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Abstract
Metabolic engineering reprograms microbes to produce value-added chemicals.
Microbial production has the potential to use renewable feedstocks, such as
conventional waste streams. Metabolic engineers already contend with the metabolic
burden of recombinant production pathways; utilizing complex input streams only
further complicates allocating cellular resources appropriately for biosynthesis. This
thesis aims to develop transcriptional control strategies that sense and respond to
changing feedstock conditions for biosynthesis and demonstrate the ability to produce
a product of interest from mixed substrate feeds.

We constructed a galacturonate biosensor with the galacturonate-responsive
transcription factor, ExuR, from Bacillus subtilis and determined the best performer
from a selection of biosensor variants. After establishing no interactions with
the host Escherichia coli native regulatory system, we applied the biosensor to
control expression of biosynthetic pathway. It was confirmed that the biosensor
activated transcription in the presence of galacturonate, eliminating the need for
a chemically-inducible control system.

A second, gluconate biosensor was constructed with GntR, from B. subtilis. The
two biosensors were shown to be orthogonal and each was used to control the
expression of a novel D-glycerate biosynthetic pathway from its cognate substrate.
We demonstrated D-glycerate production from single and mixed substrate feeds and
showed that mixed substrates in different ratios resulted in fairly consistent titers.

Finally, the pairwise orthogonality of various AHL-based QS systems was
characterized to establish multiple controllers for autonomous, cell density activated
expression. We determined the the las and tra systems demonstrated minimal
crosstalk, which agreed with literature findings.

This work demonstrates the engineering of expression controllers and a production
strain for biosynthesis from mixed substrate feeds.

Thesis Supervisor: Kristala L. J. Prather
Title: Arthur D. Little Professor of Chemical Engineering
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Chapter 1

Introduction

Abstract

Metabolic engineering reprograms cells to synthesize value-added products. In doing

so, endogenous genes are altered and heterologous genes can be introduced to achieve

the necessary enzymatic reactions. Dynamic regulation of metabolic flux is a powerful

control scheme to alleviate and overcome the competing cellular objectives that

arise from the introduction of these production pathways. This chapter discusses

dynamic regulation strategies that can alleviate the metabolic burden of production.

These tools are particularly useful when tackling complex process parameters such as

complex feed streams.

This chapter contains material adapted from:
Cynthia Ni, Christina V. Dinh, and Kristala L. J. Prather. Dynamic Control of Metabolism. Annual
Review of Chemical and Biomolecular Engineering, 12(1):519541, 6 2021.
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1.1 Dynamic pathway regulation in metabolic

engineering

Metabolic engineering reprograms microbial cells to convert renewable or inexpensive

feedstocks to value-added products, including compounds from pharmaceuticals to

biofuels.These microbial synthesis processes take advantage of cellular machinery

to express endogenous and heterologous genes encoding enzymes that carry out

chemical conversions to produce desired products. Enzymatic reactions result in

a highly specific product pool, simplifying downstream separation procedures, and

fermentation processes occur under environmentally friendly conditions. However,

cost efficiency relies on achieving high titer, yield, and productivity criteria, which

has proven to be difficult for many products for a variety of reasons. In this chapter, we

discuss the challenges that can be addressed through dynamic regulation of metabolic

fluxes.

Dynamic metabolic flux regulation is one potential method of balancing competing

cellular objectives that are beneficial to achieving high titer, yield, and productivity.

For example, conditions that achieve high reaction rates on a per-cell basis may

result in burdened growth and, thus, low productivity. This conflict can result from

diversion of cellular resources to production pathway-related processes in which the

limiting resources could be general, such as ribosomes, or pathway specific, such as

metabolites involved in both endogenous and production pathways. Additionally,

burdened growth can result from toxicity of production pathway metabolites at high

concentrations. Microbial cells naturally face similar trade-offs and manage them by

dynamically regulating gene expression. In low-nutrient conditions, survival relies

on expression of metabolic pathways that do not benefit fitness in high-nutrient

conditions in which essential metabolites can be scavenged from the environment.

Cells employ dynamic control approaches to address this and similar situations.

Zaslaver et al. [1] analyzed dynamic transcription trends in amino acid biosynthesis

systems in Escherichia coli to show that the presence of amino acids in the media leads

16



to decreased transcription of the corresponding pathway genes. They saw that there

is temporal control within amino acid biosynthesis pathways such that transcription

of upstream genes is upregulated before that of downstream ones.

The observation of dynamic regulation in natural systems raises the question of

whether synthetic regulatory systems could be used to advance the goals of metabolic

engineering (i.e., to increase titer, yield, and/or productivity) in recombinant

organisms. Several computational studies exploring the impact of dynamic regulation

in production systems suggest that the optimal dynamic regulation scheme at the

appropriate metabolic node can improve production over static control at that point.

Gadkar et al. [2] conducted two production case studies in silico that are each subject

to a trade-off between high growth rate and high production pathway flux. In the first

example, glycerol production relies on diversion of metabolic fluxes from glycolysis

to the production pathway. The second example considers that an ackA knockout

improves ethanol production at the expense of ATP generation, resulting in a growth

defect. Their bi-level optimization algorithm predicts that dynamic control at the

relevant metabolic node to switch from growth to production phases increases the final

glycerol and ethanol production by more than 30% and 40%, respectively. Anesiadis et

al. [3, 4] incorporated the circuit dynamics of a toggle switch into their model to show

that production improvements can be achieved with a more gradual transition from

growth to production phases. Based on the predicted production improvements and

studies of natural microbial systems, researchers have constructed and implemented

regulatory circuits to dynamically control metabolic fluxes in experimental studies.

1.1.1 Externally controlled factors

The earliest dynamic control circuits responded to chemical inducers that are

exogenously added to the culture media. Common chemical inducers include isopropyl

β-d-1-thiogalactopyranoside (IPTG) and anhydrotetracycline (aTc) (Figure 1-1).

Each of these systems contains three main components: (a) a protein repressor that

binds to a specific DNA sequence, (b) an inducible promoter that contains the DNA

17



sequence that binds to the repressor, and (c) the chemical inducer that binds to

the protein repressor. Upon binding, the chemical inducer causes a conformational

change in the repressor protein to prevent DNA binding, allowing transcription from

the inducible promoter [5–12].These and similar circuits have been applied to control

gene expression in several contexts and organisms.

O

S

HO

HO

OH

OH

Figure 1-1: Examples of stimuli that can trigger transcriptional control include
chemical inducers such as IPTG (shown), temperature, light, environmental factors
within a fermentation, cell density or physiology, and metabolites. The changes in
transcription lead to shifts in metabolic flux that metabolic engineers can program
for effective cell growth, metabolite utilization, and biosynthesis.

The chemically inducible regulation systems, along with many others, are derived

from natural regulation systems, which may not exhibit desired induction curve

characteristics. To address these limitations, researchers have mutated or evolved

circuit components to increase the dynamic range of the circuit and improve

the specificity of the response to the desired chemical inducer [13, 14]. For

example, Meyer et al. [14] developed a generalizable dual-selection directed

evolution scheme to identify regulator proteins and inducible promoters with

improved characteristics, such as a larger dynamic range and lower half-induction

concentrations. Implementation of these evolved parts can result in greater tunability,

leading to more precise control of metabolic fluxes and production gains, or lower

inducer concentrations, reducing inducer costs. Another approach to improving the
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response of chemically inducible control circuits is to assemble two circuits in a toggle

switch architecture in which genes encoding regulator proteins mutually inhibit their

corresponding target promoters [15]. Under this arrangement, induction of genes

controlled under the regulated promoters is bistable such that gene expression can be

stably activated by a transient chemical inducer. Additionally, these circuits display

a more switch-like response to inducer addition rather than a graded response of an

individual control circuit [15–17]. Although chemically inducible systems have been

instrumental tools for experimentally demonstrating the potential benefit of dynamic

control, this approach is not generally industrially feasible, as the chemical inducers

can add significantly to material costs, potentially rendering a process cost prohibitive.

In one analysis, IPTG was by far the most expensive component of a defined

medium, accounting for more than half of the materials cost [18]. This limitation

has motivated the development of circuits that respond to other extracellular factors,

such as light and temperature (Figure 1-1). Temperature-dependent dynamic control

systems build on the discovery of the temperature-sensitive mutant of the cI repressor,

cI1857 [19], which represses expression from the lambda pR and pL promoters only

at temperatures below 30°C. This circuit has been applied to dynamically repress

gene expression by placing the target gene under the control of a lambda promoter

and typically shifting the temperature of the fermentation from 37-42°C to 28-30°C

[20–22].

1.1.2 Environmental factors

Conditions that trigger a response can be environmental factors that generally

change during a fermentation, such as oxygen, pH, and nutrient levels (Figure

1-1). Many studies that regulate expression based on these factors take advantage

of the natural response circuitry present in their host strain. For example, the

DAN1 gene of Saccharomyces cerevisiae has been found to be expressed in anaerobic

conditions. By appending a target gene to the DAN1 promoter, Nevoigt et al.

[23] dynamically controlled expression based on the dissolved oxygen level of the

culture. Similar applications have been investigated using pH-, glucose-, and
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phosphate-responsive promoters [16, 24–27]. Although it is possible to improve the

responses of these systems, studies thus far have only investigated modifications of the

responsive promoter, possibly owing to the global implications of modifying regulatory

components or owing to the complexity of the underlying regulatory system. Nevoigt

et al. [23] performed directed evolution on the DAN1 promoter to identify a mutant

that activates transcription in microaerobic conditions, making its utilization more

industrially feasible, and Moreb et al. [28] obtained different response curves and

media-dependent characteristics by using different phosphate-responsive promoters

in E. coli.

1.1.3 Autoinduction

Autoinducible circuits dynamically control gene expression by responding to changes

in an organisms physiological state. For example, some circuits up- or downregulate

gene expression when the culture reaches a critical cell density, whereas others

trigger expression changes as the cells begin to transition to stationary phase (Figure

1-1). Similar to regulatory systems that respond to common environmental factors,

autoinducible systems are attractive because they are autonomous and have shown

early promise for generalizability across different pathway contexts [29–31]. Here, we

divide autoinducible circuits into circuits that respond during growth phase and those

that respond during the transition to stationary phase.

Many regulatory systems that respond during growth phase employ quorum-sensing

(QS) circuits. QS is a natural bacterial mechanism for controlling gene expression in

a cell density dependent manner. These systems are similar to chemically inducible

ones in that they are composed of a regulator protein that changes conformation when

bound to a small molecule and one of the conformations enables DNA-binding activity.

The key difference is that the small, or signaling, molecule is produced via a pathway

within the cells such that the cells are self-induced [32–34]. Additionally, whereas

the chemically inducible circuits mentioned previously all employ a regulator protein

that acts as a repressor in the absence of the inducer molecule, some QS circuits
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contain regulator proteins with different roles. The most widely studied category

of QS circuits are lux-type systems, which contain a regulator protein that activates

transcription from its cognate promoter when bound to its signaling molecule [35, 36].

Examples of lux-type QS systems are the lux system from Vibrio fischeri [32, 35–37]

and the las and rhl systems from Pseudomonas aeruginosa [33, 34, 38], each of which

use a unique acyl-homoserine lactone (AHL) compound as the signaling molecule.

To apply AHL-based QS circuits to dynamically control gene expression in E. coli,

genes encoding the regulator protein and AHL synthase, responsible for producing the

AHL, are expressed under constitutive promoters, such that the signaling molecule

concentration increases with cell density. Expression of the gene of interest is

dynamically controlled by placing the gene of interest under the control of the

cognate QS promoter [29, 39, 40]. Rather than importing a heterologous QS circuit,

researchers have alternatively rewired the native E. coli QS system that employs

a repressor, LsrR, that is released from the lsrR promoter when bound to its

cognate signaling molecule. This QS system includes many other proteins involved

in the synthesis, transport, and modification of the signaling molecule [41]. Similar

approaches have been executed in S. cerevisiae − both importing a heterologous QS

circuit [42] and rewiring a native circuit [43].

In some contexts, the cell density that corresponds to the threshold concentration

of the signaling molecule is an important parameter that must be finely tuned

to achieve production improvements. To modulate the switching time, Gupta et

al. [29] constructed an AHL synthase expression level ladder. Here, stronger

promoter-ribosome binding site (RBS) variants resulted in strains that achieved the

threshold AHL concentration at lower cell densities. Dinh & Prather [30] showed that

the threshold cell density of lux-type QS systems can also be controlled by varying

the expression level of the gene encoding the regulator protein, and Soma & Hanai

[39] demonstrated control of the switching time when the AHL synthase and regulator

protein expression levels are varied in a coupled manner.
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1.1.4 Metabolites

A metabolite-responsive regulation scheme is the most direct method for addressing

the limitations of some metabolic pathways (Figure 1-1). For example, when aiming

to minimize accumulation of a production pathway intermediate, the concentration

of that intermediate, which might fluctuate over the course of the fermentation, is the

most relevant indicator for how the regulation system should behave at that particular

time. In this section, we summarize previous work on biosensors that detect the

relevant endogenous or pathway metabolites, focusing on studies that demonstrated

application to metabolic flux control.

