserting the

MIOX-containing fragment between the EcoRI and HindIII sites of pRSFDuet-1. To create pSB1A7-tetR1-

MIOX, MIOX was first amplified from pRSFD-MI in two fragments with primers pRSFD_fwd1/MIOX_B and

MIOX_A/BBa_MIOX_rev2 to remove an internal PstI restriction site. These two fragments were combined

into a single fragment via SOEing PCR using primers pRSFD_fwd1 and BBa_MIOX_rev2. The resulting frag-

ment was digested with XbaI and PstI and then cloned into the SpeI and PstI sites of pSB1A7-tetR1. To

facilitate future cloning, an EcoRI restriction site directly 5’ to the MIOX coding sequence was removed via

insertion of a single base pair using SOEing PCR. Fragments surrounding the mutation site were first gener-

ated using primers BBa_tet_fwd1/pSB_B1 and BBa_MIOX_rev3/pSB_A1, then spliced into a single fragment

using primers BBa_tet_fwd1 and BBa_MIOX_rev3. The resulting fragment was digested with EcoRI and SpeI

and cloned into the EcoRI and SpeI sites of pSB1A7 to generate pSB1A7-tetR1-MIOX1. In addition to remov-

ing the internal EcoRI restriction site, the single base pair mutation also shifted the MIOX coding sequence

in-frame with the ribosome binding site.

pTrc-MIOX-1 was constructed by amplifying pSB1A7-tetR1-MIOX1 with BBa_MIOX_fwd and VR and clo-

ning upstream of the double terminator (Part BBa_B0015, Registry of Standard Biological Parts) contained

in pSB1AK3-B0015 using BioBricks Assembly Standard RFC 10 (Knight, 2003) to generate pSB1AK3-MIOX-

B0015. This construct was then inserted downstream of a strong RBS (Part BBa_B0034, Registry of Standard

Biological Parts) contained in pSB1A2-B0034 to generate pSB1A2-B0034-MIOX-B0015. Finally, pSB1A2-

B0034-MIOX-B0015 was digested with EcoRI and PstI and the resulting fragment inserted into the EcoRI

and PstI sites of pTrc99A to generate pTrc-MIOX-1. pE-SUMO-MIOX was generated by amplifying MIOX

from pTrc-MIOX-1 using primers MI_SUMO_fwd andMI_SUMO_rev, then digesting with BsaI and ligating into

BsaI-digested pE-SUMO. pRSFD-SUMO-MIOX was then constructed by digesting pE-SUMO-MIOX with NcoI

and HindIII and ligating the resulting fragment into similarly digested pRSFDuet-1. pTrc-SUMO-MIOX was

also constructed by digesting pE-SUMO-MIOX with NcoI and HindIII, then ligating the resulting fragment into

similarly digested pTrc99A.

pTrc-MIOX-DEwas constructed and isolated using the directed evolution procedure described in Sec. 2.2.4.

pTrc-MIOX-DE-noins was produced by digesting pTrc-MIOX-DE with PstI, separating the DNA fragments on

a 1% agarose gel to remove the 941 bp band, and self-ligating the 5.2 kb fragment. pTrc-MIOX-insert and
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pTrc-insert were created by inserting the 941 bp DNA fragment isolated from the directed evolution screen

into the PstI sites of pTrc-MIOX-1 and pTrc99A, respectively. Correct orientation of the fragment was verified

by sequencing.

pTrc-ins-manX and pTrc-ins-yoaE were constructed via PCR amplification of pTrc-insert with primers

pTrc_fwd/manX_rev and yoaE_fwd/pTrc_rev, respectively; the ins-manXPCRproductwas cloned into pTrc99A

following digestion with EcoRI, and the ins-yoaE PCR product was cloned into pTrc99A following digestion

with XbaI and PstI. Primers manX_frag_fwd andmanX_frag_rev were annealed, digested with EcoRI and PstI,

and cloned into pTrc99A to generate pTrc-manX-frag. Full-length manX was amplified from E. coli genomic

DNAusing primersmanX_A andmanX_B, digestedwith EcoRI andXbaI, and cloned into pTrc99A to yield pTrc-

manX-full. pTrc-manX-mut was generated via site-directed mutagenesis of pTrc-ins-manX using primers

manX_QC_fwd and manX_QC_rev. Figure 2.1 provides schematics for the plasmids described in this para-

graph.

pTrc-Udh-insert was created by digesting pTrc-ins-manXwith SmaI and inserting the resulting ins-manX

fragment into the SmaI site in pTrc-Udh. Correct orientation of the ins-manX fragment was verified by se-

quencing. pRSFD-Udh was generated by digesting pTrc-Udh with NcoI and HindIII and cloning the resulting

fragment into pRSFDuet-1. To generate pTrc-MIOX-ins-manX, pTrc-MIOX-1 and pTrc-ins-manX were di-

gested with SpeI and PciI, and the relevant fragments were ligated together. pTrc-SUMO-MIOX-ins-manX

was constructed in a similar manner using SpeI/PciI digests of pTrc-SUMO-MIOX and pTrc-ins-manX.
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CHAPTER 2. APPLICATION OF METABOLIC ENGINEERING STRATEGIES

Figure 2.1 | Schematics of various plasmids used in this chapter. (A) Schematic of pTrc-MIOX-DE detailing the location
of the DNA fragment. (B) Schematics of pTrc-ins-manX and pTrc-ins-yoaE. The intergenic region between and manX
and yoaE promoters (orange) was retained in both constructs. Additionally, the 5’ UTR formanX and yoaE was retained
in each of the respective constructs. (C) Schematics of pTrc-ins-manX, pTrc-manX-mut, pTrc-manX-frag, and pTrc-
manX-full. In pTrc-manX-mut, the start codon of manX (GTG) has been mutated to a stop codon (TAA), and the native
promoter and 5’ UTR have been retained. In pTrc-manX-frag and pTrc-manX-full, the native promoter and 5’ UTR have
been replaced by the promoter and 5’ UTR contained within pTrc99A.

55



2.2. MATERIALS AND METHODS

2.2.2 Culture and Assay Conditions for Organic Acid Production

For D-glucuronic and D-glucaric acid production, cultures were grown in 250 mL baffled shake flasks con-

taining 50mLLBmediumsupplementedwith 60mM (10.8 g/L)myo-inositol. Cultureswere induced at inocu-

lationwith 0.1mM isopropyl β-D-1-thiogalactopyranoside (IPTG), and ampicillin (100 μg/mL) and kanamycin

(30 μg/mL) were added as required. Seed cultures were grown overnight at 30◦C in LBmediumwithoutmyo-

inositol and inoculated to an optical density at 600 nm (OD600) of 0.01. Cultures were incubated at 30◦C,

250 rpm, and 80% relative humidity for 72 hours. Samples were taken daily, centrifuged to remove cell debris,

and the supernatants analyzed for metabolite concentrations.

Myo-inositol, D-glucuronic acid, and D-glucaric acid were quantified from culture supernatants with high

performance liquid chromatography (HPLC) on an Agilent Series 1100 instrument equipped with an Aminex

HPX-87H column (300 mm by 7.8 mm; Bio-Rad Laboratories, Hercules, CA). Sulfuric acid (5 mM) was used

as the mobile phase at 55◦C and a flow rate of 0.6 mL/min in isocratic mode. Compounds were detected and

quantified from10μL sample injections using a refractive index detector. Reportedmetabolite concentrations

are the average of triplicate samples, and error bars represent one standard deviation above and below the

mean value.

2.2.3 Analysis of MIOX Activity and Expression Level

To prepare lysates for analysis of MIOX activity and expression level, cell pellets taken 12, 24, 48, and 72

hours post-inoculation were resuspended in sodium phosphate buffer (100 mM, pH 7.0) supplemented with

an EDTA-free protease inhibitor cocktail (Roche Applied Science, Indianapolis, IN), then sonicated. The lysed

samples were centrifuged to remove insoluble proteins, and the total protein concentration of the soluble

fraction was determined using a modified Bradford assay (Zor and Selinger, 1996). Assays for MIOX activity

were performed with appropriate no-lysate and no-substrate as described previously (Moon et al., 2009a),

andmeasured activities were normalized by themeasured total protein concentration. Reported activities are

averages of triplicate samples, and error bars represent one standard deviation above and below the mean

value.

For analysis of MIOX expression levels, 15 μg of total protein from each lysate was separated via SDS-

PAGE and transferred onto nitrocellulose blotting membranes (Pall Life Sciences, Port Washington, NY). Fol-

lowing blocking, membranes were incubated overnight in a 1:200 dilution of anti-MIOX antibody (Santa Cruz
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CHAPTER 2. APPLICATION OF METABOLIC ENGINEERING STRATEGIES

Biotechnology, Santa Cruz, CA). Immunodetection was performed using an anti-goat IgG-HRP antibody and

Western Blotting Luminol Reagent (Santa Cruz Biotechnology, Santa Cruz, CA) according to the manufac-

turer’s instructions.

2.2.4 Directed Evolution of MIOX

One round of directed evolution was performed to generate MIOX variants with improved productivity.

Diversity was generated via error-prone PCR using the Genemorph Mutazyme II kit (Agilent Technologies,

Santa Clara, CA) using primers DE_MIOX_fwd and DE_MIOX_rev1 and pTrc-MIOX-1 as a template. A template

amount of 200 ng was used to provide medium mutagenesis rates (4.5 to 9 mutations/kb) as per manufac-

turer instructions. PCR products were subjected to DpnI treatment to eliminate parental DNA, then digested

with XbaI and PstI and ligated into similarly digested pTrc99A. To maximize library size, commercial E. coli

DH10B (Life Technologies, Carlsbad, CA)was transformedwith the resulting ligation products and plated onto

LB agar plates, resulting in approximately 104 colonies. Supercoiled plasmid DNA was harvested from this

plate and used to transform MG1655(DE3) ΔendA ΔrecA (strain M2) for screening on M9 minimal medium

agar plates supplementedwith 60mMmyo-inositol and 0.1mM IPTG for induction of protein expression. Fol-

lowing incubation at 30◦C, plasmid DNA was harvested from 15-30 large colonies, used to transform strain

M2-2, and D-glucuronic production from myo-inositol was measured for cultures possessing each variant.

Subsequent sequencing analysis of these colonies revealed an average mutation rate of 1.6 mutations/kb.

We speculate that MIOX variants containing significantly more mutations were catalytically dead and unable

to grow onmyo-inositol as a sole carbon source.

2.2.5 Quantification of mRNA Levels

To quantify mRNA levels, samples of approximately 109 cells were taken 6 hours after inoculation. Total

RNA was extracted from each of these samples using the illustra RNAspin Mini RNA Isolation Kit (GE Health-

care Bio-Sciences, Piscataway, NJ) with an on-column DNaseI treatment according to the manufacturer’s

instructions. Following an additional treatment to remove trace DNA contamination, 500 ng of total RNA

was used to synthesize cDNA using random primers with the QuantiTect Reverse Transcription Kit (Qiagen,

Valencia, CA). The synthesized cDNA was then amplified in a quantitative PCR (qPCR) reaction with primers

ptsG_fwd and ptsG_rev for quantification of ptsG mRNA levels. qPCR reactions contained Brilliant II SYBR
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Green High ROX QPCR Master Mix and were performed on an ABI 7300 Real Time PCR System Instrument

(Applied Biosystems, Beverly, MA). Transcript levels were quantified in triplicate with appropriate no-template

and no-RT (reverse transcriptase) controls and are relative to that of transcript levels found in strain M2-2 as

determined from a standard curve. Dilution of cDNA samples was performed as necessary to keep Ct values

within the linear range of the assay. Reported transcript levels are the averages of triplicate samples, each

measured in triplicate. Error bars represent one standard deviation above and below the mean value.

2.3 Results

2.3.1 Protein Fusions for Increased Soluble Expression

Fusing difficult-to-express proteins to highly soluble affinity tags has been widely explored and has been

reported to promote proper protein folding as well as increase protein expression, solubility, and half-life

in a number of cases (Esposito and Chatterjee, 2006, Young et al., 2012a). A large number of fusion tags,

including maltose binding protein (MBP), N-utilization substance A (NusA), glutathione S-transferase (GST),

small ubiquitin-related modifier (SUMO), and protein disulfide isomerase I (DsbA) have been characterized

and used in a variety of protein expression schemes (Esposito and Chatterjee, 2006, Young et al., 2012a).

Green fluorescent protein (GFP) has also been used to increase soluble protein expression (Wu et al., 2009)

and also as a reporter of soluble protein expressionwhen fused to the C-terminus (Waldo et al., 1999). Despite

the large amount of fusion tags which have been reported, predicting the fusion partner which optimizes

expression for a particular protein a priori remains difficult.

A previous study showedMIOX stability to be a significant factor in limiting pathway productivity: although

myo-inositol supplementation resulted in increased MIOX activity during the exponential phase, MIOX activ-

ity was quickly lost in stationary phase (Moon et al., 2009b). In addition, we have observed MIOX expression

levels to bemuch lower than that of INO1 and Udh (data not shown). We hypothesized that increased soluble

expression of MIOX would lead to increased D-glucaric acid titers and explored protein fusions as a method

for increasing soluble protein expression. We fused MIOX to three fusion tags: MBP (N-terminal), GFP (C-

terminal), and SUMO (N-terminal). Although MBP-MIOX andMIOX-GFP both expressed well, neither of these

fusion proteins showed any activity in vivo (data not shown). The third fusion protein, SUMO-MIOX, displayed

significantly increased productivity, resulting in a 125% increase in final D-glucuronic acid titers compared to
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Figure 2.2 | Cumulative production of D-glucuronic and D-glucaric acids from myo-inositol with unfused and SUMO-
fused MIOX. Productivity gains from the protein fusion were most significant during the second day of culture. For
D-glucuronic acid production, cultures contained strain M2-2 harboring an empty pTrc99A vector and pRSFD-MI or
pRSFD-SUMO-MIOX; cultures for D-glucaric acid production contained strain M2-2 harboring pTrc-Udh and pRSFD-MI
or pRSFD-SUMO-MIOX. Error bars represent the standard deviation of biological triplicates.

an unfused control (Fig. 2.2). A similar boost inMIOX productivity was observedwhen SUMO-MIOXwas com-

bined with Udh for D-glucaric acid production: final D-glucaric acid titer with the fused protein was 4.85 g/L,

75% higher than with the unfused control (Fig. 2.2).

The productivity of unfused MIOX is moderate during Day 1 but is quickly lost in subsequent days. Fused

MIOX, on the other hand, exhibits significantly higher productivity during Day 1 and is able to retain much of

that productivity in subsequent days. There are several possible reasons for this observed gain in MIOX pro-

ductivity: (1) improved MIOX specific activity, potentially due to active site stabilization via allosteric effects

exerted by the SUMO fusion, (2) improved MIOX solubility, and (3) improved MIOX stability. To determine

the underlying cause for the increase in MIOX productivity, we measured in vitroMIOX activity and analyzed

MIOX protein levels using Western blots at several points during a typical three-day culture (Fig. 2.3). The

results indicate that the observed boost in MIOX productivity is due to increased MIOX solubility and stabil-

ity: SUMO-MIOX expression levels are much higher than unfused MIOX at every time point analyzed, and

SUMO-MIOX levels remain relatively constant over time while unfused MIOX diminishes (Fig. 2.3A). Because

SUMO-MIOX is present at much higher concentrations in the soluble fraction, in vitro activity in crude lysates

is also higher (Fig. 2.3B). Additionally, specific activities for MIOX and SUMO-MIOX estimated by normaliz-

ing the in vitro activities in Fig. 2.3B by relative expression levels determined by spot densitometry were not
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Figure 2.3 | Comparison of MIOX and SUMO-MIOX expression and activity. (A)MIOX and SUMO-MIOX expression levels
at various times, as indicated. (B) In vitro MIOX activity for unfused MIOX and SUMO-MIOX in crude lysates. Cultures
contained strain M2-2 harboring an empty pTrc99A vector and pRSFD-MI or pRSFD-SUMO-MIOX. Error bars represent
the standard deviation of biological triplicates.

significantly different, suggesting that the SUMO fusion does not affect MIOX specific activity. Finally, while

unfusedMIOX has lost themajority of its activity after 24 hours of culture, SUMO-MIOX loses its activity more

slowly, retaining nearly 40% of its activity measured at 12 hours after 72 hours of culture.

2.3.2 Directed Evolution of MIOX

Directed evolution is a powerful tool and has been used extensively to alter or improve various proper-

ties of a protein of interest (Collins et al., 2005, Hibbert and Dalby, 2005, Hawkins et al., 2007, Atsumi and

Liao, 2008). In many cases, the lack of structural information necessitates a random approach, whereby

sequence/structure diversity is generated via nonspecific methods such as error-prone PCR and whole-cell

mutagenesis (Marcheschi et al., 2013). These methods are capable of generating large amounts of diversity

in a short amount of time; however, the identification of protein variants with the desired properties from such

diversity is a colossal task. The success of a random directed evolution approach therefore depends entirely

on the availability of a suitable, high-throughput screen or selection for the desired protein property.

For directed evolution of MIOX, we took advantage of native E. colimetabolism to construct a screen for

improved MIOX productivity. E. coli MG1655 cannot grow on myo-inositol as a sole carbon source, a trait

which we verified in a minimal medium liquid culture supplemented with myo-inositol (data not shown). E.

coliMG1655 can, however, grow onD-glucuronic acid as a sole carbon source (Ashwell, 1962). Consequently,
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Figure 2.4 | D-glucuronic acid production frommyo-inositol with unmutated MIOX (Parent) and the MIOX variant isolated
from the first round of directed evolution (Round 1). Cultures contained strain M2-2 harboring pTrc-MIOX-1 (Parent) or
pTrc-MIOX-1-DE (Round 1). Error bars represent the standard deviation of biological triplicates.

E. coli can grow onmyo-inositol if suppliedwithMIOX, which convertsmyo-inositol to D-glucuronic acid. Fur-

thermore, E. coli cultures which possess more active variants of MIOX should be able to grow at a faster rate.

We employed a growth-based screen to identify improved MIOX variants whereby a library was plated onto

minimal medium agar supplemented withmyo-inositol. Plasmid DNA was isolated from colonies exhibiting

increased growth, sequenced, then used to transform strain M2-2. The resulting clones were then tested for

D-glucuronic acid production. After just one round of screening, we isolated what initially appeared to be a

MIOX variant capable of producing significantly more D-glucuronic acid frommyo-inositol, especially during

the first day of cultivation. Final D-glucuronic acid titers in excess of 6 g/L were achieved with this MIOX

variant (Fig. 2.4).

Sequencing of the newly isolated variant revealed two mutations in the MIOX coding sequence, R58H

and V91F. Interestingly, sequencing also revealed a 941 bp DNA fragment inserted 3’ to the MIOX coding

sequence and downstream of the terminator (Fig. 2.1A). We speculate that this fragment was inserted into

the expression vector during the cloning procedure: following error-prone PCR amplification of the MIOX

coding sequence, MIOX and the expression vector pTrc99Awere both digestedwith XbaI and PstI and ligated.

Because the insert is flanked by PstI sites (Fig. 2.1A), we believe that the insert originated from genomic

DNA contamination in the pTrc99A miniprep. This insert contained fragments of themanX and yoaE genes

(43 bp and 437 bp, respectively) and included the genes’ native promoters from the E. coli genome. manX
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encodes for IIABman, a membrane-associated phosphotransferase system (PTS) permease responsible for

phosphoryl group transfer from phosphoenolpyruvate to incomingmannosemolecules (Postma et al., 1993).

The function of YoaE is not known; however, it has been identified as a putative inner membrane protein

based on sequence homology (Serres et al., 2001). To test whether the observed increases in glucuronic

acid productivity were due to the acquired mutations in MIOX or the 941 bp DNA fragment, we cloned the

insert downstream of unmutated MIOX and removed the insert from the mutated MIOX variant. The results

clearly indicate that the presence of the 941 bp DNA fragment is the cause of increased D-glucuronic acid

titers (Fig. 2.5A). When the fragment is present, strains harboring unmutated MIOX and the MIOX variant

demonstrate similar productivities, generating similar amounts of D-glucuronic acid at similar rates. When

the fragment is absent, the MIOX variant performs slightly worse than its unmutated counterpart, indicating

that the accumulated mutations may in fact be detrimental to MIOX productivity.

To determine the fragment’s mechanism of action, we created two variants,manX only (pTrc-ins-manX)

and yoaE only (pTrc-ins-yoaE) (Fig. 2.1B), and measured D-glucuronic acid production with MIOX expressed

in trans from a separate plasmid to eliminate any potential cis effects (Fig.2.5B). The results indicate that the

manX portion of the fragment increases productivity, not the yoaE fragment. However, overexpression of this

small, 43 bp manX portion from an IPTG-inducible promoter did not result in increased D-glucuronic acid

production compared to a control strain, nor did overexpression of full-lengthmanX (Fig. 2.5B). In contrast,

D-glucuronic acid production remained highwhen the start codon of themanX portionwas removed from the

original construct (manX-mut). Because a productivity enhancement was achieved even without translation

ofmanX, we concluded thatmanX mRNA must be responsible for the observed effect. Additionally, the fact

that modifications which altered the mRNA secondary structure (i.e., swapping of promoters and 5’ UTRs)

resulted in lower D-glucuronic acid titers than that obtained with the native manX fragment supports this

conclusion (Fig. 2.5B vs. Fig.2.5A).

manX has been reported to contain a binding site for sgrS, a trans-acting regulatory small RNA (Rice and

Vanderpool, 2011). sgrS transcription is upregulated under conditions of sugar-phosphate stress (e.g., glu-

cose 6-phosphate accumulation) and acts to downregulate expression of PTS permeases (e.g., PtsG, ManX),

thereby alleviating that stress. Downregulation is achieved via base pairing interactions between sgrS and

the target PTS permease mRNA, occluding the ribosome binding site and inhibiting translation. Additionally,

the sgrS-PTS permease mRNA complex is quickly degraded by RNaseE, resulting in further downregulation

of PTS permease expression (Rice and Vanderpool, 2011). The sgrS-PTS permease interaction has been
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Figure 2.5 | Effect of the insert on D-glucuronic acid production frommyo-inositol. (A) Presence of the insert resulted in
increased productivity for both unmutatedMIOX and the Round 1mutant. Cultures contained strainM2-2 harboring pTrc-
MIOX-1 (Parent, without insert), pTrc-MIOX-insert (Parent, with insert), pTrc-MIOX-DE-noins (Round 1, without insert), or
pTrc-MIOX-DE (Round 1, with insert). Error bars represent the standard deviation of biological triplicates. (B) Presence
of the manX portion of the insert resulted in increased D-glucuronic acid production, while the presence of the yoaE
portion did not. Overexpression of neither themanX fragment (manX-frag) nor full-lengthmanX (manX-full) resulted in
increased D-glucuronic acid productivity, however. Because mutation of themanX start codon to a stop codon (manX-
mut) did not affect D-glucuronic acid titers, improvement of D-glucuronic acid productivity must be dependent upon the
presence of manX mRNA. Cultures contained strain M2-2 harboring pRSFD-MI and pTrc99A (Control), pTrc-ins-manX,
pTrc-ins-yoaE, pTrc-manX-frag, pTrc-manX-full, or pTrc-manX-mut. See Figs. 2.1B and 2.1C for schematics of the above
plasmids. Error bars represent the standard deviation of biological triplicates.

leveraged recently to control PtsG expression and glucose uptake in E. coli: by overexpressing sgrS, Negrete

et al. were able to reduce PtsG expression and acetate secretion (a general indicator of glycolytic overflow)

in E. coli K-12 (Negrete et al., 2013). We hypothesized that transcription of the manX fragment reduces in-

tracellular levels of sgrS mRNA, leading to increased PtsG expression (Fig. 2.6). To validate this model, we

measured ptsGmRNA transcript levels in cultures expressing themanX fragment as well as in a ΔsgrSmu-

tant (Fig. 2.7). The results indicate that ptsGmRNA levels are significantly higher in cells harboring themanX

fragment. ptsG mRNA levels are also higher in the ΔsgrS strain, albeit much lower than the case with in-

sert present. Interestingly, D-glucuronic acid productivity in the ΔsgrS mutant is not significantly different

from the sgrS+ strain (Fig. 2.8). Because ptsG is highly regulated, we speculate that another regulatory pro-

cess becomes dominant upon deletion of sgrS; additionally, this result suggests that the model depicted in

Fig. 2.6 is not complete and that another interaction is involved or that the relationship between PtsG levels

and pathway productivity is nonlinear.

The positive correlation between ptsG transcript level and D-glucuronic acid production suggests that
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Figure 2.6 |Model for fragment-mediated increase inD-glucuronic acid productivity. (A)When themanX fragment (green)
is absent, sgrSmRNA (orange) primarily binds to ptsGmRNA (blue), leading to degradation of ptsGmRNA and reduced
PtsG expression. (B) When the manX fragment is present, both sgrS-ptsG and sgrS-manX binding interactions occur.
Assuming that total (bound and unbound) sgrS and ptsG transcript levels remain unchanged in the presence of themanX
fragment, this extra binding interaction leads to a net increase in the amount of unbound ptsGmRNA, leading to increased
PtsG expression.
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Figure 2.7 | Relative ptsG transcript levels in various strains. ptsG transcript levels were approximately five-fold higher
than the control in the presence of the insert and nearly two-fold higher in a ΔsgrS strain. No transcript was detected
in the ΔptsG strain. Cultures contained either strain M2-2 with empty pTrc99A, strain M2-2 with pTrc-ins-manX, strain
M2-2 ΔptsG with empty pTrc99A, or strain M2-2 ΔsgrS with empty pTrc99A. All strains also contained pRSFD-MI. Error
bars represent the standard deviation of biological triplicates.

Figure 2.8 |D-glucuronic acid production inM2-2 vs. M2-2ΔsgrS. Deletion of sgrS fromM2-2did not result in a significant
increase in D-glucuronic acid titers. This result was somewhat surprising, given that a reduction in sgrS concentration via
expression of themanX fragment resulted in a significant increase in D-glucuronic acid titers. We speculate that complete
removal of sgrS leads to dominance of another ptsG regulatory mechanism, which lessens the effects of removing sgrS.
Cultures contained strainM2-2 orM2-2ΔsgrSharboring pRSFD-MI and empty pTrc99A. Error bars represent the standard
deviation of biological triplicates.
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Figure 2.9 | D-glucuronic acid production in M2-2 vs. M2-2 ΔptsG. Deletion of ptsG resulted in a 35% decrease in D-
glucuronic acid production frommyo-inositol, implicating PtsG inmyo-inositol transport. Cultures contained strain M2-2
or M2-2 ΔptsG with pRSFD-MI and empty pTrc99A. Error bars represent the standard deviation of biological triplicates.

PtsG functions as a transporter of myo-inositol in E. coli MG1655. Indeed, D-glucuronic acid production is

reduced by 35% in the absence of ptsG (Fig. 2.9). The manX fragment, then, increases D-glucuronic acid

production by increasingmyo-inositol transport rates into the cell via increased expression of PtsG. This in-

creased transport rate does not result in increased MIOX specific activity, however (Fig. 2.10). Instead, we

hypothesize that the increased rate of transport leads to higher intracellular concentrations ofmyo-inositol,

resulting in an in vivo MIOX activity much closer to the measured in vitro activity, which is measured at sat-

urating myo-inositol concentrations. Finally, combination of the insert with MIOX and uronate dehydroge-

nase (Udh) yielded D-glucaric acid titers of 4.58 g/L, a 65% increase over a control strain without the insert

(Fig. 2.11). Previously, we have observed D-glucaric acid titers equal to or greater than D-glucuronic acid

titers when Udh is introduced (Fig. 2.2). In this case, D-glucaric acid titers were approximately 20% lower

than the D-glucuronic acid titers obtained in the absence of Udh. We hypothesize that D-glucaric acid be-

comes inhibitory at concentrations approaching 5 g/L, effectively limiting D-glucaric acid titers to less than

this threshold (Sec. 2.3.4).

2.3.3 Exploration of Synergistic Effects

Given that the twomethodswe investigated function in fundamentally disparatemanners, we expected that

additional gains in D-glucaric acid productivity could be realized by combining the two methods. However,

no gains were observed with the original promoter configuration, with MIOX expressed from a T7 promoter
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Figure 2.10 | MIOX activity in the absence and presence of themanX fragment. Activity of MIOX expressed in the pres-
ence of the insert was not significantly different from MIOX expressed in the absence of the insert. Cultures contained
strainM2-2 harboring pRSFD-MI and pTrc99A or pTrc-ins-manX. Error bars represent the standard deviation of biological
triplicates.