When a production pathway shares a common precursor with an essential endogenous

pathway, it is important to maintain a balance between limiting flux through the

production pathway to maintain a sustainable pool of the precursor and maximizing

production. Farmer & Liao [44] addressed this challenge in the lycopene production

pathway that consumes glycolytic intermediates glyceraldehyde 3-phosphate and

pyruvate by developing a strategy to sense excess glycolytic flux and trigger

upregulation of the production pathway. They controlled their production pathway

under the Ntr regulation system native to E. coli, which contains the glnAp2 promoter

that is upregulated under conditions of high acetyl phosphate levels, indicative of

excess glycolytic flux. Rather than using native regulatory components from E. coli,

Xu et al. [45, 46] imported a malonyl-CoA-responsive control circuit from Bacillus

subtilis that contains a FapR regulator protein that exhibits DNA-binding behavior

in the absence of malonyl-CoA. Additionally, they constructed two hybrid promoter

variants that display opposing responses to malonyl-CoA (i.e., one ON-to- OFF and

one OFF-to-ON).With these two promoters, they were able to both turn ON malonyl-

CoA production genes and turn OFF fatty acid production pathway genes in low

malonyl-CoA conditions and achieve the opposite responses in high malonyl-CoA

conditions.

Some production pathways are subject to a challenge that is better addressed by
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sensing a pathway metabolite. Zhang et al. [47] developed a strategy to regulate

expression of fatty acid ethyl ester (FAEE) pathway genes based on the level of

the key intermediate, acyl-CoA. To achieve this response, they used the acyl-CoA

regulator FadR that binds to the FadR recognition DNA sequence in the absence

of acyl-CoA and hybrid promoters that contain at least one recognition sequence

in the core region. This system was used to repress expression of the ethanol

biosynthesis branch of the FAEE pathway under low acyl-CoA conditions, which

would otherwise be subject to toxicity from ethanol accumulation. Doong et al.

[48] addressed the bottleneck caused by an unstable enzyme, MIOX, in the glucaric

acid pathway by developing a biosensor that upregulates gene expression in the

presence of the substrate of MIOX, myo-inositol. Their biosensor was imported from

Corynebacterium glutamicum and contains a regulator protein, IpsA, which represses

expression from an engineered promoter until the level of myo-inositol reaches a

critical threshold. By controlling expression of MIOX under this promoter, the

authors could synchronize periods of high myo-inositol and MIOX levels, resulting in

production improvements. Additionally, the authors demonstrated that the switching

dynamics of their biosensor can be tuned by varying IpsA expression levels.

1.1.5 Transcriptional control

Control of the timing and strength of transcription, through the interactions of

promoters, RNA polymerases (RNAPs), and transcription factors (TFs), is the

most well-studied [49–52] and commonly used dynamic regulation strategy (Figure

1-1). Synthetic promoter libraries have been developed and well characterized

and are readily available engineering tools [53–55]. Hybrid synthetic promoters

that are controlled by a TF can be engineered easily owing to the modularity of

promoters and TF binding sites [56, 57]. There is also a wide array of characterized

metabolite-responsive TFs (MRTFs) that can be used to control expression from these

promoters, and over 200 more reported in E. coli by various groups [52, 58], which

have yet to be further tested. Synthetic MRTFs have been engineered via mutagenesis

to respond to new inducers [59] and via fusing the ligand-binding domain of one to
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the DNA-binding domain of another [60] or to zinc finger DNA-binding motifs [61].

RNAP-promoter systems from phage confer high transcription rates and function

orthogonally from bacterial hosts [62].

Early applications of dynamic transcriptional control employed MRTFs to modulate

gene expression in response to pathway intermediates. Zhang et al. [47] developed

FadR repressor regulated synthetic promoters, using phage lambda promoter PL

and phage T7 promoter PA1, containing the FadR binding site, which had 10- and

25-fold fluorescence induction in response to endogenously produced fatty acids. The

promoters were employed to control expression from two of three modules containing

downstream enzymes for FAEE production in response to accumulation of the fatty

acyl-CoA intermediate. Xu et al. [46] used the malonyl-CoA responsive FapR TF

from B. subtilis to downregulate the native E. coli promoter, pGAP, expressing

malonyl-CoA production enzymes and upregulate T7 with fapO, expressing the

malonyl-CoA consumption pathway to make fatty acid products. The promoters

exhibited 20-100% activity across the malonyl-CoA range tested. Zhou et al. [63] used

temperature as the stimulus to initiate transcription by replacing the chromosomal

promoter of ldhA in its lactate production strain with the lambda PR and PL

promoters. Following cell growth at 30°C, the lambda repressor was denatured at

42°C, resulting in twofold-higher LDH activity and dynamic lactate production.

Feed flux responsive dynamic transcription, using the cognate MRTF and promoter,

has been employed as a proxy for cell growth to switch to production mode from

an initial growth phase. Farmer & Liao (69) repurposed the endogenous Ntr

two-component regulon and its controlled glnAp2 promoter from E. coli to activate

pathway expression in response to acetyl phosphate, serving as a proxy for glycolytic

flux. The regulon natively adapts cells to nitrogen deficiency but was previously

reported to respond to acetyl phosphate when the sensor gene is knocked out. Glucose

consumption was later sensed more directly with the tandem TaraF promoter, a CRP

promoter, to express the polyhydroxybutyrate pathway. Autonomous expression from

TaraF took up to 8 hr after glucose induction [16]. Soma et al. [64] interrupted the
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TCA cycle when switching to production mode by using IPTG to induce expression of

the TetR repressor, which acted on the PLtetO1 expressing citrate synthase gltA, and

the isopropanol pathway enzymes expressed from PLlacO1. Lo et al. [27] coupled

growth and substrate availability into an AND-gate to express pathway enzymes.

Glucose depletion, as a proxy for growth, activated the E. coli promoter PcsiD, which

expressed a CoA ligase. The CoA ligase product was a pathway intermediate and

induced the transcription of the rest of the pathway. One variant of the AND-gate

circuit showed a 30-fold transcriptional increase 4 h after induction.

Direct transcriptional control induced by cell density occurs naturally through QS

systems [65]. Gupta et al. [29] used the esa QS system from Pantoea stewartii to

dynamically divert glucose from glycolysis to their production pathway. The authors

replaced the native promoter of the glycolysis flux control gene pfkA with PesaS,

which deactivates at high cell density, and linked expression to enzyme abundance

by appending a strong degradation tag to Pfk-1, encoded by pfkA. The switching

time and OD were determined by the strength of AHL synthase expression. In

a separate application, the esa knockdown strategy was applied to dynamically

downregulate transcription of the shikimate kinase aroK to disrupt endogenous

aromatic amino acid production, in order to accumulate the intermediate shikimate as

a fermentation product. The cell density induced QS regulation strategy was layered

with a myo-inositol-responsive IpsA transcriptional repressor and hybrid promoter

containing an IpsA binding site to divert glycolytic flux toward the heterologous

glucaric acid pathway and couple transcription of the pathway gene MIOX with its

substrate. Characterization of the hybrid promoter showed a 16- to 55-fold increase

in fluorescence depending on IpsA expression level [48]. Other QS systems have

also been engineered to varying levels of complexity, such as the native E. coli AI-2

QS system [41] and the lux QS system from V. fischeri in an AND-gate with the

stationary-phase promoter PrpoS [66].
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1.2 Thesis Objectives

This work aims to multiplex dynamic pathway regulation for the biosynthesis of

value-added products using complex waste streams. We began by developing

biosensors that enact transcriptional change in response to abundant substrates in

food waste. These biosensors were applied in the context of biosynthesis to mitigate

the metabolic burden of recombinant pathways without introducing extrinsic chemical

inducers to our fermentations. After construction of novel pathways for each of our

substrates, galacturonate and gluconate, to a common product of interest, we used our

biosensor controllers to regulate pathway expression as we performed mixed-substrate

fermentations. We also explored other tools for dynamic regulation, specifically the

autonomous, cell density activated expression control from QS systems. This thesis

demonstrates the ability to produce a compound from mixed substrates using a single

production strain harboring the pathway regulation that we developed herein.

1.3 Thesis Organization

This thesis is organized into five chapters. Chapter 1 provides background on dynamic

flux regulation in metabolic engineering and project motivations. Chapter 2 describes

construction and characterization of galacturonate biosensors and their utilization

for biosynthetic pathway control. Building off these concepts, Chapter 3 multiplexes

the substrate-activated expression approach to two substrates: galacturonate and

gluconate, and uses both in its own novel biosynthetic pathway to generate a

product of interest from a single production strain. Chapter 4 discusses multiplexing

AHL-based QS systems for cell density activated expression control. Lastly, Chapter

5 discusses the implications and outlook of this work.
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Chapter 2

Substrate-activated expression of a

biosynthetic pathway

Abstract

Microbes can facilitate production of valuable chemicals more sustainably than

traditional chemical processes: they utilize renewable feedstocks, require less energy

intensive process conditions, and perform a variety of chemical reactions using

endogenous or heterologous enzymes. In response to the metabolic burden imposed

by production pathways, chemical inducers are frequently used to initiate gene

expression after the cells have reached sufficient density. Chemically inducible

promoters are a common research tool used for pathway expression, but introduce a

compound extrinsic to the process along with the associated costs. We developed an

expression control system for a biosynthetic pathway for D-glyceric acid that utilizes

galacturonate as both the inducer and the substrate, thereby eliminating the need for

an extrinsic chemical inducer. This work demonstrated substrate-activated pathway

expression to be an attractive control strategy for more readily scalable biosynthesis.

This chapter contains material adapted from:
Cynthia Ni, Kevin J. Fox, and Kristala L. J. Prather. Substrate-activated expression of a
biosynthetic pathway in Escherichia coli. Biotechnology Journal, 17(3):2000433, 3 2022
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2.1 Introduction

Metabolic engineering of microbes introduces, alters, and leverages enzymatic

reactions to produce value-added chemicals in a host cell. A diverse array of

products have been produced through microbial synthesis, including biofuels, polymer

precursors, food additives, and pharmaceuticals. These processes operate at mild

conditions, which are typically safer and less energy intensive compared to traditional

chemical syntheses. The potential for microbes to use renewable feedstocks for

synthesis presents an additional environmental benefit.

A challenge within metabolic engineering is that overexpression of pathway enzymes

imposes a metabolic burden to the host, resulting in slow growth [67, 68]

and product loss [69]. In response, common fermentation practice in research

allows cells to dedicate resources to biomass accumulation before expressing

pathway enzymes from chemically-inducible promoters, for example, using isopropyl

β-D-1-thiogalactopyranoside (IPTG) [70, 71] or arabinose [72, 73]. Due to their

simplicity and pathway-independent function, chemically inducible promoters have

been widely adopted for pathway expression in recombinant microbial hosts [74].

Despite the broad use of this approach, the practice is undesirable for industrial

scale-up due to the introduction of a chemical extrinsic to the process along with the

associated costs. IPTG can be the most expensive component in a fermentation

by an order of magnitude [18]. Even when less expensive alternative chemical

inducers such as arabinose, lactose [75, 76] or galactose [77] are used, the inducer

could pose difficulties in separations in a bioprocess. When scaling-up bioproduction,

product purification issues are best addressed early [78], thus the introduction of

extraneous chemicals for pathway expression is in direct disagreement with bioprocess

development heuristics. Industrial bioprocesses use constitutive expression of pathway

enzymes to avoid the disadvantages of chemical inducers [79]. However, constitutive

expression may impose undue burden to the cells, as mentioned above. Additionally,

the only tuning parameter in this scheme is pathway expression strength [79], thus the

only way to mitigate burden is to decrease expression strength and perhaps sacrifice
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production. These considerations limit the real world relevance of many academically

developed pathway expression strategies and hinder commercial bioprocesses from

more complex expression control. As an alternative to the use of extrinsic chemical

induction or constitutive expression, researchers have leveraged stationary phase

promoters to express burdensome genes after substantial cell growth; however, this

limits the ability of the user to specify the time of induction [80, 81]. Another approach

that has been employed is to use feedback controllers to partially delay pathway

expression by activating it in response to a pathway intermediate [47, 82]. This

strategy requires an additional mechanism to initiate expression since intermediates

must accumulate to trigger the response.

One approach to address these limitations would be to utilize components already

present in the culture broth to regulate pathway expression. An example is the use

of phosphate-starvation promoters, which trigger gene expression due to phosphate

depletion. While used successfully in many cases [28], this approach places restrictions

on the medium composition and can, in some cases, impact pathway productivity [29].