Figure 2.11 | D-glucaric acid production in the absence and presence of themanX fragment. Presence of the insert re-
sulted in D-glucaric acid titers of 4.58 g/L, a 65% improvement over the control. Cultures contained strain M2-2 harboring
pRSFD-MI and pTrc-Udh (Control) or pTrc-Udh-ins (+ Insert). Error bars represent the standard deviation of biological
triplicates.
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Figure 2.12 | D-glucaric acid production in the presence and absence of the 941 bp insert with MIOX and SUMO-MIOX
expressed from pRSFDuet-1. The presence of the insert or SUMO fusion tag resulted in increased D-glucaric acid pro-
duction, but these two effects are not synergistic. Cultures contained strain M2-2 harboring pRSFD-MI or pRSFD-SUMO-
MIOX. Cultures without insert also contained pTrc-Udh, while cultures with insert contained pTrc-Udh-ins in addition to
pRSFD-MI or pRSFD-SUMO-MIOX. Error bars represent the standard deviation of biological triplicates.

in pRSFDuet-1 and Udh expression from Ptrc in pTrc99A (Fig. 2.12). A comparison of Figures 2.2 and 2.4

indicates that the expression system used for MIOX strongly influences its productivity: final D-glucuronic

acid titers are 2.5 fold higher with pTrc-MIOX-1 compared to pRSFD-MI. To explore the effect of promoter

configuration on D-glucaric acid production with the insert and SUMO fusion, we measured D-glucaric acid

production in strains expressing MIOX and SUMO-MIOX from Ptrc in pTrc99A and Udh from a T7 promoter

in pRSFDuet-1 (Fig. 2.13). With this promoter configuration, synergistic effects become evident. The strain

harboring SUMO-MIOX and the insert slightly outperformed the strain harboring the insert only and signif-

icantly outperformed the strain carrying SUMO-MIOX only during the first 24 hours of culture. This gain in

productivity is lost after an additional 24 hours of culture, however, as final D-glucaric titers (4.67 g/L) are

similar in all strains carrying either SUMO-MIOX, the insert, or both. Coupled with the maximum D-glucaric

acid titer reported in Sec. 2.3.2 (4.58 g/L), this pattern hints at a product inhibition effect which limits pathway

productivity.
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Figure 2.13 | D-glucaric acid production in the presence and absence of the 941 bp insert with MIOX and SUMO-MIOX.
Combination of the insert with the SUMO fusion resulted in a slight increase in D-glucaric acid productivity over the insert
alone in the initial 24 hours of culture; however, this effect is lost in subsequent days. Cultures contained strain M2-2
harboring pRSFD-Udh. Cultures without insert also contained pTrc-MIOX-1 or pTrc-SUMO-MIOX, while cultures with
insert contained pTrc-MIOX-ins-manX or pTrc-SUMO-MIOX-ins-manX. Error bars represent the standard deviation of
biological triplicates.

2.3.4 Inhibitory Effects of D-Glucaric Acid

Because we have not observed D-glucaric acid titers above 5 g/L, we hypothesize that D-glucaric acid

at this concentration is inhibitory to further D-glucaric acid production. This hypothesis is supported by ob-

served decreases in in vitroMIOX activity in the presence of increasing amounts of D-glucaric acid (Fig. 2.14);

however, the relatively small extent to which MIOX is inhibited by D-glucaric acid cannot fully explain the ap-

parent upper limit of D-glucaric acid titers. To further investigate this phenomenon, we supplemented cultures

producing D-glucaric acid with 2 and 4 g/L D-glucaric acid at inoculation. In both cases, final D-glucaric acid

titers did not exceed 5 g/L, providing further evidence for inhibition by D-glucaric acid at high concentrations

(data not shown).

A potential explanation for the observed inhibitory effect of D-glucaric acid is pH: production of organic

acids such as D-glucaric acid decreases culture pH, triggering E. coli stress response mechanisms which

lead to physiological and metabolic changes within the cell (Warnecke and Gill, 2005). In the experiment

described in the previous paragraph, cultures were not neutralized following the addition of D-glucaric acid.
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Figure 2.14 | In vitro MIOX activity in the presence of increasing amounts of D-glucaric acid. Measured MIOX activity
decreases slightly as the amount of D-glucaric acid added to the assay reaction is increased. MIOX was expressed from
pTrc-SUMO-MIOX-ins-manX in the presence of 60mMmyo-inositol. CrudeMIOX-containing lysateswere prepared from
cultures grown for 24 hours at 30◦C. Error bars represent the standard deviation of biological triplicates.

To test whether culture pH affects D-glucaric acid productivity, we performed a similar D-glucaric produc-

tion experiment with the addition of approximately 4 g/L neutralized D-glucaric acid at inoculation (Fig. 2.15).

D-glucuronic production in the presence of approximately 4 g/L neutralized D-glucuronic acidwas also inves-

tigated for comparison. In this case, cultures which were supplemented with neutralized D-glucaric acid at

inoculation produced similar amounts of D-glucaric acid (4.35 g/L) compared to a control which contained no

D-glucaric acid at inoculation (3.94 g/L). Since the addition of neutralized D-glucaric acid did not significantly

affect final titers, pH must play a significant role in limiting D-glucaric acid productivity.

Although we have not observed D-glucaric acid titers exceeding 5 g/L, we have observed D-glucuronic

acid titers significantly higher than this threshold (Figs.2.4 and 2.5). Given that pH plays an important role in

pathway productivity, we measured final pH values for each of the cultures described in the previous para-

graph (Fig. 2.15). The pH of cultures producing D-glucuronic acid was approximately one pH unit higher

that of cultures producing D-glucaric acid. D-glucuronic acid is a monocarboxylic acid with a pKa of 3.30.

D-glucaric acid, on the other hand, is a dicarboxylic acid with a pKa of 2.99, indicating that a solution of D-

glucaric acidwill have a lower pH than an equimolar solution of D-glucuronic acid. Becausewe have observed

inhibited product formation at low pH, we speculate that this chemical difference between D-glucuronic and

D-glucaric acids is responsible for the observed titer differences between the two products.
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Figure 2.15 | D-glucuronic and D-glucaric acid production as well as final pH in cultures with and without approximately
4 g/L D-glucuronic or D-glucaric acid added at inoculation. For cultures to which additional D-glucuronic or D-glucaric
acidwas added, culture pHwas adjusted to approximately 7.0 following addition of the acid. Final pHmeasurementswere
taken after 72 hours of culture. Cultures producing D-glucuronic acid contained strain M2-2 harboring pRSFD-SUMO-
MIOX and pTrc-ins-manX, and cultures producing D-glucaric acid contained strain M2-2 harboring pRSFD-SUMO-MIOX
and pTrc-Udh-insert. Error bars represent the standard deviation of biological triplicates.

2.4 Discussion

The elimination of pathway bottlenecks to maximize flux towards products of interest is a cornerstone of

metabolic engineering. Overexpression of pathway genes is a common strategy for overcoming pathway lim-

itations and has been applied to a number of metabolic pathways with great success (McKenna and Nielsen,

2011, Lütke-Eversloh and Stephanopoulos, 2008,Tseng et al., 2010). However, this strategy is ineffective for

pathways in which enzyme solubility is an issue, as overexpression of weakly soluble proteins simply re-

sults in more insoluble protein. For these pathways, tools which increase protein solubility and/or activity are

needed to achieve increases in productivity.

In thiswork, we studied soluble fusion partners as amethod for increasing soluble expression of a pathway-

limiting enzyme. While soluble fusion partners are commonly used to increase soluble protein yields in protein
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purification applications (Young et al., 2012a), their use in metabolic engineering contexts remains limited,

perhaps due to their unpredictable effect on protein activity. For example, MIOX fusions to maltose bind-

ing protein and green fluorescent protein were expressed at significantly higher levels than unfusedMIOX but

were completely inactive. AMIOX fusion to SUMO, however, resulted in a nearly twofold increase in D-glucaric

acid productivity over an unfused control. Such disparity in the behavior of different fusion partners highlights

the difficulty of predicting the optimal fusion partner for a particular protein a priori. On the other hand, the

significant improvement inMIOX activity realized with the SUMO fusion highlights the power of soluble fusion

partners for metabolic engineering applications. To our knowledge, this is the first successful application of

soluble fusion partners towards an in vivo metabolic engineering problem. Further work to understand the

interactions between fusion partners could facilitate increased use of soluble fusion partners for metabolic

engineering applications.

Another strategy for improving protein properties is directed evolution. The directed evolution efforts in

this study, however, did not result in increased protein solubility or activity but instead led to the isolation of

an E. coli genomic DNA fragment which, when transcribed, resulted in increased D-glucuronic and D-glucaric

acid productivities. Given that the directed evolution screen used in this study was designed to identify im-

proved MIOX variants via improved growth on myo-inositol, this result was not altogether surprising, and

this work stands as a prime example of the First Law of Directed Evolution; “you get what you screen for”

(Schmidt-Dannert and Arnold, 1999). Further modifications to the screening method may be necessary to

isolate MIOX mutants which exhibit increased specific activity, especially in the presence of myo-inositol

concentrations more relevant in the context of D-glucaric acid synthesis from glucose.

Despite the failure to generate an improved MIOX variant, the directed evolution efforts in the study did

lead to several interesting results. First, PtsG can function as amyo-inositol transporter in E. coli, although the

PTS permease is not the sole transporter. Whilemyo-inositol transporters have been identified in Salmonella

enterica (Kröger et al., 2010), this is the first evidence of a myo-inositol transporter in E. coli. Second, myo-

inositol transport is a limiting factor for D-glucaric acid production from myo-inositol. This result empha-

sizes the need to consider substrate transport into the cell for metabolic engineering problems. While sub-

strate transport is often overlooked, tools to engineer transport have recently begun to emerge (Young et al.,

2012b). Third, production of manX mRNA results in post-transcriptional upregulation of PtsG expression.

While downregulation of PtsG expression through overexpression of sgrS has been demonstrated (Negrete

et al., 2013), we report a method for post-transcriptional upregulation of PtsG expression. The combination
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of these two methods represents a method for fine-tuned control of PtsG expression and glucose transport

rate, a strategy which may be applied to any number of metabolic engineering problems where glucose is the

primary substrate.

The identification of pH-related effects on D-glucaric acid productivity represents an interesting opportu-

nity for process and strain improvements whichmay increase productivity bymitigating these effects. Mech-

anisms of organic acid toxicity and tolerance in E. coli have been reviewed previously (Warnecke and Gill,

2005), and engineering and/or adaptation of E. coli for improved acid tolerance could further improve D-

glucaric acid productivity. The use of buffered media or online pH control in a bioreactor could also result in

improved titers.

Ultimately, D-glucaric acid production from D-glucose is desired. However, only a small amount of D-

glucaric acidwasproduced in a strain harboring INO1, Udh, SUMO-fusedMIOX, and themanX insert fragment,

and this amount was not significantly more than that produced in a control strain harboring INO1, Udh, and

unfused MIOX (data not shown). The results of this experiment indicate that SUMO-fused MIOX still requires

high concentrations of its substratemyo-inositol for activation. Further engineering will therefore be required

to produce a system capable of generating large amounts of D-glucaric acid from D-glucose as a feedstock.

2.5 Conclusions

In this study, we report two parallel methods for improving D-glucaric acid production from myo-inositol

in E. coli. An N-terminal SUMO fusion to MIOX resulted in a 75% increase in D-glucaric acid production,

yielding final D-glucaric acid titers of 4.85 g/L from 10.8 g/L myo-inositol. Expression of a small fragment

ofmanX mRNA, on the other hand, resulted in a 65% increase in D-glucaric acid production, yielding final D-

glucaric acid titers of 4.58 g/L. A combination of these strategies increased initial D-glucaric acid productivity,

but this effect was lost by the end of the culture. Additionally, pH was identified to have a major impact on

D-glucaric acid productivity. Further work such as scale-up and process engineering will be necessary to

continue to increase productivity towards titers relevant for commercialization of D-glucaric acid. However,

this successful application of two parallel methods towards improved D-glucaric acid production bodes well

for continued engineering efforts, as this expanded toolset provides a much greater potential for synergistic

improvements to D-glucaric acid titers in the future.
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Abstract

Previous work has identifiedMIOX as the least active D-glucaric acid pathway enzyme and determined that

MIOX activity can be increased significantly with the addition of myo-inositol to the culture medium (Moon

et al., 2009b). These observations led to the idea of delaying MIOX expression relative to INO1, allowing

myo-inositol to build up in the culture medium. Activation of MIOX expression after a thresholdmyo-inositol

concentration is reached would ensure exposure of newly produced MIOX to activating concentrations of

myo-inositol, resulting in increased concentrations of active MIOX and higher pathway productivity. A proof-

of-concept experiment in whichMIOX expression was delayed 10 hours relative to INO1 resulted in a five-fold

increase in D-glucuronic acid production from D-glucose.

Although manual induction of MIOX via time-resolved addition of chemical inducers increased pathway

productivity, the use of chemical inducers in industrial settings is generally undesired, as these molecules

are often quite expensive. The use of chemical inducers is especially undesired in the case of D-glucaric

acid, which is expected to be a low-margin, commodity-scale biochemical. This chapter describes attempts

to develop “genetic timers” inspired by synthetic biology to autonomously delay MIOX expression relative to

INO1. Such devices would not only eliminate the need for exogenous addition of chemical inducers but may

also provide robustness against normal variations in biological processes.
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3.1 Introduction

The observation that addition ofmyo-inositol to the culture medium significantly increased MIOX specific

activity during exponential phase led to the desire to couple MIOX expression to myo-inositol production

as a strategy to increase MIOX activity and D-glucaric acid titers. Such a coupling would effectively delay

expression of MIOX, allowingmyo-inositol to build up in the culture medium. After a thresholdmyo-inositol

concentration is reached, MIOX expression would be activated, ensuring exposure of newly produced MIOX

to high myo-inositol concentrations. This idea was tested in a simple proof-of-concept experiment where

MIOX induction wasmanually delayed in a strain harboring plasmids for both INO1 andMIOX (Fig. 3.1). INO1,

under control of an IPTG-inducible T7 promoter, was induced at culture inoculation. MIOX, under control of

aTc-inducible Ptet, was expressed at varying times post-inoculation by the addition of aTc. It is clear from

Fig. 3.1 that delayed expression of MIOX is beneficial for pathway productivity. However, a tradeoff between

increasedMIOX activity and productivity exists: the longer MIOX induction is delayed, the longermyo-inositol

is allowed to accumulate in the culture broth, leading to increased activation of MIOX following induction. On

the other hand, longer induction delays also reduce the amount of time available for MIOX expression, leading

to reduced MIOX concentrations. We speculate that induction delays greater than 10 hours post-inoculation

would lead to decreased product titers.