In this work, we developed a feed-activated, feed-forward expression control strategy,

in which the presence of the pathway substrate induces expression of heterologous

pathway genes. Thus, we can achieve user-determined, delayed pathway expression

without the introduction of an extrinsic chemical to the process. We accomplished this

by constructing a biosensor that utilizes a metabolite-responsive transcription factor

(TF), for which the feed is its ligand, to control expression of one or multiple genes

of interest. Biosensors employing reporters as the gene of interest are used to easily

monitor the status of cells [83], characterize the transcriptional response to inducing

conditions [47], or serve as a screening method in directed evolution applications

[84]. The gene(s) of interest can also encode one or multiple enzymes to couple

expression, and thus enzymatic activity, to relevant cellular metabolic states [85].

TF based biosensors specifically are widely used to sense pathway intermediates or

products to trigger a cellular response [47, 82, 86]. Given the wide of array of reported

metabolite-responsive TFs [52], the relative ease of tuning transcriptional output
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[87–89], and the modularity within TFs themselves [90], this has the potential to be a

robust strategy that can be applied to a variety of metabolites, feedstocks, pathways,

and transcriptional control applications. We demonstrated our approach with a

heterologous biosynthetic pathway to produce D-glyceric acid from galacturonate

that was previously developed in our lab [91]. D-glyceric acid holds promise due

to its biological activity and for its applications in surfactants and polymers [92].

Furthermore, the pathway's galacturonate feed is the main component of pectin, a

ubiquitous plant polysaccharide abundantly found in fruit and vegetable food waste

streams [93], that could serve as a renewable feedstock for the process. Pectin makes

up 24% of the 25 million metric tons of dried sugar beet pulp byproduct produced

globally and 20% of the 1.2 million metric tons of dry citrus peel from Florida each

year [94]. Though these two waste streams, and other similar pectin-rich ones, are

currently used as animal feed, there is potential for them to be converted into useful

products. Thus, galacturonate has emerged as a desirable feedstock for microbial

fermentations [95–97].

We began with construction and characterization of a biosensor with a galacturonate

dose-dependent super folding green fluorescent protein (sfGFP) signal output. The

biosensor utilizes a galacturonate-responsive TF from Bacillus subtilis [98]. We

tested variants of the biosensor to select for desired response features. With our

selected biosensor variant, we showed limited crosstalk with the native E. coli

regulatory system and demonstrated robust biosensor performance in strains with

varied galacturonate utilization abilities. Following a thorough analysis of the

biosensor, we replaced the sfGFP reporter with genes encoding a heterologous

D-glyceric acid pathway. We compared our feed-activated expression strategy to

IPTG-inducible and constitutive expression circuits. Cells harboring our control

circuit performed identically to those with the IPTG-inducible circuit in growth,

pathway expression, and production. Furthermore, we observed that constitutive

expression of the pathway resulted in poor cell growth and no production, likely due

to its unmitigated metabolic burden. This work demonstrates that feed-activated
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pathway expression is an effective strategy for D-glyceric acid biosynthesis, and also

confers benefits for scaled-up production.

2.2 Methods

2.2.1 Strains and media

All plasmids were cloned in E. coli DH5α. Biosensor variant characterization studies

were performed in E. coli MG1655. Chromosomal deletion of exuR and uxaC from

E. coli MG1655 (Table 2.1) was completed using the respective Keio strain [99] in

correspondence with the procedure described by Datsenko and Wanner [100]. The

primer pairs dexuR-f and dexuR-r; and duxaC-f and duxaC-r used for the respective

knockouts were 200-500 bp away from the target gene (Table 2.2). D-glyceric acid

fermentations were conducted in E. coli MG1655(DE3) ∆garK∆hyi∆glxK∆uxaC, as

previously constructed [91]. All growth and fermentation was done in Luria-Bertani

(LB) broth (BD, Franklin Lakes, NJ).

Table 2.1: Deleted endogenous genes and heterologously expressed genes used in
this study

Gene Protein/Enzyme Usage

exuR transcriptional repressor ExuR endogenous deletion

uxaC D-galacturonate isomerase endogenous deletion

udh uronate dehydrogenase heterologous pathway gene

gli galactarolactone isomerase heterologous pathway gene

garD galactarate dehydratase endogenous pathway gene

garL 5-keto-4-deoxy-D-glucarate aldolase endogenous pathway gene

garR 2-hydroxy-3-oxopropionate reductase endogenous pathway gene
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Table 2.2: Primers used for plasmid construction and qRT-PCR

Name Sequence
dexuR-f tattggcagtgctgatgattggcccg
dexuR-r tatttctgtcgcccggtaaaaaggcc
duxaC-f ttgtagggacattacctgacgacagc
duxaC-r aatcggcaggccatatttgatgacattg
exuR-Ec-f aagtcgtctcatcggtctcatatggaaatcactgaaccacgccgtttgtatc
exuR-Ec-r aagtcgtctcaggtctcaggattcatttactgccgctggtggctgtatc
exuR-Bs-f aagtcgtctcatcggtctcatatggtaaccataaaagatatcgcaaaactcgcaaac
exuR-Bs-r aagtcgtctcaggtctcaggattcacgtcgtcaatcgtctgactgaatc
exuO-Ec-XO-f tgacaagttacaaataattttgtttaactttcag
exuO-Ec-XO-r tacaacttttccctgaatatattatacgag
exuO-Bs-XO-f gggatcaaaatgttaacgttaacattttga
exuO-Bs-XO-r ttgttcaaaatgttaacgttaacattttga
P2-f ctcagccctaggtattatgctagccgtgc
P2-r ctagccgtaaaaggggcggccgca
P1-f ctagggattgtgctagccgtgcaatttttaaaattaaaggcgttacccaacacaacacgc
P1-r gactgagctagctgtcaaaggggcggccgcacggtt
OO-f gttaacattataatatattcagggatcaaaatg
OO-r gttaacattcgtaaagttatccagcaac
OX-f ccacaacggtttccctctacaaataattttgtttaactttcag
OX-r gggaaaccgttgtggtctccctgaatatattataatgttaac
P1OO-f ccaggcatcaaataaaacgaaaggc
P1OO-r ttgtccttaagcgtgaacgaaagttaaacaaaattatttgttcaaaatgttaacgttaac
gli-f actttcgttcacgcttaaggacaatttataatgagcgaactcgtcagaaaactg
gli-r tattacctcctaagggcttggacactaggtcgccttgaccgg
udh-f tgtccaagcccttaggaggtaatacatggcatcggctcataccact
udh-r actgagcctttcgttttatttgatgcctggttatttatcgccgaacggtccg
lacI-Ec-f actaatctaaggtagtacaaatgaaaccagtaacgttatacgatgtcg
lacI-Ec-r tgagcgctcacaattccacatccctgaatatattatattgtgagcgctcacaatcgtaaag

ttatccagcaaccactca
lacO-Ec-OO-f tgtggaattgtgagcgctcacaattccacattgtttaactttcgttcacgcttaagg
lacO-Ec-OO-r ttgtactaccttagattagttccgagcg
udh-qRTPCR-f attgcgcgagacattgc
udh-qRTPCR-r atcgcagacctgcacttc
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2.2.2 Cloning and plasmid construction

All primers, genetic parts, and plasmids used in this study are found in Tables

2.2-2.4, respectively. Plasmids pP3XO-Ec and pP3XO-gfp, expressing the TF from

promoter P3 and sfGFP from the proD promoter [54], were constructed using

a modular Golden Gate strategy [101]. pYTK095 from this strategy [101] was

used as the plasmid backbone. The E. coli and B. subtilis exuR genes were

isolated by performing PCR with the appropriate genomic DNA as template and

primers exuR-Ec-f and exuR-Ec-r; and exuR-Bs-f and exuR-Bs-r, respectively (Table

2.2). Downstream operators were inserted with primer pairs exuO-Ec-XO-f and

exuR-Ec-XO-r; and exuR-Bs-XO-f and exuR-Bs-XO-r (Table 2.2) using the Q5®

Site-Directed Mutagenesis Kit (NEB, Ipswich, MA).

Table 2.3: Genetic parts used for plasmid construction

Name Registry Identifier Sequence Ref.
P1 BBa_J23117 ttgacagctagctcagtcctagggattgtgctagc [102]
P2 BBa_J23107 tttacggctagctcagccctaggtattatgctagc [102]
P3 BBa_J23101 tttacagctagctcagtcctaggtattatgctagc [102]
ProD n/a cacagctaacaccacgtcgtccctatctgctgccc

taggtctatgagtggttgctggataactttacgggc
atgcataaggctcgtataatatattcagggagacc
acaacggtttccctctacaaataattttgtttaacttt

[54]

E. coli exuO n/a gatgtggttaaccaattt [103]
B. subtilis exuO n/a tcaaaatgttaacgttaacattttga [104]
Sadler lacO n/a tgtggaattgtgagcgctcacaattccaca [105]
TF RBS n/a acaacacgctcggaactaatctaaggtagtacaa [106]
sfgfp RBS n/a cagcaaactcaaatataaggatctttaatt [106]
gli RBS n/a cgttcacgcttaaggacaatttata [106]
udh RBS n/a tgtccaagcccttaggaggtaatac [106]
TF terminator BBa_B1002 cgcaaaaaaccccgcttcggcggggttttttcgc [102]
reporter/
pathway terminator

Bba_B0015 ccaggcatcaaataaaacgaaaggctcagtcg
aaagactgggcctttcgttttatctgttgtttgtcg
gtgaacgctctctactagagtcacactggctca
ccttcgggtgggcctttctgcgtttata

[102]
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Table 2.4: Plasmids used in this study

Plasmid Genotype Ref.

pYTK095 ColE1 origin vector used as backbone for biosensors and pathway plasmids [101]

pP3XO-Ec pYTK095 with E. coli exuR expressed from constitutive promoter

P1; sfgfp expressed from hybrid ProD promoter with a downstream

operator

this

study

pP1XO-gfp pYTK095 with B. subtilis exuR expressed from constitutive

promoter P1; sfgfp expressed from hybrid ProD promoter with a

downstream operator

this

study

pP2XO-gfp pYTK095 with B. subtilis exuR expressed from constitutive

promoter P2; sfgfp expressed from hybrid ProD promoter with a

downstream operator

this

study

pP3XO-gfp pYTK095 with B. subtilis exuR expressed from constitutive

promoter P3; sfgfp expressed from hybrid ProD promoter with a

downstream operator

this

study

pP1OO-gfp pYTK095 with B. subtilis exuR expressed from constitutive

promoter P1; sfgfp expressed from hybrid ProD promoter with core and

downstream operators

this

study

pP1OX-gfp pYTK095 with B. subtilis exuR expressed from constitutive

promoter P1; sfgfp expressed from hybrid ProD promoter with a core

operator

this

study

pP1XX-gfp pYTK095 with B. subtilis exuR expressed from constitutive

promoter P1; sfgfp expressed from ProD promoter with no operators

this

study

pP1OO-

empty

pYTK095 with B. subtilis exuR expressed from constitutive

promoter P1; nothing expressed from hybrid ProD promoter with core and

downstream operators

this

study

pP1OO-gli-

udh

pYTK095 with B. subtilis exuR expressed from constitutive

promoter P1; gli-udh operon expressed from hybrid ProD promoter with

core and downstream operators

this

study

pP1XX-gli-

udh

pYTK095 with B. subtilis exuR expressed from constitutive

promoter P1; gli-udh operon expressed from ProD promoter with no

operators

this

study

pP1lacOO-

gli-udh

pYTK095 with E. coli lacI expressed from constitutive

promoter P1; gli-udh operon expressed from hybrid ProD promoter with core

and downstream Sadler operators

this

study
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Variants pP2XO-gfp, pP1XO-gfp, pP1OO-gfp, pP1OX-gfp, and pP1XX-gfp (Table

2.4) were constructed using the Q5® Site-Directed Mutagenesis Kit (NEB) and the

following primers (Table 2.2): P2-f and P2-r; P1-f and P1-r; OO-f and OO-r; and

OX-f and OX-r, respectively. The negative control containing no gene expressed from

the hybrid promoter (pP1OO-empty in Table 2.4) was constructed using digestion

with NdeI and ligation with T4 DNA Ligase; both enzymes were from NEB.

The biosensor controlled pathway and constitutive pathway plasmids (pP1OO-gli-udh

and pP1XX-gli-udh in Table 2.4, respectively) were constructed with the PCR

products of P1OO-f and P1OO-r on template pP1OO-gfp or P1XX-gfp, and gli-f

and gli-r, plus udh-f and udh-r on the previously constructed pathway plasmid [91],

using NEBuilder HiFi DNA Assembly Cloning Kit (NEB). RBS sequences for the

operon (Table 2.3), calculated using the Operon Calculator function of the RBS

Calculator [107], were included in the primers (Table 2.2). The IPTG-inducible

pathway plasmid was constructed by combining the PCR product of lacI-Ec-f and

lacI-Ec-r on the E. coli genome template and lacO-Ec-OO-f and lacO-Ec-OO-r on

template pP1OO-gli-udh, using NEBuilder HiFi DNA Assembly Cloning Kit (NEB).