Figure 3.1 | Final D-glucuronic titers measured at 72 hours with delayed MIOX induction. INO1 was induced with 0.1 mM
IPTG at inoculation, and MIOX was induced with 100 ng/mL aTc at the times indicated in the figure. Cultures contained
strain M2-2 harboring pRSFD-IN and pSB1A7-tetR1-MIOX and were grown in LB + 1% D-glucose at 30◦C.

79



3.1. INTRODUCTION

Although manually delayed induction of MIOX is able to increase product titers significantly, the need for

multiple chemical inducers is an enormous barrier to commercialization of biological D-glucaric acid pro-

duction, as chemical inducers can be quite costly at industrial scales. In addition, a manually delayed induc-

tion scheme requires close monitoring of the fermentation, since normal biological variation and unforeseen

process disturbances could affect cellular growth characteristics. To address both of these issues, we de-

cided to explore synthetic biology devices capable of autonomously delaying the induction of gene expres-

sion. Two methods of delaying MIOX expression were investigated: (1)myo-inositol-responsive machinery

for direct coupling of MIOX expression to intracellular myo-inositol levels, and (2) genetic “timers” for cell

density-dependent induction of MIOX. While the applicability of method (1) is restricted to the D-glucaric acid

pathway, it is hoped that the genetic “timers” in method (2) will be applicable to a wide variety of systems

which require time-resolved induction of gene expression. The following section provides an overview of the

systems which we attempted to utilize for time-delayed gene expression.

3.1.1 Myo-Inositol Responsive Promoters

Salmonella enterica serovar Typhimurium possesses an endogenous pathway formyo-inositol catabolism

(Fig. 3.2) (Kröger and Fuchs, 2009). We hypothesized that the genes involved in myo-inositol utilization are

activated in the presence of myo-inositol, since the expression of several sugar catabolism genes in E. coli

(e.g., araBAD, lacZYA) is activated in the presence of that sugar (e.g., arabinose and lactose, respectively).

In particular, iolG, which catalyzes the first step of the myo-inositol utilization pathway, may be subject to

regulation bymyo-inositol. If this is the case, then thesemyo-inositol responsive promoters can be recruited

to activate MIOX expression once intracellularmyo-inositol has accumulated above a particular threshold.

By cloning the promoters for themyo-inositol catabolism genes in front of a luminescence operon, Kröger

et al. provide evidence that these promoters are responsive to myo-inositol: PiolI2, the promoter for iolI2,

was induced nearly 17,000-fold when grown in minimal media containingmyo-inositol compared to a con-

trol grown in glucose (Kröger and Fuchs, 2009). PiolE was induced over 3,000-fold in myo-inositol over glu-

cose. Additionally, Kröger et al. demonstrate that iolR acts as a transcriptional repressor of themyo-inositol

catabolic pathway: in a ΔiolR strain, all of the Salmonella promoters studied were induced, even in the ab-

sence ofmyo-inositol.
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Figure 3.2 |Myo-inositol utilization pathway in Salmonella enterica serovar Typhimurium (Kröger and Fuchs, 2009).

3.1.2 Genetic Timers

Genetic timers, which delay gene expression autonomously, could have wide application to a myriad of

systems. In themedical field, for example, cell density-dependent induction has been used for localized killing

of tumor cells (Anderson et al., 2006). For this application, E. coli cells were engineered to invade cancerous

cells only when high cell densities are present. This behavior mimics that of many plant pathogens, which

delay expression of maceration enzymes until pathogen cell densities are high enough to overwhelm the

plant. In the biotechnology field, cell density-dependent or metabolite-dependent expression systems can

be used to maximize production of a product that competes directly with glycolysis, or to minimize metabolic

burden from overexpression of heterologous enzymes. As more and more chemicals and proteins are being

produced microbially, the potential of these genetic timers continues to grow.

Quroum Sensing

The phenomenonof quorumsensing, which involves cell density-dependent regulation, has been described

in a wide variety of bacterial species (Uroz et al., 2009, Surette et al., 1999, Dunlap, 1999). Quorum sensing

relies on the fast diffusion of signaling molecules (acyl homoserine lactones, AHLs) to achieve synchronized,
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density-dependent gene expression. At low cell densities, newly synthesized AHLs diffuse out of the cell

quickly and become diluted in the extracellular media. At such low concentrations, the AHLs do not bind to

their cognate transcriptional activators at an appreciable rate, so expression of quorum-related genes is low.

At high cell densities, a basal level of AHL has been established in the extracellular medium, so AHL buildup

within the cell is able to occur, resulting in the expression of quorum-regulated genes. In 2004, it was shown

that quorum sensing machinery could be used to control gene expression in a density-dependent manner

(Kobayashi et al., 2004). Since then, quorum sensing machinery has been used to link a variety of cellular

processes to cell density, including cell death (You et al., 2004), invasion (Anderson et al., 2006), and motility

(Weiss et al., 2008). In this work, we explore quorum sensing systems from several organisms and attempt

to construct “genetic timers” using this machinery.

Sigma/Anti-Sigma Factor Pairs

In prokaryotes, sigma factors initiate gene transcription by binding to promoters and recruiting RNA poly-

merase. Because sigma factors serve as “gatekeepers” of gene expression, these proteins are excellent con-

trol points for regulating gene expression. By controlling the binding of a sigma factor to a promoter, one

can control the expression of any genes downstream of the promoter. For example, the catabolite repres-

sor protein CRP prevents gene expression by binding to a particular DNA operator site, preventing sigma

factor binding and RNA polymerase assembly. The presence of D-glucose leads to activation of CRP and

subsequent downregulation of a whole host of catabolite-repressed genes. Another method of control is

sequestration, where an anti-sigma factor binds to and sequesters its cognate sigma factor. When a sigma

factor is sequestered by its anti-sigma factor, it is unable to activate transcription. It is this sigma/anti-sigma

factor interaction that we wish to exploit to create a “genetic timer” capable of delaying gene expression.

3.2 Materials and Methods

3.2.1 E. coli Strains and Plasmids

E. coli strains and plasmids used in this study are listed in Table 3.1; oligonucleotides used are listed in

Table 3.2. All molecular biology manipulations were performed according to standard practices (Sambrook

and Russell, 2001). E. coli DH10B was used for transformation of cloning reactions and propagation of all
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plasmids. Unless otherwise indicated, BioBricks Assembly Standard RFC 10 was used for all cloning proce-

dures (Knight, 2003): to insert Part A upstream of Part B, Part A is digested with EcoRI and SpeI and purified

away from its vector backbone. Part B is digestedwith EcoRI and XbaI, and the two parts are ligated. To insert

Part A downstream of Part B, Part A is digested with XbaI and PstI, Part B is digested with SpeI and PstI, and

the two parts are ligated. This assembly standard relies on the generation of compatible sticky ends by XbaI

and SpeI which, upon ligation, generates a “scar” sequence that is not digestible by XbaI or SpeI.

To construct pSB1A7-PiolC1, pSB1A7-PiolD1, pSB1A7-PiolE, pSB1A7-PiolG2, pSB1A7-PiolI2, andpSB1A7-

PiolR, promoter sequences PiolC1, PiolD1, PiolE, PiolG2, PiolI2, and PiolR as identified by Kröger et al. (2009) were

first amplified from Salmonella typhimurium strain LT2 genomic DNA using primers BBa_iolC1_fwd1 and

BBa_iolC1_rev1, BBa_iolD1_fwd1 andBBa_iolD1_rev1, BBa_iolE_fwd1 andBBa_iolE_rev1, BBa_iolG2_fwd1 and

BBa_iolG2_rev1, BBa_iolI2_fwd1 and BBa_iolI2_rev1, and BBa_iolR_fwd1 and BBa_iolR1_rev1, respectively. To

facilitate cloning, each forward primer contained a BioBricks prefix, and each reverse primer contained a Bio-

Bricks suffix. These PCR products were then digestedwith EcoRI and SpeI, then ligated into similarly digested

pSB1A7, a plasmid backbone available from theRegistry of StandardBiological Parts (http://partsregistry.org).

These promoters abut the start codon of their respective open reading frames, so it is expected that they will

contain a native ribosome binding site. pSB1A7-iolR0 was constructed by amplifying iolRwith its native pro-

moter fromSalmonella typhimurium strain LT2genomicDNAusing primersBBa_iolR_fwd1andBBa_iolR_rev1,

digesting with EcoRI and SpeI, and ligating into similarly digested pSB1A7. pSB1A7-PiolC1-GFP, pSB1A7-

PiolD1-GFP, pSB1A7-PiolE-GFP, pSB1A7-PiolG2-GFP, pSB1A7-PiolI2-GFP, and pSB1A7-PiolR-GFPwere con-

structed by cloning GFP from pSB1A2-GFP downstream of the Salmonella promoters in pSB1A7-PiolC1,

pSB1A7-PiolD1, pSB1A7-PiolE, pSB1A7-PiolG2, pSB1A7-PiolI2, and pSB1A7-PiolR using BioBricks assembly.

Finally, iolR with its native promoter from pSB1A7-iolR0 was inserted upstream of PiolC1-GFP, PiolD1-GFP,

PiolE-GFP, PiolG2-GFP, PiolI2-GFP, and PiolR-GFP using BioBricks Assembly Standard RFC 10 to generate

pSB1A7-iolR0-PiolC1-GFP, pSB1A7-iolR0-PiolD1-GFP, pSB1A7-iolR0-PiolE-GFP, pSB1A7-iolR0-PiolG2-GFP,

pSB1A7-iolR0-PiolI2-GFP, and pSB1A7-iolR0-PiolR-GFP.

For construction of the quorum sensing circuits, three constitutive promoters of varying strengths (rela-

tive strengths: 1.00, 0.56, and 0.10) from the Anderson promoter library were obtained from the Registry of

Standard Biological Parts (http://partsregistry.org); these promoters are referred to individually as Pcon100,

Pcon56, and Pcon10 in Table 3.1 and collectively as PconXX. Plasmids carrying AHL synthetases (luxI, lasI,

and rhlI), quorum-responsive regulators (luxR, lasR, and rhlR), and quorum-controlled promoters (Plux, Plas,
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and Prhl) were also obtained from the Registry of Standard Biological Parts. Each of the AHL synthetases and

quorum-responsive regulators were first cloned downstream of a strong RBS from the Registry of Standard

Biological Parts (Part BBa_B0034); each RBS-CDS construct was then cloned upstream of a double termi-

nator from the Registry of Standard Biological Parts (Part BBa_B0015). Each RBS-CDS-terminator was then

cloned downstream of three different Anderson library promoters, yielding a total of 18 constructs: pSB1A2-

PconXX-luxI, pSB1A2-PconXX-luxR, pSB1A2-PconXX-lasI, pSB1A2-PconXX-lasR, pSB1A2-PconXX-rhlI, and

pSB1A2-PconXX-rhlR. Finally, inserts containing the promoter-AHL synthetase were subcloned into vector

backbone pSB3C5 using EcoRI and PstI to avoid origin compatibility issues during coexpression of the AHL

synthetase and quorum-responsive regulator.

To generate reporter devices for the quorum sensing circuits, GFP from pSB1A2-GFP was first cloned

downstream of a strong RBS from the Registry of Standard of Biological Parts (Part BBa_B0034) to generate

pSB1A2-B0034-GFP. The B0034-GFP insert from this plasmid was then cloned upstream of a double termi-

nator from pSB1AK3-B0015 to yield pSB1AK3-B0034-GFP-B0015. This insert was then cloned downstream

of each of the quorum-controlled promoters to generate pSB1A2-Plux-GFP, pSB1A2-Plas-GFP, and pSB1A2-

Prhl-GFP. These promoter-GFP inserts were then cloned downstream of their cognate quorum-responsive

regulators in pSB1A2-PconXX-luxR, pSB1A2-PconXX-lasR, and pSB1A2-PconXX-rhlR using standard Bio-

Bricks assembly to generate pSB1A2-PconXX-luxR-Plux-GFP, pSB1A2-PconXX-lasR-Plas-GFP, andpSB1A2-

PconXX-rhlR-Prhl-GFP, respectively.

pDC296, which contains the sigma/anti-sigma factor pair sigW/rsiW from Bacillus subtilis was kindly

provided by Prof. AdamArkin (University of California, Berkeley). To generate a reporter plasmid for this circuit,

the PsigW promoter was amplified from pDC296 using primers Psig_fwd and Psig_rev and cloned upstream of

GFP in pSB1AK3-B0034-GFP-B0015 using standard BioBricks assembly to produce pSB1AK3-PsigW-GFP.

The promoter-GFP construct was then subcloned into pSB3C5 to generate pSB3C5-PsigW-GFP, again using

standard BioBricks assembly.

To swap the PBAD promoter of rsiW in pDC296 for an aTc-inducible promoter, the rsiW-RFP cassette

was first amplified from pDC296 using the primers rsi_fwd1/rsi_rev1 and inserted downstream of the tetR

cassette in pSB1A7-tetR1, generating pSB1A7-tetR1-rsiW-RFP. The PsigW-sigW cassette was then amplified

from pDC296 using the primers sig_fwd1/sig_rev1 and cloned into pSB1A7, yielding pSB1A7-PsigW-sigW.

Finally, the PsigW-sigW cassette in pSB1A7-PsigW-sigW was cloned downstream of RFP in pSB1A7-tetR1-

rsiW-RFP to produce pECS01.
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3.2.2 Measurement of Fluorescent Protein Concentrations

The strain of E. coli, relevant plasmids, and culture conditions for each experiment are indicated in the figure

captions. Cultures grown in LB medium were washed with TNG buffer (25 mM Tris-HCl, 0.2 M NaCl, 5% (v/v)

glycerol, pH = 7.5) before fluorescence measurements to eliminate background fluorescence from the LB

medium. Fluorescence and optical densitymeasurementswere taken on either a ThermoScientific Varioskan

Flash (fluorescence: 488 nm excitation/511 nm emission, optical density: 600 nm absorbance) or Tecan

Infinite F200 Pro (fluorescence: 485 nm excitation/535 nm emission, optical density: 600 nm absorbance).

Blank measurements were taken on uninoculated medium and subtracted from the sample measurements.