2.2.3 Fluorescence measurements

Fluorescence characterization experiments were performed in the BioLector

microbioreactor system (m2p-labs GmbH, Baesweiler, Germany). Overnight cultures

were grown at 37°C with agitation at 250 rpm. 1 mL cultures were inoculated at

a 1:100 dilution with the appropriate overnight culture in BioLector 48-well flower

plates. Galacturonate was added at inoculation. The BioLector was set to 37°C, 1200

rpm shake speed, and 85% humidity. Continuous biomass (620 nm excitation) and

GFP (488 nm excitation, 520 nm emission) measurements were taken in arbitrary

BioLector units over a 24 hr period.
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2.2.4 D-glyceric acid fermentation

Cultures were grown in LB medium. All chemicals used for medium formulations and

analytic standards were purchased from Sigma-Aldrich (St. Louis, MO). Overnight

cultures were grown at 37°C with agitation at 250 rpm. 50 mL fermentation cultures

in 250 mL baffled flasks were inoculated from overnight cultures to an OD600 of 0.05.

The fermentation cultures were grown at 37°C with agitation at 250 rpm. 5 g L−1

of D-galacturonate was added when the cultures reached an OD600 of 0.55-0.75. For

IPTG-inducible systems, 0.1 mM of IPTG was added either at inoculation or with

D-galacturonate addition, approximately 3 hr after inoculation. Samples were taken

at regular intervals for analysis by HPLC, UV-Vis, and qRT-PCR.

2.2.5 Galacturonate and D-glyceric acid quantification

Concentrations of galacturonate and D-glyceric acid in culture supernatants were

determined using a 1200 Series Agilent Technologies instrument (Santa Clara, CA)

with an Aminex HPX-87H Ion Exclusion Column (Bio-Rad Laboratories, Hercules,

CA) and refractive index detector. The 22 minute method ran an isocratic mobile

phase of 5 mM sulfuric acid at 0.6 mL min−1, with the column set to 65°C and the

detector set to 35°C. Approximate elution times for galacturonate and D-glyceric acid

were 8.6 and 11 min, respectively.

2.2.6 Quantification of mRNA levels

Samples of 109 cells were taken from the fermentation, assuming a conversion of

OD600 ∼1 = 109 cells mL−1. The illustra RNAspin Kit (Cytiva, Marlborough,

MA) was used for mRNA extraction. Reverse transcription was completed with the

QuantiTect Reverse Transcription Kit (QIAGEN, Germantown, MD), using the kit

specific protocol. Quantitative PCR reactions used Brilliant II SYBR qPCR High

ROX Master Mix (Agilent Technologies, Santa Clara, CA), according to the master

mix protocol, with primers for udh (udh-qRTPCR-f and udh-qRTPCR-r in Table 2.2)

and were performed in the ABI 7300 Real Time PCR System (Applied Biosystems,
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Foster City, CA). The thermal cycling conditions used are as follows: 50°C for 2 min.,

95°C for 10 min., and 40 cycles of 95°C for 30 sec. and 60°C for 1 min. The ABI

software determined Ct values and the fold differences were calculated between each

sample and the uninduced biosensor controlled pathway at 3 hr after inoculation.

2.3 Results and Discussion

2.3.1 Design and selection of a TF-based galacturonate

biosensor

Galacturonate is a sugar acid naturally metabolized by several microorganisms. In

E. coli, expression of galacturonate transport and catabolic genes is activated in

the presence of the substrate and controlled by the transcriptional repressor ExuR

[108, 109]. B. subtilis has an ExuR that regulates its galacturonate catabolism

through a repression mechanism analogous to that of E. coli [98]. These naturally

occurring transcription regulators provide a basis for our galacturonate-responsive

biosensor. The possibility of interactions between the host E. coli K-12 MG1655

endogenous regulatory proteins and the engineered biosensor motivates construction

of a biosensor from genetic parts taken from heterologous microbes. Thus, we

constructed two versions of the galacturonate biosensor: one with the ExuR from

E. coli and one with the B. subtilis equivalent. Each biosensor comprised a

constitutively expressed exuR using promoter BBa_J23101 from the Anderson

promoter library (http://parts.igem.org/Promoters/Catalog/Anderson) and a hybrid

promoter controlling the expression of an sfGFP reporter (Figure 2-1A). We designed

the hybrid promoter using the insulated proD promoter [54] and the corresponding

ExuR DNA binding site (i.e., the operator), placed downstream of the transcriptional

start site (Figure 2-2). When placed downstream of or within a promoter, the

operator allows ExuR to repress or de-repress transcription in the absence or presence

of galacturonate, respectively. The E. coli ExuR operator sequence was found in

the native galacturonate regulon and confirmed through DNA footprinting [109];

37



similarly, the B. subtilis operator was isolated experimentally [98].
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Figure 2-1: Overview of galacturonate biosensors. (A) Biosensor circuit design. A
constitutively expressed exuR represses gfp expression by binding to its downstream
operator in the hybrid promoter. De-repression and gfp expression occur in the
presence of galacturonate. (B) GFP fluorescence response of the E. coli exuR
biosensor to galacturonate. (C) GFP fluorescence response of the B. subtilis exuR
biosensor to galacturonate. Data points are mean ± 1 SD of biological triplicates,
taken 24 hr after inoculation.

We measured GFP fluorescence as a response to varying concentrations of

galacturonate addition to characterize the E. coli ExuR biosensor (Figure 2-1B)

and the B. subtilis biosensor (Figure 2-1C). Both biosensors exhibit dose-dependent

responses, in which higher concentrations of galacturonate achieve more de-repression

of sfGFP, thus a higher fluorescence output. It is evident from these dose-response

curves that the B. subtilis ExuR biosensor is superior, as the uninduced and maximal

outputs were 225 and 3632 a.u., compared to 2419 and 3134 a.u. for the E. coli ExuR

biosensor. Given our concerns with orthogonality between our biosensor and the

host, and superior performance of the B. subtilis biosensor compared to the otherwise

identical E. coli counterpart, we made variants of the B. subtilis biosensor for further

characterization and application.
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Figure 2-2: Hybrid promoter schematics. Bold text indicates the -35 and -10 σ70

RNA polymerase binding sites. The lowercase a indicates the putative transcription
start site. Pink highlight indicates an operator sequence. White boxes indicate the
insulating upstream and downstream sequences, the grey box indicates the proD
promoter core, the blue box is the RBS, and the green box indicates the beginning
of the sfgfp gene. (A) E. coli exuR biosensor hybrid promoter from pP3XO-Ec. (B)
Hybrid promoter from pP1XO-gfp, pP2XO-gfp, and pP3XO-gfp. (C) Hybrid
promoter from pP1OX-gfp. (D) Hybrid promoter from pP1OO-gfp. (E) Hybrid
promoter from pP1XX-gfp.

2.3.2 Characterization of B. subtilis ExuR biosensor variants

We constructed variants of the B. subtilis exuR biosensor to select for two performance

metrics: high dynamic range and low leakiness. We defined dynamic range as the
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highest GFP fluorescence output divided by the uninduced output; leakiness was

quantified as the uninduced GFP signal divided by the no GFP control. Our variants

employed a range of constitutive promoter strengths from the Anderson promoter

library (http://parts.igem.org/Promoters/Catalog/Anderson) to express exuR and

altered the number and placement of operator sites in the hybrid promoter (Figure

2-3A). The promoters have reported relative strengths of 0.06, 0.36, and 0.7 and

are referred to as P1, P2, and P3, respectively (Table 2.3). The placement of an

operator is denoted with an O in our naming convention and a place without an

operator is denoted with an X. The hybrid promoters had operators downstream of

the promoter (XO), in the core position between the -35 and -10 σ70 RNA polymerase

binding sites (OX), or in both positions (OO) (Figure 2-2). We did not test upstream

placement of the operator as this position yields the least effective repression [57].

The absence of an operator (XX) should leave nowhere for the ExuR to bind and

regulate transcription, and acts as our constitutive, positive control (Figure 2-2).

Figure 2-3B shows the galacturonate dose response and Hill fit curves of the biosensor

variants. Decreasing the exuR promoter strength results in weaker repression and

higher leakiness, as expected, since there are fewer repressor molecules in the cell

(Figure 2-3C). The downstream operator variants have similar maximal GFP outputs,

which was expected given that the hybrid promoter is identical among them. The

placement of a core operator decreases the leakiness and results in stronger overall

repression of the hybrid promoter, even with weak exuR expression. When there is

an operator in both positions, the strong repression and low leakiness matches that of

the core operator variant, but the maximum fluorescence is higher. Thus, the P1OO

variant is our best performer, with the highest dynamic range and lowest leakiness

(Figure 2-3C). These results are in agreement with previously characterized hybrid

and natural promoter systems [56, 57].
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Figure 2-3: Comparison of B. subtilis exuR biosensor variants. (A) Overview of
biosensor variant circuit. Variants expressed a constitutive exuR from a weak
(P1/light pink), medium (P2/pink), or strong (P3/red) promoter. The presence or
absence of an operator in the core or downstream of the -35 and -10 RNAP binding
sites is denoted with an O or X, respectively. Variants of hybrid promoters contained
an operator downstream of the 35 and 10 RNAP binding sites (XO/open rectangle),
in the core position between the RNAP binding sites (OX/filled rectangle), or two
operators placed in both positions (OO/blue rectangles). The hybrid promoter
variant with no operators (XX) serves as a constitutive expression positive control.
See Figure 2-2 for a more detailed schematic of the hybrid promoters used. (B)
GFP fluorescence response of the biosensor variants to galacturonate. Data points
are mean ± 1 SD of biological triplicates, taken 24 hr after inoculation. (C) The
average dynamic range and leakiness of each variant from its dose response curve.

2.3.3 Effect of endogenous regulation and catabolism on

biosensor response

Though we identified robust biosensor variants with desirable performance in the wild

type (WT) E. coli MG1655 host, we sought to characterize the effects of endogenous

regulation and catabolism of the substrate on biosensor response. The homology of

the B. subtilis putative galacturonate regulon to that of E. coli aided in the elucidation
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of its ExuR regulatory functions [98]. Thus, it is plausible that the synthetic biosensor

could have crosstalk with the E. coli host and its endogenous galacturonate-response

ExuR. To examine the effect of the endogenous E. coli ExuR on our P1OO biosensor,

we compared fluorescence characterization in E. coli MG1655∆exuR to the response

in WT (Figure 2-4A). Using a Students t-test with α=0.01 and a Bonferroni correction

for each of the eight concentrations tested, we determined that the response in these

two strains is not significantly different. These data indicate that the endogenous

ExuR has no appreciable effect on the biosensor. The dynamic range and leakiness

in the WT and ∆exuR strains are also highly similar: 29.8 and 28.9 -fold average

dynamic range and leakiness values of 1.8 and 1.6, respectively (Figure 2-4B). We

conclude that endogenous transcriptional regulation does not directly affect biosensor

performance and the biosensor acts orthogonally to its host.
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Figure 2-4: Effect of endogenous exuR and uxaC on biosensor response. (A) GFP
fluorescence response of the P1OO biosensor to galacturonate, in E. coli
MG1655∆uxaC (black) and MG1655∆exuR (grey), compared to E. coli MG1655
WT(blue). Data points from the knockout strains are of individual biological
duplicates, taken 24 hr after inoculation. (B) The average dynamic range and
leakiness of P1OO in each strain from the corresponding dose response curve.

In addition to the endogenous exuR, the galacturonate catabolic genes remain intact

in the WT host. Though the enzymes encoded by these genes do not directly interact
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with our biosensor, native catabolism of the substrate reduces the availability of

the inducer to de-repress sfGFP expression. Galacturonate was fully consumed by

24 hr, regardless of initial concentration added, in all characterization experiments

performed in the WT strain (data not shown). We expect galacturonate consumption

in the end application of the biosensor, since it was constructed to control expression

of a galacturonate-utilizing pathway. However, knocking out the endogenous uxaC,

the galacturonate isomerase that implements the first step of catabolism, allowed us

to compare P1OO biosensor induction in the presence and absence of galacturonate

catabolism. The latter represents a performance ceiling for the biosensor where

galacturonate can achieve its full de-repression potential. From the dose response

curves of the biosensor in E. coli MG1655 and E. coli MG1655∆uxaC (Figure 2-4A),

we see that more initial galacturonate is required to achieve higher GFP fluorescence

in the WT strain containing uxaC. This result is expected since catabolism of

galacturonate lowers the effective concentration within the cell. Though there is

a stark difference between the response curves of the two strains, both have favorable

performance metrics, as defined above: 29.8 and 62.4 -fold average dynamic range

and leakiness values of 1.8 and 1.5, for E. coli MG1655 and E. coli MG1655∆uxaC,

respectively (Figure 2-4B). The favorable performance of the biosensor in both the

WT and ∆uxaC strains demonstrates that the choice of strain is flexible, regardless

of whether uxaC is necessary for the desired application. Additionally, the biosensor

could serve as a chemical induction system in which galacturonate induces expression,

similarly to IPTG.

2.3.4 Feed activated expression of a D-glyceric acid

production pathway

The galacturonate biosensor can be used to control the expression of a

galacturonate-utilizing pathway in a feed responsive manner, as demonstrated by

the high dynamic range of sfGFP reporter output; the low leakiness prevents

unwanted expression of pathway enzymes before galacturonate addition. We
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demonstrated this application with the D-glyceric acid production pathway previously

developed in our group [91]. The pathway utilizes enzymes encoded by two

heterologous genes, uronate dehydrogenase (udh) and galactarolactone isomerase

(gli), to generate the intermediate D-galactarate. D-galactarate is converted to

D-glyceric acid by enzymes encoded by the endogenous genes galactarate dehydratase

(garD), 5-keto-4-deoxy-D-glucarate aldolase (garL), and 2-hydroxy-3-oxopropionate

reductase (garR) (Figure 2-5A, Table 2.1). The udh and gli genes were expressed

from the P1OO biosensor circuit as an operon (Figure 2-5B). Consequently, the

presence of the galacturonate feed de-represses ExuR from the hybrid promoter

and induces transcription of the heterologous pathway genes (Figure 2-5A). To

characterize this system, we conducted fermentations with the MG1655(DE3)

∆garK∆hyi∆glxK∆uxaC strain used previously [91].
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Figure 2-5: Overview of galacturonate activated expression of D-glyceric acid
biosynthetic pathway. (A) Schematic of feed activated pathway expression.
Galacturonate induces the expression of the heterologous pathway genes, udh and
gli; endogenous enzymes complete the pathway to produce D-glyceric acid. (B)
Genetic circuit of P1OO controlling the D-glyceric acid pathway. The heterologous
pathway genes form an operon.

We verified that the control circuit modulates transcription in response to

galacturonate by quantifying the relative mRNA levels of udh, the second gene in

the operon, over the course of a fermentation using qRT-PCR (Figure 2-6A). For
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all samples, the fold change of mRNA was analyzed relative to P1OO levels before

galaturonate addition. We constructed an IPTG-inducible variant of the P1OO

control circuit that employs LacI in place of ExuR and two lac operators [105] to

benchmark the galacturonate-inducible circuit. IPTG addition was tested in two

conditions: at inoculation and 3 hr after inoculation. Both cases show an increase

in udh expression over time. The 3 hr IPTG addition resulted in higher overall

udh levels (3.9±0.6 fold change compared to 3±1 for 0 hr addition, at 9 hr post

inoculation), likely due the growth advantage of delayed pathway induction, discussed

further below. Galacturonate added at 3 hr post inoculation to the P1OO controlled

pathway resulted in a 3.4±0.2 udh fold change at 9 hr post inoculation. The sample

taken just after induction with galacturonate shows a spike in udh expression that falls

slightly as cell growth slows. The 5 hr udh level matches those of the IPTG induced

cells. We can conclude that the changes in pathway mRNA expression result from the

transcription factor and hybrid promoter interactions in response to galacturonate.

Thus, the galacturonate controlled circuit is a direct and effective replacement for the

IPTG inducible expression system.

As expected, the uninduced P1OO-controlled pathway maintains consistently low

levels of udh transcript, which drops over the course of the fermentation as is

common with constitutive type expression [110]. This behavior is also seen in the

constitutive P1XX case. While the drop in transcription was expected, the low

values of mRNA present in the P1XX containing cells surprised us. We expected

high relative udh levels based on the sfGFP fluorescence characterization. The cause

of this became clear as we looked at the biomass, and galacturonate and D-glyceric

acid concentrations profiles taken throughout the fermentations (Figure 2-6B-D).
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Figure 2-6: Fermentation time series data of mRNA fold change, biomass,
galacturonate, and D-glyceric acid. (A) udh mRNA fold change relative to the
uninduced P1OO levels 3 hr after inoculation, over time. (B)OD600 over time.
Dotted arrows indicate IPTG addition; solid arrows indicate galacturonate addition.
(C) Galacturonate concentration over time. (D) D-Glyceric acid concentration over
time. Data are mean ± 1 SD of biological duplicates.

The growth profiles of all the strains are similar (Figure 2-6B), with the exception of

the constitutive pathway harboring strain. The final OD is lower for the strain with

no pathway and the strain that was not fed galacturonate. This can be explained

by the pyruvate byproduct produced by the D-glyceric acid pathway, which gives

cells a growth advantage. We see a substantial lag in the constitutive expression

strain, suggesting the pathway introduces significant burden to cell growth. The slow

growth and low mRNA presence in the constitutive pathway strain indicate that the
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perpetual presence and generation of the heterologous enzymes is detrimental to cell

health. This is further supported by observed inability of the strain to consume

galacturonate and produce D-glyceric acid (Figure 2-6C-D). Thus, cell health and

D-glyceric acid production require an inducible production pathway, as demonstrated

by the IPTG-inducible and P1OO controlled cases. The galacturonate utilization

and D-glyceric acid production profiles are almost identical when the pathway is

induced (Figure 2-6C-D). These strains consumed all 5 g L−1 of galacturonate

within 6 hr of addition. IPTG induction at inoculation, 3 hr after inoculation,

and galacturonate induction 3 hr after inoculation resulted in titers of 2.1±0.1,

2.16±0.04, and 2.146±0.003 g L−1 D-glyceric acid and molar yields of 78%, 79%,

and 78%, respectively. From these results, we see that we can effectively replace the

IPTG-inducible system controlling the D-glyceric acid pathway with one that only

requires the pathway feed, galacturonate. This was achieved without compromising

pathway performance, as observed by feed utilization and product formation.

2.4 Conclusion

Metabolite-responsive regulatory systems can be leveraged to build substrate-induced,

feed-forward expression control strategies. We constructed a galacturonate

biosensor with a heterologous metabolite-responsive TF from B. subtilis and its

cognate DNA binding sites, and used fluorescence characterization to select a

top performing variant. The biosensor has minimal crosstalk with the native

E. coli galacturonate-responsive regulator and exhibits favorable output despite

full consumption of the galacturonate feed. Thus, the biosensor is an effective

induction system that removes extrinsic chemical inducers for applications in which

galacturonate is the feed substrate, but it could also be used generally as a chemical

induction system. To demonstrate the former case, we used the biosensor to activate

expression of a D-glyceric acid production pathway in the presence of its galacturonate

feed. We determined that pathway induction is necessary, as constitutive expression

resulted in poor cell growth and no product formation. Strains harboring the
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D-glyceric acid pathway expressed from our galacturonate-induced system performed

identically to an IPTG-induced system in growth, feed utilization, and production.

This work demonstrates that feed-activated pathway expression enables product

biosynthesis while removing extrinsic chemical inducers from a microbial production

system.
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Chapter 3

Biosynthesis from mixed substrates

using multi-substrate expression

control
Abstract

The use of waste streams and other renewable feedstocks in microbial biosynthesis

has long been a goal for metabolic engineers. Microbes can utilize the substrates

found in waste streams, though they are more technically challenging to convert to

useful products compared to the single substrates of standard practice. It is difficult

to control biosynthesis in the face of the temporally changing nature of waste streams.

Furthermore, the expression of all the enzymes necessary to convert mixed substrates

into a product likely presents great metabolic burden, which already plagues processes

that utilize a single substrate. We developed an approach to utilize mixed substrates

for production by activating expression of each biosynthetic pathway in the presence of

its substrate. This expression control was used on two novel pathways that converted

our substrates, galacturonate and gluconate, into D-glycerate. We demonstrated

D-glycerate biosynthesis from single and mixed substrates as an example of conversion

of complex feedstocks like waste streams.

This chapter is adapted from: Cynthia Ni and Kristala L. J. Prather. In preparation.
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3.1 Introduction

An attractive feature of utilizing microorganisms for biosynthesis through metabolic

engineering is the potential to use renewable feeds or waste streams as process inputs.

Biomass byproduct and waste streams from agriculture, food and dairy industry, or

municipal organic waste, are rich in carbon and nutrients that microorganisms can

utilize for growth and metabolite production [111, 112]. For example, municipal

food waste is abundant in carbohydrates such as glucose, galacturonate, gluconate,

galactose, and fructose, among others [93, 113, 114]. While waste stream feedstocks

are desirable for sustainability and cost, they are technically challenging to implement

due to their complexity and temporal variation [111, 114]. Traditionally, microbial

production processes utilize a consistent and defined feed stream, wherein a single

substrate gets converted into the desired product [115]. However, the ability to

maintain consistent production while sensing and responding to feed deviations would

allow for more complex, waste streams to be utilized as feeds, which can decrease

production costs and carbon footprint [111].

The utilization of waste streams for microbial production has been garnering interest

among metabolic engineers. Due to the complexity and incompatibility of waste

streams to most existing biosynthetic platforms, much of the effort has been focused

on metabolizing the substrates, either through strain engineering [116] or selecting

organisms that can naturally consume the prevalent compounds [112, 117–119]. These

approaches often limit the resulting product to ones that naturally exist in the host

metabolome. In order to expand the product portfolio of these systems, recombinant

pathways need to be introduced into the strains. The overexpression of a single

pathway often leads to metabolic burden [67, 68]; multiplexing pathways further

increases the potential burden to the host. Many systems for expression control have

been developed to mitigate burden in production strains such as chemical induction

[70, 72], stationary phase activation [80, 81], and activation in response to cell density

[30].
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In our lab’s previous work, we selected a food waste abundant substrate,

galacturonate, and engineered an expression control strategy to utilize it as a

transcriptional inducer for a recombinant biosynthetic pathway for which it was also

the substrate [120]. We were thus able to mediate pathway burden without adding

an extrinsic chemical to the fermentation, which is advantageous for scaling up a

bioproduction [78]. We expanded on that strategy herein to utilize two substrates,

galacturonate and gluconate, for biosynthesis of D-glycerate. D-glycerate is a product

of interest due to its applications in surfactants and polymers and its biological

activity [92]. We developed a novel pathway for each substrate and induced expression

of the heterologous pathway genes with their cognate substrate. By consolidating the

recombinant pathways into a single production strain, we achieved mixed-substrate

biosynthesis of D-glycerate. Our approach achieved the co-utilization of food waste

abundant substrates for biosynthesis in novel recombinant pathways.

3.2 Results

3.2.1 Construction of a gluconate-responsive biosensor

We constructed a transcription-factor (TF) based, substrate-responsive biosensor for

gluconate with the same genetic framework our lab used previously to construct

a galacturonate biosensor [120]. The gluconate biosensor circuit comprised a

constitutively expressed gntR TF from Bacillus subtilis and a sfGFP reporter

expressed from a hybrid promoter containing the DNA binding sequence (i.e., the

operator) for GntR. GntR regulates the genes for gluconate transport and catabolism

in B. subtilis [121, 122] by binding its cognate operator in the gluconate operon [123].

As with our galacturonate biosensor variants (Chapter 2), we varied the constitutive

Anderson promoter strength expressing gntR. The promoters, denoted P1, P2, and

P3, have reported relative strengths of 0.06, 0.36, and 0.7, respectively. Within the

hybrid promoter expressing the sfGFP, the presence or absence of an operator in

each of two potential sites is denoted with an O or X, respectively. Thus, the variants
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have an operator downstream of the promoter (XO), in the core position between

the -35 and -10 σ70 RNA polymerase binding sites (OX), or in both positions (OO).