Normalized fluorescence was calculated by dividing the measured fluorescence by the measured optical

density at 600 nm.

3.3 Results

3.3.1 Myo-inositol Responsive Promoters

Although Kröger et al. observed extremely high levels of induction of several iol promoters in Salmonella in

the presence ofmyo-inositol (Kröger and Fuchs, 2009), this observation is not sufficient evidence to suggest

a direct interaction betweenmyo-inositol and the iol promoters: because Salmonella possesses a catabolic

pathway formyo-inositol (Fig. 3.2), it is possible that amyo-inositol degradation product is actually respon-

sible for activating expression from the iol promoters. This type of feedback activation is a common network

motif in biological circuits (Alon, 2006).

To test whether the iol promoters activate gene expression in response tomyo-inositol, we cloned 300 bp

sequences upstreamof six iol genes (iolC1, iolD1, iolE, iolG2, and iolI2) fromSalmonella typhimurium genomic

DNA upstream of a GFP variant (Fig. 3.3). Because the mechanism of regulation was not fully understood,

the gene for the regulatory protein iolR and its native promoter was also cloned from Salmonella genomic

DNA. Ifmyo-inositol is a direct activator of expression from the iol promoters, then IolR will not be necessary

to observe activation. On the other hand, if expression is activated by binding ofmyo-inositol to the repres-

sor protein, then IolR will be required for myo-inositol-dependent activation. GFP expression from these iol

promoters was measured in minimal medium cultures in the presence and absence of myo-inositol at var-

ious temperatures (Fig. 3.4). Since these promoters are involved in carbon source utilization in Salmonella
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Figure 3.3 | Circuit used to test Salmonella promoters formyo-inositol responsiveness.

typhimurium, catabolite repression by glucose is an important possibility. These promoters were therefore

characterized in cultures containing either glucose or glycerol as the sole carbon source. In all cases, how-

ever, no significant differences in normalized fluorescence were observed upon addition of myo-inositol to

the culture medium, regardless of the presence or absence of the regulator IolR.

It has been shown that 2-deoxy-5-keto-D-gluconic acid 6-phosphate (DKG-6P), an intermediate ofmyo-

inositol degradation, prevents IolR binding to iol promoters in Bacillus subtilis (Yoshida et al., 2008). Kröger

et al. therefore speculate DKG-6P could be responsible for activation of expression from the iol promoters in

Salmonella as well (Kröger and Fuchs, 2009). Given that the E. coli strains in which these promoters were

characterized do not possess genes for myo-inositol catabolism, this data provides further evidence for iol

promoter activation via amyo-inositol catabolite rather thanmyo-inositol itself. Due to these observations,

we did not continue to pursue the Salmonella promoters.

3.3.2 Genetic Timers

Quorum Sensing

Quorum sensing machinery has been discovered in several different organisms, including Vibrio fischeri,

Vibrio harveyi, and Pseudomonas aeruginosa (Fuqua et al., 1994, Pesci et al., 1997). In Vibrio fischeri, the

quorum sensing machinery consists of two components: a signaling molecule synthase (LuxI) and a tran-

scriptional regulator (LuxR) which responds to the presence of the signaling molecule (Fig. 3.5). In the nat-

ural system, low-level expression of LuxI (red ovals) leads to production of the signaling molecule N-3-oxo-

hexanoyl-homoserine lactone (3-oxo-C6 HSL, yellow circles), which is capable of freely diffusing into and

out of the cell. When cell concentration is low, 3-oxo-C6 HSL diffuses out of the cell into the extracellu-

lar medium, resulting in a low intracellular concentration of 3-oxo-C6 HSL. However, as cell concentration

begins to rise, the level of 3-oxo-C6 HSL begins to rise both intracellularly and in the extracellular medium.

Eventually, buildup of intracellular 3-oxo-C6 HSL will lead to dimerization of LuxR (blue ovals) and activation
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3.3. RESULTS

Figure 3.4 | Normalized GFP fluorescence from various Salmonella promoters. In all cases, expression is low, and there
does not appear to be any significant effect from the presence ofmyo-inositol. Cultures contained strain DH10Bharboring
pSB1A2-PiolX-GFP (- iolR) and pSB1A2-iolR0-PiolX-GFP (+ iolR) and were grown in M9 minimal medium supplemented
with glucose (Glc), glycerol (Gly), andmyo-inositol (MI) as indicated. Error bars represent the standard deviation of bio-
logical triplicates.
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Figure 3.5 | Quorum sensing circuit tested for delayed induction behavior. Pcon: constitutive promoter, Plux: LuxR-
responsive promoter.

of gene expression from a quorum-controlled promoter (Plux).

We attempted to characterize the dynamics of the Vibrio fischeri quorum sensing circuit by expressing

LuxI and LuxR from constitutive promoters and using this system to control GFP expression from a quorum-

controlled promoter (Fig. 3.5). We also explored the lasI/lasR and rhlI/rhlR quorum sensing systems from

Pseudonomas aeruginosa because these systems were easily obtainable from the Registry of Standard Bi-

ological Parts (http://partsregistry.org).

The necessity for 3-oxo-C6 HSL to accumulate intracellularly in order to activate gene expression results

in an inherent time delay in gene expression which is directly linked to the 3-oxo-C6 HSL production rate.

Therefore, it should be possible to increase or decrease the circuit’s time delay simply by increasing or de-

creasing the expression level of the synthetase. We modified the homoserine lactone synthetase expression

level using constitutive promoters from the Anderson promoter library (Registry of Standard Biological Parts)

to determinewhether the timing of induction can be controlled andmeasuredGFP concentration as a function

of time. A representative graph is shown in Fig. 3.6; the remaining graphs can be found in Appendix A.

FromFig. 3.6 andAppendix A, it is apparent that quorumsensingmachinery is able to delay protein expres-

sion appreciably post-inoculation for a variety of synthetase and regulator expression levels. However, the

trend is not what is expected: time delay increases as synthetase promoter strength is increased. This trend
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Figure 3.6 | Characterization of the lux quorum sensing circuit: (A) GFP concentration and (B) OD600 as a function of time
for various LuxI expression levels. LuxR promoter strength: 0.56. Error bars represent the standard deviation of biological
triplicates.

reversal is likely due to increased metabolic burden from expression of the synthetase, as the synthetase

draws precursors from fatty acid biosynthesis. Metabolic burden is evident in the growth curves as well,

since increasing expression of the synthetase results in a longer lag time, a slower growth rate, and a lower

final cell density. In other cases (Appendix A), no trend is apparent; we believe that metabolic burden effects

from overexpression of either the synthetase or the repressor protein are responsible for this unpredictable

behavior.

To reduce metabolic burden, the AHL synthetase was integrated into the E. coli genome at the gudD lo-

cus. GFP and the transcriptional regulator were also moved to a lower copy plasmid (p15A ori) to further

reduce metabolic burden. This integration was sufficient to eliminate reductions in growth rate due to over-

expression of the synthetase; however, the reduction in copy number of the synthetase gene also significantly

reduced expression of the reporter gene (Appendix A, Fig. A.9). Attempts to amplify this signal using T7 RNA

polymerase (Fig. 3.7) were also unsuccessful (data not shown).

Sigma/Anti-Sigma Factor Pairs

The sigW/rsiW sigma/anti-sigma factor pair from Bacillus subtilis has been studied and used by the Arkin

Lab at theUniversity of California, Berkeley (Chen andArkin, 2012). While rsiW has not been shownexplicitly to

sequester sigW, there is strong evidence that rsiW is the anti-sigma factor for sigW (Schöbel et al., 2004). This

pair forms the basis of the genetic timer circuit shown in Fig. 3.8. Here, anti-sigma factor rsiW and reporter

gene rfp are expressed from PBAD, an L-arabinose-inducible promoter. Sigma factor sigW is expressed from

Psig, a sigW-activated promoter with a consensus E. coli UP element. Assuming similar degradation rates
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Figure 3.7 | Circuit for quorum sensing signal amplification through T7 RNA polymerase.

of RFP and RsiW, RFP serves as a readout of the RsiW concentration within the cell. The sensitivity of PsigW

to SigW creates a positive feedback loop, which ensures maintenance of the “ON” state once activated. The

reporter gene (gfp) is expressed from the same SigW-sensitive PsigW promoter and serves as a readout for cir-

cuit behavior. To “initialize” the circuit, starter cultures are grown in the presence of high levels of L-arabinose

(0.4 wt%), resulting in high levels of RsiW and low levels of GFP, corresponding to an “OFF” state. The starter

culture is then inoculated into flasks containing varying concentrations of L-arabinose (0 - 0.2 wt%). Because

L-arabinose concentrations in the flask are lower than in the starter culture, there is a net decrease in intra-

cellular RsiW concentration. Additionally, lower concentrations of L-arabinose result in slower rates of RsiW

synthesis, leading to a faster decline in RsiW concentration. Once intracellular RsiW has decreased past a

threshold concentration, SigW is freed to activate expression of the reporter protein. Timing of induction is

thus controlled by the amount of L-arabinose added to the culture flasks: lower L-arabinose concentrations

should translate to an earlier onset of induction.

As expected, the time delay of the circuit correlated well with L-arabinose concentration (Fig. 3.9A): as

L-arabinose concentration was increased, the time delay was also increased. RFP concentrations, which
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3.4. DISCUSSION

Figure 3.8 | Sigma/anti-sigma factor circuit tested for delayed induction behavior.

served as a proxy for RsiW concentrations, decayed as expected as well: as L-arabinose concentration was

increased, the rate of decay decreased. Although this was an encouraging result, the conditions under which

the circuit was tested (M9minimalmedium supplementedwith glycerol, L-arabinose induction) do notmatch

the typical conditions for D-glucaric acid production (LB medium supplemented with glucose, IPTG induc-

tion). In particular, the fact that glucose is required for D-glucaric acid production poses a challenge, since

glucose-activated catabolite repression precludes L-arabinose uptake.

To address this issue, the PBAD promoter was exchanged for Ptet, an aTc-inducible promoter and the circuit

re-characterized in LB medium with aTc induction (Fig. 3.10). Unfortunately, these modifications eliminated

both the induction and time delay behavior of the circuit. Because the original sigma/anti-sigma factor circuit

was tuned for minimal medium, this result is not altogether surprising. We speculate that the increased

growth rate in rich medium and the positive feedback loop controlling the sigma factor both contribute to the

unpredictable behavior observed in Fig. 3.10.

3.4 Discussion

Autonomous, time-delayed induction of gene expression without the need for exogenous inducers would

be an important tool for industrial bioproduction of commodity-scale chemicals, as profit margins are thin
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Figure 3.9 | Characterization of a sigma/anti-sigma factor circuit: (A) normalized GFP and (B) normalized RFP fluo-
rescence as a function of time. Cultures were grown in M9 minimal media supplemented with 10 g/L glycerol and L-
arabinose as indicated; starter cultures were grown in M9 minimal media with 10 g/L glycerol and 0.4 wt% L-arabinose
for circuit “initialization.” Error bars represent the standard deviation of biological triplicates.

Figure 3.10 | Characterization of a sigma/anti-sigma factor circuit with aTc induction: (A) normalized GFP fluorescence
and (B) normalizedRFP fluorescence as a function of time. Cultureswere grown in LB at 37◦Cwith varying concentrations
of aTc. Error bars represent the standard deviation of biological triplicates.
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and inducers are generally an expensive medium component. In this work, we attempted to develop genetic

timers using several different circuit architectures in order to improve D-glucaric acid production in E. coli.

Three circuit architectures were explored:

1. Myo-inositol responsive promoters from Salmonella typhimurium

2. Quorum sensing machinery from Vibrio fischeri and Pseudomonas aeruginosa

3. A sigma/anti-sigma factor pair from Bacillus subtilis

Each of these circuit architectures did not perform as expected for different reasons. We believe that the

Salmonella promoters do not respond directly tomyo-inositol but instead to a downstream catabolite in the

myo-inositol degradation pathway. This type of feedback circuit architecture is quite common in biological

systems and serves to filter out short-term noise in the input signal: if gene expressionwere activated directly

by myo-inositol, even transient increases in myo-inositol levels would activate gene expression, leading to

wastage of cellular resources. On the other hand, the presence of a feedback activation loop requires that

high levels of myo-inositol be maintained for an extended period of time, as the signal must travel through

several intermediate steps before gene expression is upregulated.

Although this particular set of promoters was not responsive tomyo-inositol, it is highly likely that amyo-

inositol-responsive promoter and regulatory protein exists in nature. Myo-inositol is used as a building block

for cell wall biosynthesis in a number of eukaryotic organisms, including Saccharomyces cerevisiae. Be-

cause of its function as a key metabolite, it is likely that myo-inositol levels are highly regulated, and it is

reasonable to hypothesize that this regulation may be dependent onmyo-inositol in some cases. Compar-

ative transcriptomic analysis of these organisms in the presence and absence ofmyo-inositol could lead to

the identification of promoters which aremyo-inositol-responsive.

Metabolic burden and burden-related effects proved to be the limitation of the quorum sensing circuits.

Overexpression of either the AHL synthetase or the quorum-responsive regulator led to slower growth rates

and a lower final cell density, classical indicators of metabolic burden. Because the acyl group of the acyl

homoserine lactone is derived from fatty acid biosynthesis, we believe that overexpression of the AHL syn-

thetase deprives the cell of precursors for cell wall formation and forces the cell to expend more energy to

maintain homeostasis. These metabolic burden effects then lead to the unpredictable behavior that we have

observed.
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If quorumsensing is to be applied tometabolic engineering problems, thesemetabolic burden issuesmust

be addressed, as biological production of small molecules almost always requires overexpression of pathway

enzymes in addition to the quorum sensing machinery. Efforts to eliminate metabolic burden effects by

reducing expression level of the AHL synthetase and quorum-responsive regulator were relatively successful;

however, these efforts also significantly reduced the expression level of the gene of interest. It is possible that,

by reducing expression of the circuit components, the output range of the first circuit component no longer

matched the input range of the second circuit component, and further impedance matching (Sec. 1.3.3) and

circuit re-tuning may be required to generate a functional circuit.

The sigma/anti-sigma factor circuit was plagued by context dependence issues (Sec. 1.3.3): although the

circuit performed as expected in minimal medium with arabinose induction, a simple switch to rich medium

and aTc induction resulted in completely unpredictable circuit behavior. It is likely that the increased growth

rate in rich medium leads to changes in the synthesis rate of circuit components, and these effects could

be compounded by the presence of an autoregulatory positive feedback loop controlling sigW expression.