The gluconate biosensor variants responses are influenced by both the TF promoter

strength and operator placement (Figure 3-1A). Though variant P2XO has the highest

absolute fluorescence and dynamic range (Figure 3-1B), we chose to use variant P3OO

as it has a high dynamic range and the lowest leakiness. These qualities are both

important and advantageous for pathway expression applications.
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Figure 3-1: Comparison of gluconate biosensor variants. (A) Overview of
biosensor variant circuit. Variants expressed a constitutive gntR from a weak
(P1/light pink), medium (P2/pink), or strong (P3/red) promoter. The presence or
absence of an operator in the core or downstream of the -35 and -10 RNAP binding
sites is denoted with an O or X, respectively. Variants of hybrid promoters
contained an operator downstream of the 35 and 10 RNAP binding sites (XO/open
rectangle), in the core position between the RNAP binding sites (OX/green filled
rectangle), or two operators placed in both positions (OO/blue rectangles). (B)
Fluorescent dose response curves of the biosensor variants to gluconate. Data points
are mean ± 1 SD of biological triplicates, taken 24 hr after inoculation. (C) The
average dynamic range and leakiness of each variant from its dose response curve.
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3.2.2 Characterization of biosensor orthogonality

A consolidated biosensor for galacturonate and gluconate was constructed by

including the selected variant of each on a single plasmid. An mCherry reporter

was used for the gluconate biosensor to differentiate its output from that of the

galacturonate biosensor (Figure 3-2A). We fed varying concentrations of galacturonate

and gluconate and mixtures of the two. The resulting fluorescence outputs show that

the dynamic range of the two biosensors is maintained, even in the presence of the

non-cognate substrate (Figure 3-2B-C). The orthogonality of the two biosensors is

a desired characteristic since we wish to have independent transcriptional control of

the biosynthetic pathway that utilizes each substrate for mixed-substrate production

applications.
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Figure 3-2: Fluorescence response of the consolidated galacturonate and gluconate
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gntR under the P3 promoter and mCherry under the core gntO operator hybrid
ProD promoter. (B) GFP flourescence response of the consolidated biosensor to
varying combinations of galacturonate and gluconate. (C) mCherry flourescence
response of the consolidated biosensor to varying combindations of galacturonate
and gluconate.
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3.2.3 Construction of a novel D-glycerate biosynthetic

pathway from galacturonate

We developed a novel glycerate production pathway from galacturonate to

demonstrate a mixed substrate biosynthesis application (Figure 3-3A). The pathway

from galacturonate comprises endogenous UxaC, UxaB, and UxaA; and two

heterologous steps from the non-phosphorylative Entner-Doudoroff pathway found in

thermophilic Archea [124]: KdgA from Sulfolobus solfataricus [125]; and GadH from

Thermoplasma acidophilum [126]. The heterologous pathway enzymes were expressed

in an operon from our galacturonate biosensor circuit [120] (Figure 3-3B).
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Figure 3-3: Overview of D-glycerate pathways. (A) Schematic of novel D-glycerate
pathways from galacturonate and gluconate. Black arrows show heterologous
enzymes; grey arrows show endogenous enzymes; dotted grey arrows show
endogenous enzymes that may consume pathway metabolites. (B) Genetic circuit of
the galacturonate-utilizing pathway’s heterologous genes expressed in an operon,
under the control of the galacturonate biosensor. (C) Genetic circuit of the
gluconate-utilizing pathway’s heterologous genes expressed in an operon, under the
control of the gluconate biosensor.
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We identified endogenous genes in E. coli MG1655 (DE3) that encode enzymes which

may consume our pathway intermediates or product (Figure 3-3A). We characterized

the effect of sequentially knocking out these genes on D-glycerate production with

our initial production plasmid, which had a ColE1 origin of replication and kdgA

and gadH in an operon, each with a ∼10,000 a.u. translation initiation rate (TIR)

RBS calculated by the Operator Calculator within the RBS Calculator [107] (Figure

3-4). Deletion of the glycerate kinase garK alone did not lead to improvement

of D-glycerate titer. As we added on deletions for kdgK, glpK, and glxK, whose

enzymatic products consume 2-dehydro-3-deoxy-D-gluconate, D-glyceraldehyde, and

D-glycerate, respectively, we saw a 6.2-fold titer increase with all four knockouts

over the starting E. coli MG1655 (DE3) strain. Next, we had to knock out the

gluconate kinases, gntK and idnK, to prevent gluconate catabolism in our future

applications, even though it resulted in a drop in D-glycerate titer from galacturonate.

The additional deletions of kduD and uxuA further improved titer, while rspA deletion

was detrimental to D-glycerate acculumation; all three of the enzymes encoded by

these genes have report activity on 2-dehydro-3-deoxy-D-gluconate. We selected

E. coli MG1655 (DE3) ∆garK∆kdgK∆glpK∆glxK∆gntK∆idnK∆kduD as our

production strain as it resulted in the highest D-glycerate titer of 1.3 ± 0.3 g L−1,

with fewer knockouts, and a 9.5-fold improvement of D-glycerate titer compared to

E. coli MG1655 (DE3).

Next, we changed the production plasmid configuration by increasing each RBS to

∼50,000 a.u. TIR, then both, then changed the operon order with the higher RBS

strengths (Figure 3-4). From these conditions, we concluded that the expression

strength of gadH was limiting in our initial production plasmid since increasing its

RBS strength and moving it to the first position in the operon resulted in higher titers.

Finally, we tested the impact of copy number by changing the origin of replication

from ColE1 (∼20 copies per cell), to RSF (∼100 copies per cell) and pMB1* (∼500

copies per cell) (Figure 3-4). The increase in copy number did not produce higher

glycerate titers. From these results, we found that the production plasmid with the
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ColE1 ori, higher RBS strengths, and gadH placed ahead of kdgA in the operon gave

us 2.4 ± 0.1 g L−1 of D-glycerate and 45% molar yield, the highest results from

galacturonate and a 17-fold increase from our starting conditions.
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Figure 3-4: D-glycerate production from galacturonate. Endogenous gene
knockouts were tested in E. coli MG1655 (DE3), as indicated in the table. The rows
labeled kdgA and gadH depict which operon position each gene was in (1 or 2) and
the RBS strength of the gene, in ∼10,000 a.u. TIR; e.g. "1/10" indicates that the
corresponding pathway gene is first in the operon, with a ∼10,000 a.u. TIR RBS.
The origins of replication tested were ColE1, RSF, and pMB1* (∼20, ∼100, and
∼500 copies per cell, respectively). Bars show mean titer ± 1 SD of biological
triplicates and open circles show average molar yield (%), 72 hr after inoculation.
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3.2.4 Construction of a novel D-glycerate biosynthetic

pathway from gluconate

The pathway from gluconate comprises the same heterologous enzymes as that

from galacturonate, with the addition of a gluconate dehydratase, GnaD from

Achromobacter xylosoxidans [127] (Figure 3-3A). Natively, A. xylosoxidans consumes

D-glucose via the GnaD in the modified, non-phosphorylative, Entner-Doudoroff

pathway. The heterologous pathway enzymes of this pathway are expressed from

our gluconate biosensor circuit (Figure 3-3C).

The starting pathway plasmid had a p15A origin of replication. The heterologous

genes were contained in an operon; the configuration of the galacturonate-fed

pathway that led to the highest titer was conserved and the additional gnaD

gene was added to the front of the operon with a ∼50,000 a.u. TIR RBS,

calculated by the RBS Calculator [107]. We hypothesized, as mentioned above,

that the endogenous gluconate kinases, gntK and idnK, needed to be knocked out

to accumulate product. This was supported by the 4.6-fold increase in D-glycerate

titer in E. coli MG1655 (DE3) ∆garK∆kdgK∆glpK∆glxK∆gntK∆idnK compared

to the starting strain E. coli MG1655 (DE3) ∆garK∆kdgK∆glpK∆glxK (Figure

3-5). The additional, sequential deletions of genes encoding enzymes that

consume 2-dehydro-3-deoxy-D-gluconate, kduD, uxuA, and rspA, led to improved,

sustained, and decreased D-glycerate titers compared to the previous strain,

respectively (Figure 3-5). As above, we selected E. coli MG1655 (DE3)

∆garK∆kdgK∆glpK∆glxK∆gntK∆idnK∆kduD as our production strain since it

produced 0.8 ± 0.2 g L−1 of D-glycerate and the addition of the ∆uxuA does not

result in a significant improvement, with a resulting titer of 0.8 ± 0.1 g L−1.

Next, we increased the RBS strength on gnaD to determine the impact of higher

expression of the gene on titer (Figure 3-5). The higher RBS strength of ∼100,000

did not change the final D-glycerate titer. Finally, we investigated the impact of copy

number on D-glycerate titer by varying the origins of replication. We compared ∼10
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(p15A), ∼20 (ColA), and ∼100 (RSF) copies per cell (Figure 3-5). The additional

copies from the RSF origin resulted in the highest D-glycerate titer and yield out

of all the conditions tested, 1.11 ± 0.04 g L−1 and 24%, respectively, and a 7-fold

improvement in titer compared to our starting strain.
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Figure 3-5: D-glycerate production from gluconate. Endogenous gene knockouts
were tested in E. coli MG1655 (DE3) ∆garK∆kdgK∆glpK, as indicated in the
table. The row labeled gnaD indicates the RBS strength of said gene, in ∼10,000
a.u. TIR; the gene is the first in the pathway operon. The origins of replication
tested were p15A, ColA, and RSF (∼10, ∼20, and ∼100 copies per cell,
respectively). Bars show mean titer ± 1 SD of biological triplicates and open circles
show average molar yield (%), 72 hr after inoculation.
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3.2.5 D-glycerate biosynthesis from single and mixed

substrates

Having shown biosynthesis of D-glycerate from galacturonate and gluconate

in single substrate fermentations, we sought to demonstrate mixed substrate

biosynthesis. The biosynthetic pathways that achieved the highest titer from

galacturonate (pColE1-P1exuR-OO-50gadH-50-kdgA in Table 3.3), and gluconate

(pRSF-P3-OO-50gnaD-50gadH-50kdgA in Table 3.3), described above, were on

compatible origins of replication, so they were co-transformed into a single E.

coli MG1655 (DE3) ∆garK∆kdgK∆glpK∆glxK∆gntK∆idnK∆kduD production

strain. We performed mixed substrate fermentations with our co-transformed

production strain (Figure 3-6).
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Figure 3-6: D-glycerate production from mixed substrates. Substrate
concentration totalled 10 g L−1 in all cases. The ratio of galacturonate to gluconate
intial concentrations is labelled at the bottom. Data are the mean ± 1 SD of
biological triplicates, taken 72 hr after inoculation.

Above, in our single substrate, single pathway plasmid fermentations, we acheived

D-glycerate titers of 2.4 ± 0.1 g L−1 and 1.11 ± 0.04 g L−1 from galacturonate and

gluconate, respectively. In fermentations with the co-transformed production strain,

all resultant titers stayed at intermediate levels between these two bounds, as though

the co-transformed strain dampened the effects of either single substrate with a single
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pathway plasmid. The co-transformant still achieved the highest titer, of 1.8 ± 0.3 g

L−1 D-glycerate, from galacturonate alone. Though the titer from galacturonate alone

decreased, that from gluconate alone increased compared to the production strain

harboring only the gluconate pathway plasmid, to 1.64 ± 0.09 g L−1 D-glycerate.

When both substrates were fed in a 1:1 ratio, the resulting D-glycerate titer of 1.70

± 0.05 g L−1 was the average of the single substrate fermentations, for both single-

and co- transformant conditions. In conditions where more galacturonate was fed

than gluconate, the titers were slightly higher than that of the 1:1 fermentation,

and when more gluconate was fed than galacturonate, the resulting D-glycerate

produced was lower. Though for each set of conditions, we tested two feed ratios, the

results of both were almost identical. The feed ratios of 4:1 and 2:1 galacturonate to

gluconate resulted in titers of 1.7 ± 0.1 and 1.8 ± 0.1 g L−1 D-glycerate, respectively.

For feed ratios of 1:2 and 1:4, D-glycerate was produced at 1.48 ± 0.03 g L−1 for

both conditions. Thus, we were able to produce D-glycerate from single and mixed

substrate feeds. Furthermore, the resulting titer from these fermentations remained

consistent and within the bounds of those achieved in single substrate fermentations.

3.3 Discussion

In this study, we developed a scheme for multi-substrate utilization for biosynthesis

as an approach to feeding complex input streams. To reduce the burden of the

recombinant pathways required for each of the individual substrates, the expression

of the heterologous genes for each were induced by their respective substrate.

The biosensors we developed for expression control showed minimal crosstalk when

consolidated into a single host cell. We previously demonstrated minimal interaction

with the host cell’s native regulatory system as well [120]. This biosensor construction

approach could be taken for other substrates that are abundant in a waste stream

of interest, especially for substrates for which microbes natively have regulatory

responses using transcription factors or other control elements. As we established in

our previous work, there is utility to using the substrate to double as the inducer
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for pathway expression and these expression control circuits function as general

chemically-inducible expression controllers.

For each of our selected substrates, galacturonate and gluconate, we

developed novel pathways to produce D-glycerate using non-phosphorylative

Entner-Doudoroff pathway enzymes. The pathways converged onto the intermediate

2-dehydro-3-deoxy-D-gluconate (KDG), which presents the possibility of introducing

promoter logic schemes in the expression of the downstream genes. For example,

an AND-gate, which requires the presence of both substrates, could express an

additional copy of gadH and kdgA to help process the flux from both pathways.

Interestingly, the presence of both of our production pathway plasmids in a

single production strain resulted in consistent D-glycerate production from mixed

substrates, without the need for additional genetic logic or control mechanisms. The

need may arise if we could achieve higher yields from the pathways. Production

from galacturonate led to a higher titer of 2.4 ± 0.1 g L−1 compared to gluconate

which resulted in 1.11 ± 0.04 g L−1 of D-glycerate, in single pathway plasmid

fermentations. The co-transformed production strain, harboring both pathways,

produced D-glycerate titers of 1.8 ± 0.3 and 1.64 ± 0.09 g L−1 from galacturonate and

gluconate, respectively. A 1:1 ratio of the substrates led to an intermediate level of

production compared to single substrate fermentations; when more galacturonate was

present in the mixed feed, the output skewed towards the higher end, and when more

gluconate was added in the mixture, the titer skewed lower. The presence of both

substrates led to less varation in titer than for single substrate fermentations, which

could be a desirable quality of our co-transformed production strain and utilizing

mixed substrate feeds. We demonstrated the ability to biosynthesize a product

of interest, D-glycerate, from mixtures of two substrates using novel recombinant

pathways. This work brings us closer to managing the complexity of waste streams

that could be used as feeds for biosynthsis, as the substrates are both abundant in

food waste. Our approach also expands the possibilities of products to make outside

of the native metabolism of our host.
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3.4 Methods

3.4.1 Strains and media

All plasmids were cloned in Stellar Competent Cells from Takara Bio (San Jose, CA).