This particular network motif has been shown to potentially lead to bistability (Alon, 2006). Elimination of

this positive feedback loop did not restore time-delayed induction behavior, however (data not shown), so

re-tuning of the circuit may be necessary.

3.5 Conclusions

In thiswork, we demonstrated the potential of time-delayed induction ofMIOX for improvingD-glucaric acid

production through a simple proof-of-concept experiment involving delayed, manual addition of chemical

inducers to the culture medium. Since chemical inducers are too costly for commodity-scale chemicals,

we attempted to develop genetic circuits which would be capable of autonomously delaying the induction

of gene expression in a controllable fashion. While unsuccessful, these attempts highlight the limitations

which currently prevent widespread use of synthetic biology devices for metabolic engineering problems. It

is hoped that the lessons learned here will help drive future development of synthetic biology devices for

metabolic engineering applications.
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CHAPTER 4. IMPROVED YIELD VIA STRAIN ENGINEERING

Abstract

Chapters 2 and 3 focused on the application of metabolic engineering and synthetic biology strategies to-

wards increasing productivity of D-glucaric acid. At the industrial scale, product yield is also an important pro-

cess parameter, especially for low-margin products such as D-glucaric acid, where rawmaterial costs can be

a significant fraction of the overall manufacturing costs. Recent interest in using lignocellulosic biomass as

a feedstock for microbial fermentation processes presents an opportunity for increasing the yield of bioprod-

ucts derived directly from D-glucose, such as D-glucaric acid. Lignocellulosic biomass consists of several

fermentable sugars, including glucose, xylose, and arabinose. In this chapter, we investigate the ability of an

E. coli Δpgi Δzwf mutant to consume alternative carbon sources (xylose, arabinose, and glycerol) for growth

while reserving glucose for product formation. Deletion of pgi and zwf was found to eliminate catabolite re-

pression as well as E. coli’s ability to consume glucose for biomass formation. In addition, productivity and

yield of D-glucaric acid from D-glucose were significantly increased in a Δpgi Δzwf strain.

Portions of this chapter are being prepared for publication in:

Shiue, E and Prather, KLJ. Improving product yields on D-glucose in Escherichia coli via alternative carbon

sources.
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4.1 Introduction

In recent years, concerns over declining petroleum reserves and climate change due to atmospheric carbon

dioxide accumulation have spurred significant interest in using alternative feedstocks for the manufacture

of petroleum-derived products. Renewable and abundant, non-food plant (lignocellulosic) biomass repre-

sents a promising alternative feedstock to crude oil. Moreover, because plants take up carbon dioxide during

growth, the use of plant-based feedstocks could potentially slow the accumulation of carbon dioxide in the

atmosphere. Recent research has focused heavily on the identification of ideal plant biomass feedstocks

(Joyce and Stewart, 2012), the determination of commercially valuable, biomass-derived products (Werpy

and Petersen, 2004), and the development of processes for converting plant biomass into these products of

interest.

One such process which has received heavy attention is microbial fermentation. A significant portion of

lignocellulosic biomass consists of fermentable sugars such as glucose, xylose, arabinose, and galactose

(Joyce and Stewart, 2012), and many microbes are naturally able to convert these sugars into products of

interest such as biofuels (Jang et al., 2012) and biopolymers (Lee, 1996). In addition, microbes can be engi-

neered to produce a wide array of non-natural products via recombinant DNA technology (Curran and Alper,

2012). A fewproducts, includingD-glucaric acid (Moon et al., 2009b) andD-gluconic acid (Rogers et al., 2006),

are derived directly from glucose; however, microbial production of these products generally suffers from low

yields, as a portion of the glucose feed is utilized for generation of cell biomass. To maximize yields for these

glucose-derived products, we set out to design an E. coli production platform which utilizes an alternative

carbon source such as arabinose or xylose for cell growth, reserving glucose solely for product generation.

The main pathways for D-glucose utilization in E. coli are depicted in Fig. 4.1. D-glucose enters the cell

through the phosphotransferase system (PTS) encoded by ptsG and ptsHI-crr and is phosphorylated to glu-

cose 6-phosphate in the process. Glucose 6-phosphate can then proceed through the Entner-Dudoroff Path-

way via zwf or through the Embden-Meyerhoff-Parnas Pathway via pgi. The carbon in glucose-6 phosphate

can also be stored as glycogen via pgm.

Previous work to engineer E. coli for coutilization of D-glucose and alternative carbon sources involved

deletion of the PTS system (Solomon et al., 2013, Balderas-Hernández et al., 2011,Wang et al., 2011c). By

eliminating the PTS system, catabolite repression can be eliminated, allowing simultaneous uptake of D-

glucose and another carbon source. However, these strategies also eliminate E. coli’s primary method of
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glucose uptake, and the cell must rely on nonspecific transporters to import glucose into the cell. Subsequent

phosphorylation of D-glucose to glucose 6-phosphate via ATP-dependent glk is also required for D-glucose

metabolism in PTS-deficient E. coli. Overexpression of the galactose:H+ symporter galP and upregulation of

glk has been shown to recover wild-type growth rates in PTS-deficient strains of E. coli (Balderas-Hernández

et al., 2011). However, because the glycolytic pathways remain in this strain, it is likely that product yields on

D-glucose would remain low. In this study, we explore the behavior of an E. coli strain which lacks pgi and zwf

and investigate its ability to produce a D-glucose-derived product when supplemented with L-arabinose and

D-xylose, sugars which are readily available from biomass. Glycerol is also explored as an alternative carbon

source, as its price has dropped greatly in recent years due to significant increases in biodiesel production

(Johnson and Taconi, 2009). Previous work has demonstrated improved productivity and yield of D-glucose-

derived products in a Δpgi Δzwf strain supplemented with mannitol (Kogure et al., 2007,Pandey et al., 2013);

however, the price of mannitol remains high relative to glycerol and biomass-derived sugars.

Figure 4.1 | D-glucose utilization pathways in E. coli.
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4.2 Materials and Methods

4.2.1 E. coli Strains and Plasmids

E. coli strains and plasmids used in this study are listed in Table 4.1. All molecular biology manipulations

were performed according to standard practices (Sambrook and Russell, 2001). E. coli DH10B was used for

transformation of cloning reactions and propagation of all plasmids. Construction of strains M2 and M2-

2 is described in Sec. 2.2.1. Strain M3 was constructed by our group previously (Gonçalves et al., 2013).

Deletion of zwf from strain M3 was achieved by P1 transduction with Keio collection strain JW1841-1 as the

donor (Baba et al., 2006). The λDE3 lysogenwas then integrated site-specifically into this quadruple knockout

strain using a λDE3 Lysogenization Kit (Novagen, Darmstadt, Germany), generating strain M4 (MG1655(DE3)

ΔendA ΔrecA Δpgi Δzwf. To eliminate the native ability of E. coli MG1655 to consume D-glucuronic or D-

glucaric acids, uxaC and gudD were also deleted from the genome. Deletion of uxaC was performed with

λ-Red mediated recombination (Datsenko and Wanner, 2000) using pKD46recA (Solomon et al., 2013). PCR

primers pKD13_uxaC_fwd and pKD13_uxaC_rev (Table 4.2) were used to amplify the recombination cassette

from pKD13 (Datsenko and Wanner, 2000), and strain M4 harboring pKD46recA was transformed with this

PCR product. The kan selection cassette was cured from successful deletion mutants using FLP recombi-

nase expressed from pCP20, generating strain M5. Finally, strain M6 (MG1655(DE3) ΔendAΔrecAΔpgiΔzwf

ΔuxaC ΔgudD) was generated using the same λ-Red mediated recombination method described above; in

this case, primers pKD13_gudD_fwd and pKD13_gudD_rev were used to amplify the recombination cassette

from pKD13. To construct pRSFD-IN-Udh, pRSFD-IN was first with XhoI, end-filled with Klenow enzyme,

then digested with EcoRI-compatible MfeI. pTrc-Udh was then digested with EcoRI and SmaI, and the Udh-

containing fragment was ligated into digested pRSFD-IN to generate pRSFD-IN-Udh.
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CHAPTER 4. IMPROVED YIELD VIA STRAIN ENGINEERING

4.2.2 Culture Conditions

For determination of growth curves, cultures were grown in 250 mL baffled shake flasks containing 50 mL

LB medium supplemented with approximately 10 g/L D-glucose, L-arabinose, glycerol, and/or D-xylose as

indicated in Figs. 4.2-4.4. Seed cultures were grown overnight at 30◦C and inoculated to an optical density at

600 nm (OD600) of 0.005. Cultureswere incubated at 30◦C, 250 rpm, and 80% relative humidity for 72 hours. To

construct a growth curve, cell density wasmeasured at regular time intervals on a DU800 Spectrophotometer

(Beckman Coulter, Pasadena, CA), with more frequent sampling during the exponential growth phase. For

analysis of metabolite concentrations, samples were taken daily, centrifuged to remove cell debris, and the

supernatants analyzed via high performance liquid chromatography as described in Sec. 4.2.3.

For D-glucaric acid production, cultures were grown in 250 mL baffled shake flasks containing 50 mL

LB medium supplemented with 10 g/L D-glucose and 10 g/L L-arabinose, 10 g/L glycerol, or 10 g/L D-

xylose. Cultures were induced at inoculation with 0.1 mM β-D-1-thiogalactopyranoside (IPTG). Ampicillin

(100 μg/mL) and kanamycin (30 μg/mL) were added for plasmid maintenance. Seed cultures were grown

overnight at 30◦C in LB medium supplemented with 10 g/L D-glucose and 10 g/L L-arabinose, 10 g/L glyc-

erol, or 10 g/L D-xylose and inoculated to an optical density at 600 nm (OD600) of 0.005. Cultures were in-

cubated at 30◦C, 250 rpm, and 80% relative humidity for 72 hours. Samples were taken daily, centrifuged to

remove cell debris, and the supernatants analyzed for metabolite concentrations as described in Sec. 4.2.3.

4.2.3 Determination of Metabolite Concentrations

D-glucose, L-arabinose, glycerol, D-xylose, and D-glucaric acid were quantified from culture supernatants

using high performance liquid chromatography (HPLC) on an Agilent Series 1100 or Series 1200 instrument

equipped with an Aminex HPX-87H column (300 mm by 7.8 mm; Bio-Rad Laboratories, Hercules, CA). Sul-

furic acid (5 mM) was used as the mobile phase at 35◦C and a flow rate of 0.6 mL/min in isocratic mode.

Compounds were detected and quantified from 10 μL sample injections using a refractive index detector. Re-

portedmetabolite concentrations are the average of triplicate samples, and error bars represent one standard

deviation above and below the mean value.
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4.3 Results

In E. coli, glucose is imported into the cell and phosphorylated to glucose 6-phosphate (G6P) by the phos-

photransferase system (PTS). Glucosemetabolism then proceeds through two routes (Fig. 4.1): the Embden-

Meyerhoff-Parnas Pathway via phosphoglucose isomerase (pgi) or the Entner-Dudoroff Pathway via glu-

cose 6-phosphate dehydrogenase (zwf). A third route interconverts glucose 6-phosphate and glucose 1-

phosphate via phosphoglucomutase (pgm) for glycogen storage and accumulation, but this route does not

lead to glucose consumption. To eliminate native consumption of glucose, both pgi and zwf were deleted

from an MG1655-derived strain.

4.3.1 Behavior of the Δpgi Δzwf Mutant

Cell growth was compared for the host strain MG1655(DE3) ΔendA ΔrecA (strain M2) and the derived

strain MG1655(DE3) ΔendA ΔrecA Δpgi Δzwf (strain M4) (Fig. 4.2). Maximum specific growth rates for each

combination of strain and carbon supplement were also calculated (Table 4.3). As expected, growth of strain

M2 was similar for all conditions tested, with similar lag phases and maximum specific growth rates. Final

cell densities were lower when strain M2 was fed D-glucose, likely due to increased production of acetate

(Fig. 4.3), which has been shown to inhibit cell growth (Roe et al., 1998). Growth of strain M4 was also similar

for all conditions tested with the exception of glycerol-supplemented cultures, which displayed a significant

lag in growth around 24 hours of culture. We speculate that this lag corresponds to depletion of themetabolic

precursors provided by the LB medium and a metabolic shift towards gluconeogenic metabolism for growth

on glycerol. Maximum growth rate, lag time, and final cell densities are similar for strain M4 in the presence

of either L-arabinose or D-xylose regardless of whether D-glucose was supplemented in the growth media,

indicating that substrate consumption was similar regardless of the presence of D-glucose.

Concentrations ofD-glucose, alternative carbon source, and acetateweremeasured for each strain/carbon

supplement combination as a function of time (Fig. 4.3). As expected, the presence of D-glucose prevents

consumption of the alternative carbon source in strain M2 via catabolite repression. In contrast, the deletion

of pgi and zwf prevents consumption of D-glucose in strainM4. Interestingly, deletion of pgi and zwf appears

to eliminate catabolite repression in strain M4, as the presence of D-glucose does not preclude consumption

of the alternative carbon source in this strain. Additionally, acetate production by strain M4 is lower than

strain M2 for all of the alternative carbon sources tested, likely due to reduced glycolytic flux.

114



CHAPTER 4. IMPROVED YIELD VIA STRAIN ENGINEERING

Figure 4.2 | Growth curves for strains M2 and M4 in LB medium supplemented with various carbon sources (Ara: L-
arabinose, Gly: glycerol, Xyl: D-xylose, Glc: D-glucose). Error bars represent the standard deviation of biological triplicates.

We speculate that this phenomenon is due to intracellular buildup of glucose 6-phosphate. Catabolite

repression is mediated by cyclic AMP (cAMP), which is synthesized by adenylate cylcase. Adenylate cylcase

is activated via phosphorylation by EIIAGlc, but this phosphorylation can only occur if EIIAGlc has a phos-

phate group to donate. When glucose is being actively imported through the PTS system, EIIAGlc donates

its phosphate to the incoming glucose, resulting in a mostly unphosphorylated population of EIIAGlc, inactive

adenylate cyclase, and a low concentration of cAMP. The absence or depletion of glucose from the culture

medium leads to a buildup of phosphorylated EIIAGlc, activation of adenylate cyclase, and an increase in cAMP

concentration, eventually leading to the expression of catabolite-repressed genes such as araBAD and xylAB.

Thus, catabolite repression occurswhen there is active flux of glucose into the cell, not simplywhen glucose is

present in the medium. In a Δpgi Δzwf mutant, the accumulation of glucose 6-phosphate quickly eliminates

glucose flux into the cell, resulting in derepression of genes normally repressed in the presence of glucose.
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4.3. RESULTS

Figure 4.3 | Carbon source utilization and acetate production (Ara: L-arabinose, Gly: glycerol, Xyl: D-xylose, Glc: D-
glucose, Act: acetate) as a function of time in strainsM2 andM4. Error bars represent the standard deviation of biological
triplicates.
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Table 4.3 |Maximum growth rate μmax of strains M2 andM4 in LB supplemented with various carbon substrates (10 g/L).
Error represents the standard deviation of biological triplicates.

Strain Alternative Carbon Supplemented D-Glucose μmax (hr−1)

M2

L-Arabinose
− 1.00 ± 0.01

+ 1.01 ± 0.06

Glycerol
− 0.98 ± 0.02

+ 0.97 ± 0.04

D-Xylose
− 1.00 ± 0.03

+ 0.87 ± 0.20

M4

L-Arabinose
− 0.65 ± 0.01

+ 0.66 ± 0.02

Glycerol
− 0.66 ± 0.05

+ 0.68 ± 0.01

D-Xylose
− 0.70 ± 0.01

+ 0.67 ± 0.01

4.3.2 D-glucaric Acid Production in the Δpgi Δzwf Mutant

D-glucaric acid, a dicarboxylic organic acid, is a naturally occurring compoundwhich has been investigated

for a variety of potential applications, including cholesterol reduction and cancer treatment. A biosynthetic

pathway to D-glucaric acid from D-glucose has been constructed in E. coli (Fig. 1.3) (Moon et al., 2009b).

This pathway begins with glucose 6-phosphate, which is converted to myo-inositol-1-phosphate by myo-

inositol-1-phosphate synthase (INO1). Myo-inositol-1-phosphate is then dephosphorylated by an endoge-

nous phosphatase to yield myo-inositol, which is oxidized to D-glucuronic acid by myo-inositol oxygenase

(MIOX). Finally, D-glucuronic acid is oxidized to D-glucaric acid by uronate dehydrogenase (Udh). Because

production of D-glucaric acid requires glucose 6-phosphate, we hypothesized that the yield of D-glucaric acid

could be increased significantly in a Δpgi Δzwf strain.

Production ofD-glucaric acid inMG1655(DE3)ΔendAΔrecAΔgudDΔuxaC (strainM2-2) andMG1655(DE3)
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Table 4.4 | D-glucaric acid titer and yield on D-glucose for strains M2-2 and M6 on various carbon sources. Error repre-
sents the standard deviation of biological triplicates.

Strain Carbon D-Glucaric Acid Titer (g/L) Yield on D-glucose (g/g)

M2-2

L-Arabinose 0.13 ± 0.01 0.044 ± 0.002

Glycerol 0.20 ± 0.02 0.052 ± 0.009

D-Xylose 0.13 ± 0.01 0.039 ± 0.002

M6

L-Arabinose 0.50 ± 0.01 0.76 ± 0.13

Glycerol 0.81 ± 0.10 0.44 ± 0.04

D-Xylose 1.19 ± 0.08 0.73 ± 0.03

ΔendA ΔrecA Δpgi Δzwf ΔgudD ΔuxaC (strain M6) was compared. Both gudD and uxaC were knocked out

of both of these strains to prevent consumption of either D-glucuronic or D-glucaric acids. As expected,

D-glucaric acid yield on D-glucose is increased in the Δpgi Δzwf mutant nearly 18-fold over an unmutated

control supplemented with L-arabinose or D-xylose; yield is increased approximately 9-fold in the Δpgi Δzwf

strain supplemented with glycerol (Table 4.4). Additionally, D-glucaric acid titers are significantly higher in

the Δpgi Δzwf mutant (Fig. 4.4). We hypothesize that deletion of pgi and zwf results in higher glucose 6-

phosphate pools, allowing INO1 to operate much closer to its maximum activity, leading to increased flux

through the D-glucaric acid pathway.

4.4 Discussion

Traditionally, the main focus of metabolic engineering projects has been on increasing the productivity and

final titer of a product of interest, and this approach has been widely successful for high-value compounds

such as pharmaceutical intermediates and therapeutic proteins. However, simply increasing productivity

and titers may not be sufficient for low-margin, high-volume bioproducts such as biofuels and commodity

chemicals. In these cases, product yield becomes an important process consideration, as rawmaterial costs

can be a large percentage of the manufacturing costs. Strategies which are able to increase product yield

without sacrificing productivity or titer would be valuable tools for the metabolic engineer.

Recent interest in the use of renewable feedstocks such as lignocelluosic biomass for biochemical pro-
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Figure 4.4 | D-glucaric acid production and carbon source utilization (Ara: L-arabinose, Gly: glycerol, Xyl: D-xylose, Glc:
D-glucose, Gla: D-glucaric acid) as a function of time in strains M2-2 and M6. Both strains harbored pRSFD-IN-Udh
and pTrc-SUMO-MIOX for production of D-glucaric acid from D-glucose. Error bars represent the standard deviation of
biological triplicates.
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duction presents an interesting opportunity for increasing the yield of biochemicals derived directly from glu-

cose: in addition to glucose, lignocellulosic biomass contains several other fermentable sugars (e.g., xylose

and arabinose) which may be used for biomass formation while reserving glucose solely for product gen-

eration. Because wild-type E. coli preferentially consumes glucose, strain engineering is necessary to shift

the cell’s preference towards alternative carbon sources. In this work, we characterized the carbon source

preference of a ΔpgiΔzwf mutant and explored its ability to improve the yield of D-glucaric acid on D-glucose.

As expected, deletion of pgi and zwf eliminates the cell’s ability to consume D-glucose for biomass for-

mation. Catabolite repression is eliminated in this strain as well, as the Δpgi Δzwf mutant is able to consume

L-arabinose, glycerol, and D-xylose in the presence of D-glucose. Because glucose-mediated catabolite re-

pression occurs when glucose transport into the cell is high, we believe that intracellular buildup of glucose

6-phosphate in the Δpgi Δzwf mutant leads to significantly reduced glucose transport, alleviating catabolite

repression. Interestingly, introduction of the D-glucaric acid pathway, which should draw down intracellu-

lar glucose 6-phosphate pools, does not appear to affect the uptake of alternative carbon sources in the

presence of D-glucose. We speculate that glucose influx in the presence of INO1 is not high enough to signif-

icantly reduce the levels of phosphorylated EIIAGlc to result in activation of catabolite repression. Because the

threshold rate of glucose import necessary for activation of catabolite repression is unknown, efforts to fur-

ther increase the activity of INO1 or to introducemore active glucose consumption pathways should proceed

with caution to avoid reactivation of catabolite repression.

4.5 Conclusions

In this work, we investigated the behavior of a Δpgi Δzwf mutant and its ability to utilize alternative carbon

sources for cell growth while reserving D-glucose for product formation. This strain was able to consume

L-arabinose, glycerol, and D-xylose even in the presence of D-glucose, and yields of D-glucaric acid on D-

glucose were increased 9- to 18-fold in the Δpgi Δzwf strain. Additionally, product titers were also increased,

as the initial D-glucaric acid pathway enzyme was no longer in competition with glycolytic enzymes for glu-

cose 6-phosphate. These gains in product yield and productivity should easily translate to other bioproducts

derived from D-glucose, and it is hoped that this strain will help improve the process economics of these

value-added biochemicals.
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CHAPTER 5. CONCLUSIONS AND FUTURE DIRECTIONS

Abstract

This thesis set out to improve the commercial prospects of biological D-glucaric acid production through

the development and application ofmetabolic engineering and synthetic biology strategies towards improving

pathway productivity and yield. This chapter summarizes the major findings and accomplishments of the

thesis and discusses future directions for further improvements to biological production of D-glucaric acid.
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5.1 Conclusions

D-glucaric acid, a hydroxylated dicarboxylic acid, has been reported to have a plethora of potential uses.

Current production of D-glucaric acid, however, employs a chemical process which is nonselective and re-

quires harsh reaction conditions. Given the commercial potential for D-glucaric acid, our group explored

biological production of D-glucaric acid as a greener and potentially more economical process, leading to

the construction of a heterologous pathway for D-glucaric acid production in Escherichia coli (Moon et al.,

2009b).

The main goal of this thesis was to improve the economic viability of biological production of D-glucaric

acid through improvements to process productivity and yield. Several metabolic engineering and synthetic

biology strategies were explored over the course of this thesis, and the main findings, conclusions, and ac-

complishments are summarized below.

5.1.1 Metabolic Engineering for Improved Productivity

Previous work identifiedMIOX to be the least active pathway enzyme and demonstrated a linear correlation

between in vitroMIOX specific activity and final D-glucaric acid titers (Moon et al., 2009b,Moon et al., 2010).

In Chapter 2, I explored directed evolution and soluble protein fusion tags as methods for increasing MIOX

activity, solubility, and stability. Both of these methods were very successful: a single round of directed evo-

lution improved MIOX productivity 65%, and an N-terminal SUMO fusion to MIOX improved productivity 75%.

However, both of these improvements were observed only when myo-inositol was supplied exogenously at

high concentrations. Productivity improvements were not observed when D-glucose was fed, indicating that

themyo-inositol activation effect was not removed by my protein engineering efforts.

Interestingly, the directed evolution efforts presented in Chapter 2 did not yield a MIOX variant with im-

proved specific activity but instead isolated a 941 bp DNA fragment whose expression appears to increase

myo-inositol transport into the cell. Expression of themanX portion of this 941 bp DNA fragment was shown

to result in upregulation of ptsG transcription, likely via titration of sgrSmRNA away from ptsG interactions.

This sgrS-ptsG interaction has been leveraged previously to downregulate expression of PtsG (Negrete et al.,

2013). In contrast, our discovery of a method for titration of sgrSmRNA represents a strategy for upregula-

tion of PtsG expression which does not require direct overexpression of PtsG. Additionally, PtsG was shown

to function as a transporter of myo-inositol in E. coli, although it is apparent from the data that other myo-
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inositol transporters exist in E. coli.

Finally, attempts to combine the DNA insert and the SUMO-MIOX fusion were not successful in increasing

D-glucaric acid titers but did lead to the discovery of pH-related inhibition of D-glucaric acid productivity

which limits productivity to approximately 5 g/L. A general pH-related inhibition effect also explains why it is

possible to obtain higher titers of D-glucuronic acid than D-glucaric acid, since D-glucaric acid is more acidic

than D-glucuronic acid.

5.1.2 Synthetic Biology for Improved Productivity

In addition to identifying MIOX as the least active pathway enzyme, Moon et al. also observed that addition

of myo-inositol, the substrate for MIOX, to the culture medium significantly increased MIOX specific activity

during exponential phase (Moon et al., 2009b). These observations led to the idea of delaying MIOX expres-

sion relative to INO1, which would allow myo-inositol to build up in the culture medium and intracellularly.

Activation of MIOX expression some period of time after INO1 would ensure exposure of newly translated

MIOX to activating concentrations of myo-inositol. A proof-of-concept experiment, in which MIOX expres-

sion was delayed 10 hours relative to INO1, resulted in a five-fold increase in D-glucuronic acid production

from D-glucose.

Because D-glucaric acid is expected to be a commodity-scale biochemical, the use of exogenous chemi-

cal inducers in the production process is undesired, as chemical inducers are often quite expensive. Chapter

3 described attempts to develop genetic circuits which would be capable of autonomously performing time-

delayed induction of MIOX expression. These circuits would not only have eliminated the need for costly

chemical inducers but might also have provided robustness against the variations typical of biological pro-

cesses.

Three separate circuits were explored: myo-inositol responsive promoters from Salmonella typhimurium,

quorum sensing machinery from Vibrio fischeri and Pseudomonas aeruginosa, and a circuit based on a

sigma/anti-sigma factor pair from Bacillus subtilis. The purportedmyo-inositol responsive promoters from

Salmonella did not respond tomyo-inositol, and it is believed that these promoters respond to a downstream

catabolite instead. Overexpression of the quorum sensing machinery in E. coli led to undesired metabolic

burden effects and unpredictable circuit behavior, and efforts to reduce metabolic burden effects also sig-

nificantly reduced expression of the gene of interest. Finally, although the sigma/anti-sigma factor circuit

behaved as expected in minimal medium, its behavior became unpredictable in rich medium.
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The failure of these attempts to generate a controllable genetic timer highlights the current limitations of

synthetic biology for metabolic engineering problems. The field of synthetic biology is predicated upon the

availability of well-characterized genetic “parts” which can be composed to build genetic “devices” capable

of performing complex biological tasks. In order for synthetic biology to be useful in metabolic engineering

contexts, these genetic devicesmust be “modular,” meaning that theymust be able to perform their designed

function regardless of host strain, medium composition, and/or the presence of other genetic devices. Un-

fortunately, not enough is currently understood about the relationship between context, cellular behavior, and

circuit performance, and the identification of well-behaved genetic circuits remains a trial-and-error process.

Significant additional work will be necessary to fully characterize each genetic part, especially to under-

stand each part’s effect on its host cell and other parts within the cell. I believe that the nature of biological

systems will ultimately prevent the creation of fully modular parts and devices: it is impossible to fully insu-

late a particular part from interactions with other cellular components. Gaining a deep understanding of the

effect of context on part and device performance is therefore paramount to the success of synthetic biology,

as such an understanding will hopefully allow for a priori design of devices which perform as expected under

a given set of conditions.

5.1.3 Strain Engineering for Improved Yield

Chapters 2 and 3 focused on applying metabolic engineering and synthetic biology strategies to increase

productivity of D-glucaric acid. At industrial scales, product yield is also an important process parameter,

especially for low-margin products such as D-glucaric acid. To improve the yield of D-glucaric acid on D-

glucose, pgi and zwf were deleted from an E. coli strain, effectively eliminating its ability to consume D-

glucose for biomass formation. L-arabinose, glycerol, and D-xylose were investigated as alternative carbon

sources which could be utilized for growth. In addition to eliminating D-glucose consumption, deletion of pgi

and zwf was also found to eliminate catabolite repression in E. coli, allowing for consumption of alternative

carbon sources even in the presence of D-glucose. Finally, productivity and yield of D-glucaric acid from

D-glucose were shown to be significantly increased in the Δpgi Δzwf strain.
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5.2 Future Directions

This thesis has made great strides in improving D-glucaric acid productivity and yield. Furthermore, this

thesis has significantly improved our understanding of the D-glucaric acid pathway, its limitations, and its

potential for further improvement. This section describes future research directions which leverage this im-

proved understanding to further improve D-glucaric acid production.