Biosensor characterization studies were performed in E. coli MG1655. Chromosomal

deletion of endogenous genes from E. coli MG1655(DE3) (Table 3.1) was completed

using the procedure described by Datsenko and Wanner [100]. The primer pairs for

each knockout included ∼50 bp homology arms outside of the target gene (Table

3.1). D-Glyceric acid fermentations were conducted in E. coli MG1655(DE3) with

the chromosomal knockouts of the specificed genes. All growth and fermentation was

done in Luria-Bertani (LB) broth (BD, Franklin Lakes, NJ).

Table 3.1: Endogenous gene knockouts and associated primers

Endogenous

gene

f primer r primer

garK [91] [91]

kdgK GACCAGCAAACCACCACAGCGCAAACTAAC

GCTAATTTTTTACAGATCAGGTTCACGACTGT

GTAGGCTGGAGCTGCTTC

ATTTATGGATGAGCTGGATAGAGGGGTAAC

ACTTTATCCAGCCTTTTGCATATGCTGCGTT

CCGTCGACCTGCAGTT

glpK TCCTTCAGAACAAAAAGCTTCGCTGTAATAT

GACTACGGGACAATTAAACGTGTAGGCTGG

AGCTGCTTC

ACGTTTCGGGACTACCGGATGCGGCATAAA

CGCTTCATTCGGCATTTACATCCGTCGACCT

GCAGTT

glxK [91] [91]

gntK AGTATTGGCGCTGAACGCCTG TCGACTGCGCCGGTTTCATG

idnK AAATTATTATGCCGCCAGGCGTAGTATCGCA

GCAGGTAAGATGATTCAGGAGATTTTAAAG

TGTAGGCTGGAGCTGCTTC

CAGCATGTGCGCGACGGTAAGGCGCGTTAC

CGCGTGGTGTTGAAAGCCGATTTTTGAAAA

TCCGTCGACCTGCAGTT

kduD GCCGTTAAAGATTTGCGCTAGTTGTGGGCA

TAAACGAATAAGGTATTGTTGTGTAGGCTG

GAGCTGCTTC

GTATAAAAAACCCTGCCATGCGGCAGGGTC

ATAAAAGTAAGAAGAATGAATCCGTCGACC

TGCAGTT

uxuA GGTTCCGCGTCTCTTTGCTGTGGAACCCAC

TATGTGAAAGAGGAAAAATCGTGTAGGCT

GGAGCTGCTTC

GACGGCAAGGAAGAAGGAACCGGCACGG

CGCGCAGCCATGCCGGTGGATATCCGTCGA

CCTGCAGTT

rspA TCAGTTGCGTAGATTTCATGCATCACGACA

AGCGATGCAAGGAATCGAACGTGTAGGCT

GGAGCTGCTTC

CGCCAGTTGATTCGGTTTTTCAATTAATATG

CTTTTCATTATCTTACTCCTCCGTCGACCTG

CAGTT
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3.4.2 Cloning and plasmid construction

The gluconate biosensor variants were constructed in the same way as the

galacturonate ones in our previous work in Chapter 2 [120], with gntR and its cognate

operator. All cloning primers and plasmids used in this study are found in Tables 3.2

and 3.3, respectively.

The consolidated galacturonate and gluconate double biosensor plasmid

(pP1exuR-OOgfp-P3gntR-OOmCherry) was constructed using the PCR products

of 2gal-f and 2gal-r, and 2glcn-f and 2glcn-r on their respective biosensor template,

mCherry-f and mCherry-r on the mCherry gene template, and 2BB-f and 2BB-r

on pYTK001 [101], with the NEBuilder HiFi DNA Assembly Cloning Kit (NEB,

Ipswich, MA).

Table 3.2: Primers used for cloning

Name Sequence

gntR-f AAGTCGTCTCATCGGTCTCATATGCTAGACTCCAAAGACCTGTTGTATCCC

gntR-r AAGTCGTCTCAGGTCTCAGGATCTAGTCATTGTTGTATTCAGCTCCTTTTGCCAG

gntO-XO-f GGGAATGTTACCCGTATCAT

gntO-XO-r TTGTATGATACGGGTAACAT

P2-f [120]

P2-r [120]

P1-f [120]

P1-r [120]

OO-f ATACTTGTATACAAGTATATAATATATTCAGGGACGTTATCATACTTG

OO-r CTTGTATACAAGTATCGTAAAGTTATCCAGCAACCA

OX-f ATACTTGTATACAAGTATATAATATATTCAGGGAGACAACAA

OX-r CTTGTATACAAGTATCGTAAAGTTATCCAGCAACCA

mCherry-f ATGGACGAGCTGTACAAGTAACCAGGCATCAAATAAAACGAAAGG

mCherry-r TCGCCCTTGCTCACCATAATTAAAGATCCTTATATTTGAGTTTGCTGAA

2BB-f ATGGACGAGCTGTACAAGTAACCAGGCATCAAATAAAACGAAAGG

2BB-r TCGCCCTTGCTCACCATAATTAAAGATCCTTATATTTGAGTTTGCTGAA

2gal-f TAACCGTAGTCGGCGAGACGTTGACAGCTAGCTCAGTCCTAGG

2gal-r GGGCGGCCGCTATAAACGCAGAAAGGCCCACC

2glcn-f TGCGTTTATAGCGGCCGCCCCTTTTACAG

2glcn-r TATTGGTCTGGTCAGAGACGTATAAACGCAGAAAGGCCCACCC

kdgA-f ACTTTCGTTCACGCTTAAGGACAATTTATAATGCCAGAAATCATAACTCCAATCATAACC

kdgA-r TATTACCTCCTAAGGGCTTGGACACTATTCTTTCAATATTTTAAGCTCTACAAGTTTCGC

gadH-f AATAGTGTCCAAGCCCTTAGGAGGTAATACATGGACACAAAGTTGTACATCGACG
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gadH-r ACTGAGCCTTTCGTTTTATTTGATGCCTGGTTAATGGTGGTGGTGGTGGTG

exuR-biosensor-f CCAGGCATCAAATAAAACGAAAGGC

exuR-biosensor-r TTGTCCTTAAGCGTGAACGAAAGTTAAACAAAATTATTTGTTCAAAATGTTAACGTTAAC

50k-1kdgA-f ATAAGCCCCCCATAAGAGAGAAATTAAATGCCAGAAATCATAACTCCAATCATAAC

50k-1kdgA-r ATTTCTCTCTTATGGGGGGCTTATAAACGTCAAACACCATAATTCTTCCAGGTTC

50k-2gadH-f GGAAGTAAGTCCTATTAAGAGAGGTAGATAATGGACACAAAGTTGTACATCGAC

50k-2gadH-r TCTTAATAGGACTTACTTCCCTATTCTTTCAATATTTTAAGCTCTACAAGTTTCG

50k-1gadH-f AAATAATTTTGTTTAACTTTGGAAGTAAGTCCTATTAAGAGAGGTAGATAATG

50k-1gadH-r TTATGGGGGGCTTATAAACGTTAATGGTGGTGGTGGTGGTG

50k-2kdgA-f CGTTTATAAGCCCCCCATAAGAGA

50k-2kdgA-r TCGTTTTATTTGATGCCTGGCTATTCTTTCAATATTTTAAGCTCTACAAGTTTCG

RSFgal-f TCCCCGAAAAGTGCCACCTGCTTCCGCTTCCTCGCTCA

RSFgal-r GCTGTAAAAGGGGCGGCCGCAACGGAATAGCTGTTCGTTGACT

pMB1*gal-f TCCCCGAAAAGTGCCACCTGTTGAGATCCTTTTTTTCTGCGCG

pMB1*gal-r GCTGTCAAAGGGGCGGCCGCTTTCCATAGGCTCCGCCC

p15A-f TTTTATCTGATTAATAAGATGATCTTCTTGAGATCGTTTTG

p15A-r TGTATACTGGCTTACTATGTTGGCACTG

gntR-biosensor-f ACATAGTAAGCCAGTATACAGCGGCCGCCCCTTTTAC

gntR-biosensor-r AATTAAAGATCCTTATATTTGAGTTTGCTGAAAGTTAAACA

gnaD-f TAGATACGCCGAGAAGGAGAGAATATATGACGGACACCCCTCGT

gnaD-r TCTTAATAGGACTTACTTCCTCAGTGCGAATGGCGCG

kdgA-gadH-f CGTTCACGCTTAAGGACAATTTATAATGC

kdgA-gadH-r GCCGGGCGTTTTTTATTGGTGCGGCCGCTGTATATAAACGC

100k-gnaD-f CATACATAACTTGTATAAGGAGGATATTCATGACGGACACCCCTCGT

100k-gnaD-r CCTTATACAAGTTATGTATGAAAGTTAAACAAAATTATTTGTAGGAGTATACTTGT

ColAglcn-f CCTCTTACGTGCCCGATCAAAAACGTCCTAGAAGATGCCAGG

ColAglcn-r GCTGTAAAAGGGGCGGCCGCTGGTGTCGGGAATCCGTAAAG

RSFglcn-f CCTCTTACGTGCCCGATCAACTTCCGCTTCCTCGCTCA

RSFglcn-r GCTGTAAAAGGGGCGGCCGCAACGGAATAGCTGTTCGTTGACT
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Table 3.3: Plasmids used in this study

Plasmid Genotype Ref

pYTK095 empty vector, backbone for biosensors and pathway plasmids [101]

pYTK001 empty vector, backbone for consolidated biosensor [101]

pP1XO-gfp pYTK095 with gntR under the P1 promoter;

sfgfp under the hybrid ProD promoter with a downstream operator

this study

pP2XO-gfp pYTK095 with gntR under the P2 promoter;

sfgfp under the hybrid ProD promoter with a downstream operator

this study

pP3XO-gfp pYTK095 with gntR under the P3 promoter;

sfgfp under the hybrid ProD promoter with a downstream operator

this study

pP3OX-gfp pYTK095 with gntR under the P3 promoter;

sfgfp under the hybrid ProD promoter with a core operator

this study

pP3OO-gfp pYTK095 with gntR under the P3 promoter;

sfgfp under the hybrid ProD promoter with core and downstream operators

this study

pP3XX-gfp pYTK095 with gntR under the P3 promoter;

sfgfp under the hybrid ProD promoter with no operators

this study

pP3OO-empty pYTK095 with gntR under the P3 promoter;

no gene under the hybrid ProD promoter with core and downstream operators

this study

pP1exuR-OOgfp-P3gntR-OOmCherry pYTK001 with exuR under the P1 promoter;

sfgfp under the hybrid ProD promoter with core and downstream exuO

operators; gntR under the P3 promoter; mCherry under the hybrid ProD

promoter with core and downstream gntO operators

this study

pColE1-P1exuR-OO-10kdgA-10gadH exuR under the P1 promoter; ProD with 2 exuO operators expressing

a 10k RBS kdgA and 10k RBS gadH operon

this study

pColE1-P1exuR-OO-50kdgA-10gadH exuR under the P1 promoter; ProD with 2 exuO operators expressing

a 50k RBS kdgA and 10k RBS gadH operon

this study

pColE1-P1exuR-OO-10kdgA-50gadH exuR under the P1 promoter; ProD with 2 exuO operators expressing

a 10k RBS kdgA and 50k RBS gadH operon

this study

pColE1-P1exuR-OO-50kdgA-50gadH exuR under the P1 promoter; ProD with 2 exuO operators expressing

a 50k RBS kdgA and 50k RBS gadH operon

this study

pColE1-P1exuR-OO-50gadH-50kdgA exuR under the P1 promoter; ProD with 2 exuO operators expressing

a 50k RBS gadH and 50k RBS kdgA operon

this study

pRSF-P1exuR-OO-50gadH-50kdgA exuR under the P1 promoter; ProD with 2 exuO operators expressing

a 50k RBS gadH and 50k RBS kdgA operon

this study

pMB1*-P1exuR-OO-50gadH-50kdgA exuR under the P1 promoter; ProD with 2 exuO operators expressing

a 50k RBS gadH and 50k RBS kdgA operon

this study

p15A-P3gntR-OO-50gnaD-50gadH-50kdgA gntR under the P3 promoter; ProD with 2 gntO operators expressing

a 50k RBS gnaD, 50k RBS gadH, and 50k RBS kdgA operon

this study

p15A-P3gntR-OO-100gnaD-50gadH-50kdgA gntR under the P3 promoter; ProD with 2 gntO operators expressing

a 10k RBS gnaD, 50k RBS gadH, and 50k RBS kdgA operon

this study

pColA-P3gntR-OO-50gnaD-50gadH-50kdgA gntR under the P3 promoter; ProD with 2 gntO operators expressing

a 50k RBS gnaD, 50k RBS gadH, and 50k RBS kdgA operon

this study

pRSF-P3gntR-OO-50gnaD-50gadH-50kdgA gntR under the P3 promoter; ProD with 2 gntO operators expressing

a 50k RBS gnaD, 50k RBS gadH, and 50k RBS kdgA operon

this study

Heterologous pathway genes, in Table 3.4 were synthesized from Integrated DNA
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Technologies (Coralville, IA). All pathway plasmids were constructed with the

NEBuilder HiFi DNA Assembly Cloning Kit (NEB) and PCR products as described

here. The initial galacturonate-fed pathway, pColE1-P1exuR-OO-10kdgA-10gadH,

was constructed with the PCR products of kdgA-f and kdgA-r, and gadH-f and

gadH-r, on their respective synthesized gene templates, and exuR-biosensor-f and

exuR-biosensor-r on the galacturonate biosensor template pP1OO-gfp from our

previous work [120]. The genes’ RBS strengths were changed using the [RBS

strength]-[gene name]-f and -r primers; origins of replication were changed using

[ori]gal-f and -r.