5.2.1 Protein Engineering

The protein engineering efforts described in Chapter 2 of this thesis were very successful in increasing

D-glucaric acid productivity frommyo-inositol as a feedstock. However, our ultimate goal is high D-glucaric

acid productivity fromD-glucose, and further protein engineering of both INO1 andMIOXmay help us achieve

this goal.

INO1

AlthoughMIOXwas identified previously as the least active pathway enzyme, INO1 activity was also shown

to be low relative to that of Udh, the final pathway enzyme (Moon et al., 2009b). Since myo-inositol is still

required for activation ofMIOX, improving INO1 activity could increase pathway productivity by boosting intra-

cellularmyo-inositol pools. Since a strain incapable of growth onD-glucose as a sole carbon source has been

constructed, a simple growth-based screen should be possible: theΔpgiΔzwfmutant can be co-transformed

with MIOX (or SUMO-fused MIOX) and a library of INO1mutants, then plated on minimal medium plates with

D-glucose as the sole carbon source. Colonies which exhibit improved growth should be better able to pro-

duce D-glucuronic acid from D-glucose. Ideally, this improved productivity would be due to improved activity

of INO1.

One caveat of this screening method is that it will likely only isolate INO1 mutants with increased Vmax

rather than a lower KM, since deletion of pgi and zwf likely results in significantly increased (and saturat-

ing) levels of intracellular glucose 6-phosphate. Because the INO1 mutants will not need to compete with

glycolysis for glucose 6-phosphate, mutants which have a higher affinity for glucose 6-phosphate will not

be selected for. This issue might be addressed by downregulating D-glucose import into the cell via overex-

pression of sgrS (Negrete et al., 2013) or by progressive reduction of D-glucose concentrations in theminimal

medium screening plates.
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An additional screening method revolves around the identification ofmyo-inositol responsive promoters

(see Sec. 5.2.2). If such promoters can be found, a FACS screen could be used to identify improved INO1

variants: the myo-inositol responsive promoter can be used to activate expression of a fluorescent protein

in a myo-inositol-dependent manner. Cells possessing more active INO1 variants should generate higher

amounts of fluorescent protein, and these variants can then be isolated in a FACS machine.

MIOX

Although the directed evolution work described in Chapter 2 did not lead to a MIOX variant with improved

activity, it did demonstrate the potential of a growth-based screen for isolating mutants with improved D-

glucuronic acid productivity. In order to screen forMIOXmutantswith improved activity, it might be necessary

to screen under conditions more relevant to D-glucaric acid production, using a D-glucose feed instead of a

myo-inositol feed. Such a screen should be possible in the Δpgi Δzwf mutant, and simultaneous directed

evolution of INO1 and MIOX could speed the pathway improvement process.

An interesting undertaking could be attempting to evolve MIOX so that it no longer requires high con-

centrations of myo-inositol for high activity. This might be possible through a growth-based screen using

progressively lower concentrations of myo-inositol as a feedstock. However, care should be taken to mini-

mize the chances of once again recovering the 941 bp DNA fragment which increasesmyo-inositol transport

into the cell. Screening in the presence of the 941 bp DNA fragment may avoid this problem and may also

allow for lower extracellular concentrations ofmyo-inositol to be used in the screen.

5.2.2 Genetic Timers

Chapter 3 demonstrated that delayed induction of MIOX relative to INO1 could improve pathway productiv-

ity. However, the genetic circuits that were tested in this thesis failed to provide the desired time-delay effect.

Continued development of these timers, including further characterization of individual circuit components

and possible re-tuning of input/output relationships, could lead to more robust genetic timers. These timers

would not only be applicable to D-glucaric acid production but could also find use in several other pathways

currently being developed in the Prather Lab.

Given the importance ofmyo-inositol as an intermediate in various eukaryotic cell processes, intracellular

myo-inositol levels are likely highly regulated. Comparative transcriptomic analysis of various eukaryotic or-

ganisms grown in the presence and absence ofmyo-inositol could identify promoters and regulatory proteins
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which respond directly tomyo-inositol instead of a downstream catabolite like the Salmonella promoters that

were tested in Chapter 3. Successful identification ofmyo-inositol responsive promoters would allow for au-

tonomous induction of MIOX in response to increasingmyo-inositol levels as well as allow for a FACS-based

screen of INO1 directed evolution mutants.

5.2.3 Process Engineering

Chapter 2 identified pH as a limiting factor for D-glucaric acid production, preventing production of more

than approximately 5 g/L of product. The use of buffered media or online pH control in a bioreactor could al-

leviate this inhibition effect; additionally, exploration of D-glucaric acid production in a bioreactor would allow

for identification of potential issues related to process scale-up. One potential issue is the increased aera-

tion of bioreactors compared to shake flasks: although increased aeration often leads to increased growth

rates and cell densities, it may also lead to increased inactivation of MIOX. MIOX contains a non-heme diiron

cluster which must be in the (II/III) state to be catalytically active (Xing et al., 2006). The presence of excess

amounts of oxygen could lead to oxidation of the diiron cluster to the catalytically inactive (III/III) state, leading

to premature inactivation of MIOX and lower product titers as a result. However, oxygen cannot be eliminated

completely from the system, since MIOX requires molecular oxygen to effect the conversion ofmyo-inositol

to D-glucuronic acid. Therefore, it is likely that an optimal degree of oxygenation exists. Understanding the

relationship between dissolved oxygen and MIOX activity/stability will be a key part of large-scale production

of D-glucaric acid and perhaps allow process engineers to take advantage of the spatial inhomogeneities

typically found in large-scale fermenters.

Chapter 4 described a strain capable of growth on an alternative carbon source (L-arabinose, glycerol, or

D-xylose) in the presence of D-glucose, allowing D-glucose to be reserved for product formation. The use

of this strain to produce D-glucaric acid resulted in significantly higher product yield and productivity. It may

be possible to extend these gains in productivity and yield by using a fed-batch process to further increase

cell densities. Variation of feed rate and feed composition could lead to the determination of an ideal feeding

strategy which maximizes D-glucaric acid production in a large-scale fermenter.
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5.2.4 Distributed Bioprocessing

The idea of “distributed bioprocessing,” where tasks are distributed among several different strains or or-

ganisms, has garnered increasing attention in recent years. Distributed bioprocessing strategies can reduce

metabolic burden associated with overexpression of heterologous pathway enzymes and could allow for ex-

pression of each individual pathway enzyme in its optimal host, potentially reducing the engineering required

for high-level production. In the case of D-glucaric acid production, a distributed bioprocessing approach

could leveragemany of the advances described in this thesis without a significant amount of additional work.

One potential distributed bioprocessing scheme involves two strains of E. coli, both of which are unable to

consume D-glucose, D-glucuronic acid, and D-glucaric acid (Δpgi Δzwf ΔuxaC ΔgudD) to maximize product

yield. Additionally, one strain is deficient in L-arabinose consumption (“Strain A”), while the other strain is

deficient in D-xylose consumption (“Strain B”), allowing both carbon sources to be fed. Co-culture of several

E. coli strains on multiple carbon sources has been described previously (Xia et al., 2012).

Strain Awould express INO1 andwould solely be responsible formyo-inositol production. Additional work

may be necessary to identify and overexpress a phosphatase which can dephosphorylate myo-inositol-1-

phosphate tomyo-inositol. Because INO1 is the only overexpressed protein in Strain A, INO1 levels are likely

to be much higher in this strain compared to a strain expressing all three pathway enzymes. Additionally,

inclusion of the 941 bp insert described in Chapter 2 may result in improved export of myo-inositol into the

extracellular medium. Strain B would express MIOX and Udh to convert myo-inositol to D-glucaric acid.

Inclusion of the 941 bp insert from Chapter 2 might improve myo-inositol uptake into Strain B depending

on the effect of D-glucose onmyo-inositol uptake through PtsG: in previous experiments, we have observed

decreased MIOX activity in cultures grown in the presence of D-glucose andmyo-inositol (data not shown),

suggesting that the presence of D-glucose results in lower intracellular myo-inositol concentrations. If D-

glucose blocksmyo-inositol flux through PtsG through direct competition, then inclusion of the insert will not

improvemyo-inositol uptake rates. However, if D-glucose actually acts to downregulate PtsG expression (for

example, via an sgrS-mediated mechanism), then inclusion of the insert could improvemyo-inositol uptake

in Strain B. Additionally, the SUMO-MIOX fusion could be used to increase the solubility and stability of MIOX.

Furthermore, induction of MIOX could be delayed using a quorum sensing system: Strain A would possess

the AHL synthetase and function as the “sender” strain, while Strain B would possess the quorum-responsive

regulator and function as the “receiver” strain. Separated production of the two quorum sensing components
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would likely reduce metabolic burden associated with expression of the circuit; however, it is unclear whether

this reduction would be sufficient to restore predictable circuit behavior.

A distributed bioprocessing approach presents many interesting advantages over the traditional, single-

strain approach. However, several issues must be solved before distributed bioproduction of D-glucaric acid

can become a reality, including the removal of pH limitations to D-glucaric acid production and the develop-

ment of methods for maintaining a co-culture of E. coli strains.
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APPENDIX A. QUORUM SENSING CHARACTERIZATION

Figure A.1 | Characterization of the lux quorum sensing circuit from Vibrio fischeri for constant luxR expression level and
various luxI expression levels. Cultures contained E. coliDH10B harboring pSB1A2-PconXX-luxR-Plux-GFP and pSB3C5-
PconXX-luxI and were grown in 50 mL LBmediumwith ampicillin (100 μg/mL) and chloramphenicol (34 μg/mL) at 37◦C.
Error bars represent the standard deviation of biological triplicates.
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APPENDIX A. QUORUM SENSING CHARACTERIZATION

Figure A.2 | Characterization of the lux quorum sensing circuit from Vibrio fischeri for constant luxI expression level
and various luxR expression levels. Cultures contained E. coli DH10B harboring pSB1A2-PconXX-luxR-Plux-GFP and
pSB3C5-PconXX-luxI and were grown in 50mL LBmediumwith ampicillin (100 μg/mL) and chloramphenicol (34 μg/mL)
at 37◦C. Error bars represent the standard deviation of biological triplicates.
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APPENDIX A. QUORUM SENSING CHARACTERIZATION

Figure A.3 | Characterization of the las quorum sensing circuit from Pseudomonas aeruginosa for constant lasR expres-
sion level and various lasI expression levels. Cultures contained E. coliDH10B harboring pSB1A2-PconXX-lasR-Plas-GFP
and pSB3C5-PconXX-lasI and were grown in 50 mL LB medium with ampicillin (100 μg/mL) and chloramphenicol (34
μg/mL) at 37◦C. Error bars represent the standard deviation of biological triplicates.
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APPENDIX A. QUORUM SENSING CHARACTERIZATION

Figure A.4 | Characterization of the las quorum sensing circuit from Pseudomonas aeruginosa for constant lasI expres-
sion level and various lasR expression levels. Cultures contained E. coli DH10B harboring pSB1A2-PconXX-lasR-Plas-
GFP and pSB3C5-PconXX-lasI and were grown in 50 mL LB medium with ampicillin (100 μg/mL) and chloramphenicol
(34 μg/mL) at 37◦C. Error bars represent the standard deviation of biological triplicates.
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APPENDIX A. QUORUM SENSING CHARACTERIZATION

Figure A.5 | Characterization of the rhl quorum sensing circuit from Pseudomonas aeruginosa for constant rhlR expres-
sion level and various rhlI expression levels. Cultures contained E. coli DH10B harboring pSB1A2-PconXX-rhlR-Prhl-GFP
and pSB3C5-PconXX-rhlI and were grown in 50 mL LB medium with ampicillin (100 μg/mL) and chloramphenicol (34
μg/mL) at 37◦C. Error bars represent the standard deviation of biological triplicates.
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APPENDIX A. QUORUM SENSING CHARACTERIZATION

Figure A.6 |Characterization of the rhl quorumsensing circuit fromPseudomonas aeruginosa for constant rhlI expression
level and various rhlR expression levels. Cultures contained E. coli DH10B harboring pSB1A2-PconXX-rhlR-Prhl-GFP and
pSB3C5-PconXX-rhlI and were grown in 50mL LBmediumwith ampicillin (100 μg/mL) and chloramphenicol (34 μg/mL)
at 37◦C. Error bars represent the standard deviation of biological triplicates.
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APPENDIX A. QUORUM SENSING CHARACTERIZATION

Figure A.7 | Characterization of the las quorum sensing circuit from Pseudomonas aeruginosa for constant lasR expres-
sion level and various lasI expression levels with LVA-tagged GFP. Cultures contained E. coli DH10B harboring pSB1A2-
PconXX-lasR-Plas-GFP-LVA and pSB3C5-PconXX-lasI and were grown in 50mL LBmediumwith ampicillin (100 μg/mL)
and chloramphenicol (34 μg/mL) at 37◦C. Error bars represent the standard deviation of biological triplicates.
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APPENDIX A. QUORUM SENSING CHARACTERIZATION

Figure A.8 | Characterization of the las quorum sensing circuit from Pseudomonas aeruginosa for constant lasI expres-
sion level and various lasR expression levels with LVA-tagged GFP. Cultures contained E. coli DH10B harboring pSB1A2-
PconXX-lasR-Plas-GFP-LVA and pSB3C5-PconXX-lasI and were grown in 50mL LBmediumwith ampicillin (100 μg/mL)
and chloramphenicol (34 μg/mL) at 37◦C. Error bars represent the standard deviation of biological triplicates.
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APPENDIX A. QUORUM SENSING CHARACTERIZATION

Figure A.9 | Characterization of the las quorum sensing circuit from Pseudomonas aeruginosa for constant lasI expres-
sion level and various lasR expression levels with lasI integrated into the E. coli genome. lasI is expressed from a strong
constitutive promoter. Cultures contained E. coli MG1655(DE3) ΔendA ΔrecA gudD::Pcon100-lasI harboring pSB3C5-
PconXX-lasR-Plas-GFP and were grown in 50 mL LB medium with 1% D-glucose and chloramphenicol (34 μg/mL) at
30◦C. Error bars represent the standard deviation of biological triplicates.
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