The initial gluconate-fed pathway, p15A-P3gntR-OO-50gnaD-50gadH-50kdgA,

was constructed with the PCR products of gnaD-f and gnaD-r on its

synthesized gene template, kdgA-gadH-f and kdgA-gadH-r on template

pColE1-P1exuR-OO-50gadH-50kdgA, and gntR-biosensor-f and gntR-biosensor-r on

template pP3OO-gfp from this study. The RBS strength of gnaD was increased using

the 100k-gnaD-f and -r primers; origins of replication were changed using [ori]glcn-f

and -r.
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Table 3.4: Sequences of custom synthesized genes

Gene Sequence

kdgA ATGCCAGAAATCATAACTCCAATCATAACCCCATTCACTAAAGATAATAGAATAGAT

AAGGAAAAATTAAAGATACATGCGGAGAATCTCATTAGGAAGGGAATAGATAAGT

TGTTCGTCAACGGTACTACTGGTCTTGGTCCTTCGTTATCTCCAGAGGAGAAGTTA

GAGAACTTAAAGGCAGTTTATGACGTCACCAATAAGATAATATTTCAAGTTGGTGG

ATTGAATCTAGACGATGCTATAAGATTGGCTAAATTAAGTAAAGACTTTGATATTGT

CGGTATAGCCTCGTATGCTCCATATTATTACCCAAGAATGTCTGAGAAGCATTTGGT

AAAGTATTTTAAGACCTTGTGTGAAGTATCTCCACACCCTGTCTATTTGTACAATTA

CCCGACGGCAACGGGAAAAGACATAGATGCAAAAGTCGCTAAAGAGATAGGCTG

TTTTACTGGAGTAAAGGATACTATTGAAAACATAATTCACACCTTAGACTACAAAC

GTCTAAATCCTAACATGTTAGTATATAGTGGCTCTGATATGTTAATAGCAACGGTAG

CTTCTACGGGTTTAGATGGTAATGTTGCAGCAGGTTCGAATTATCTTCCAGAGGTT

ACTGTGACAATTAAGAAATTGGCTATGGAAAGGAAAATTGATGAAGCACTTAAGT

TACAATTCCTTCATGACGAGGTAATAGAGGCGTCTAGAATATTTGGGAGCTTATCTT

CAAATTACGTATTAACCAAGTATTTCCAAGGATACGATTTAGGATATCCTAGACCTC

CAATATTCCCACTAGATGATGAAGAAGAAAGGCAGCTAATTAAGAAAGTTGAGGG

TATAAGGGCGAAACTTGTAGAGCTTAAAATATTGAAAGAATAG
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gadH ATGGACACAAAGTTGTACATCGACGGTCAATGGGTTAACTCGTCTTCAGGGAAGA

CAGTGGATAAATACAGCCCTGTAACGGGACAAGTAATCGGTCGCATGGAGGCTGC

CACACGTGATGATGTTGACCGTGCGATTGATGCCGCAGAGGATGCGTTCTGGGCT

TGGAATGACCTGGGGTCGGTGGAACGCTCCAAAATTATTTACCGTGCGAAGGAGT

TGATCGAGAAGAACCGTGCTGAGCTTGAAAATATCATTATGGAGGAAAATGGTAA

ACCCGTAAAAGAGGCGAAAGAGGAGGTTGACGGGGTAATCGATCAGATTCAGTA

CTATGCAGAATGGGCGCGCAAACTGAATGGTGAGGTGGTAGAGGGTACTAGCTCC

CATCGTAAGATTTTTCAGTACAAGGTGCCGTATGGCATTGTAGTCGCCTTGACTCCT

TGGAATTTCCCCGCTGGAATGGTGGCGCGCAAATTAGCTCCGGCGTTGTTAACGGG

CAACACCGTCGTGCTGAAACCCAGTTCGGACACTCCTGGGTCTGCGGAGTGGATC

GTGCGTAAGTTCGTAGAGGCTGGGGTCCCTAAGGGCGTGCTGAACTTCATTACCGG

GCGTGGATCTGAAATCGGCGATTATATCGTGGAGCACAAGAAAGTAAACTTGATTA

CGATGACCGGCTCAACGGCCACTGGCCAACGTATTATGCAAAAAGCAAGCGCGAA

CATGGCAAAGTTAATTCTGGAGCTGGGAGGTAAGGCCCCATTTATGGTATGGAAGG

ACGCGGACATGGATAACGCTTTGAAAACCCTGTTGTGGGCGAAGTACTGGAATGC

AGGGCAATCCTGTATTGCAGCCGAACGCCTTTACGTACACGAAGACATTTATGACA

CTTTTATGAGTCGTTTCGTCGAACTTTCACGTAAGTTGGCCTTGGGCGATCCGAAG

AACGCCGATATGGGACCACTTATCAACAAAGGAGCCCTTCAAGCGACTTCGGAAA

TTGTTGAAGAAGCGAAGGAGTCTGGAGCGAAGATTTTGTTTGGAGGAAGTCAGCC

TTCACTGAGCGGACCGTACCGTAACGGCTACTTCTTCTTGCCTACCATCATCGGAAA

CGCCGACCAGAAGTCCAAGATTTTCCAAGAAGAGATTTTTGCTCCTGTAATCGGCG

CACGCAAAATTTCGTCTGTAGAGGAGATGTGCGATTTAGCAAACGATAATAAGTATG

GTCTGGCTTCCTACCTTTTCACGAAGGACCCCAACATTATTTTCGAAGCCTCCGAAC

GCATTCGTTTTGGCGAATTGTATGTGAACATGCCCGGGCCAGAGGCAAGCCAAGGC

TACCATACGGGTTTTCGCATGACGGGACAGGCTGGTGAGGGCTCTAAATACGGTATT

TCTGAGTATTTAAAGTTAAAGAATATCTACGTCGACTATAGTGGTAAACCACTGCACA

TCAACACTGTACGTGATGATTTGTTTCAAAGCGGTCGTCCGGTGCTGTCCTCTCACC

ACCACCACCACCATTAA
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gnaD ATGACGGACACCCCTCGTAAACTGCGTTCGCAAAAATGGTTTGACGATCCCGCGCA

CGCGGACATGACGGCTATTTACGTTGAGCGTTACCTGAATTACGGACTTACGCGCCA

AGAGTTACAGTCAGGCCGCCCAATCATCGGCATCGCGCAAACCGGAAGTGACCTTG

CTCCATGTAACCGTCATCATCTGGCGCTGGCAGAACGCATTAAGGCTGGCATTCGTG

ATGCCGGGGGTATCCCGATGGAGTTCCCGGTGCATCCGCTGGCTGAGCAGGGCCGT

CGTCCGACAGCGGCCTTAGACCGTAATCTGGCCTACCTTGGTCTGGTGGAGATCTTA

CATGGTTATCCTCTTGATGGCGTAGTTTTAACGACAGGTTGTGACAAGACTACGCCT

GCATGTTTGATGGCCGCAGCGACCGTGGACATTCCGGCCATCGTGCTGTCGGGTGG

ACCGATGCTGGACGGTTGGCACGATGGGCAGCGCGTAGGAAGTGGTACCGTCATTT

GGCATGCTCGTAATCTTATGGCCGCCGGGAAATTAGACTATGAAGGGTTTATGACGT

TAGCCACGGCATCATCGCCGTCCATTGGACATTGCAACACTATGGGTACGGCTTTAA

GCATGAATAGCCTTGCAGAAGCATTAGGCATGAGTCTGCCCACATGCGCGAGTATTC

CTGCACCCTACCGTGAGCGTGGACAAATGGCGTACGCAACCGGCTTACGCATCTGC

GATATGGTTCGCGAGGACTTACGTCCTTCGCGTATTTTAACACGTGAAGCATTTGAA

AATGCGATTGTAGTTGCTTCGGCCCTTGGTGCGAGTAGTAATTGTCCGCCTCATCTG

ATTGCGATGGCTCGCCATGCGGGAATCGACCTTTCTTTAGATGACTGGCAGCGCCTG

GGCGAGGATGTCCCTTTGTTAGTCAATTGTGTCCCCGCAGGTGAGCATTTAGGTGAA

GGATTTCATCGCGCAGGTGGCGTCCCAGCCGTAATGCACGAGCTGCTGGCCGCAGG

TCGCTTACATGCAGATTGTGCGACCGTGTCAGGAAAGACCATCGGGGAGATCGCTG

CGGGGGCGAAAACACACGATGCGGACGTAATCCGCGGTTGCGACGCGCCGCTTAA

ACACCGTGCAGGATTTATCGTGCTTTCAGGAAACTTCTTTGATAGCGCCGTCATTAA

GATGTCAGTTGTGGGGGAAGCGTTCCGCCGTGCCTATTTATCGGCGCCCGGCGACG

AAAATGCCTTCGAGGCTCGCGCTATTGTCTTCGAAGGGCCCGAGGATTATCATGCCC

GTATCGAAGATCCGGCGTTAAACATCGACGAGCATTGTATCTTGGTTATTCGTGGAG

CAGGAACAGTGGGCTACCCCGGGAGTGCCGAAGTGGTCAACATGGCACCGCCCTC

CCATCTTATTAAGCGTGGCATTGATTCACTGCCTTGTTTGGGAGACGGTCGTCAATC

AGGCACGTCAGCGTCTCCCTCGATCCTTAACATGTCACCTGAAGCCGCAGTAGGTG

GGGGCCTGGCACTGTTACGTACCGGGGACCGCATCCGTGTAGACTTGAATCAGCGT

TCTGTCATCGCATTAGTCGATGAAGCAGAGCTGGCCCGCCGCCGCCAAGACCCTCC

TTATCAGCCTCCACCGGCACAGACCCCTTGGCAAGAGTTGTACCGTCAGTTGGTGG

GACAACTGTCCACAGGCGGTTGTCTGGAACCAGCAACCTTATATTTAAAAGTCGTT

GAAACACGTGGTGACCCGCGCCATTCGCACTGA

3.4.3 Fluorescence measurements

Fluorescence characterization experiments were performed in the BioLector

microbioreactor system (m2p-labs GmbH, Baesweiler, Germany). Overnight cultures

were grown at 37°C with agitation at 250 rpm. One milliliter cultures were inoculated

in BioLector 48-well flower plates at a 1:100 dilution with the appropriate overnight

culture. Gluconate, and galacturonate where indicated, were added at inoculation.
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The BioLector was set to 37°C, 1200 rpm shake speed, and 85% humidity. Continuous

biomass (620 nm excitation), GFP (488 nm excitation, 520 nm emission), and where

mentioned, mCherry (550 nm excitation, 610 nm emission), measurements were taken

in arbitrary BioLector units over a 24 hr period.

3.4.4 D-glyceric acid fermentations

All cultures were grown in LB medium. All chemicals used for medium formulations

and analytic standards were purchased from Sigma-Aldrich (St. Louis, MO).

Overnight cultures were grown at 37°C and 250 rpm agitation. 50 mL fermentation

cultures were grown in 250 mL baffled flasks at 30°C and 250 rpm agitation. An

initial OD600 of 0.05 was inoculated into each flask from its corresponding overnight

culture. The appropriate concentration of substrate was added at inoculation, unless

otherwise stated. Cultures were sampled at 4, 24, 48, and 72 hr for analysis by UV-Vis

and HPLC.

3.4.5 Galacturonate, gluconate, and D-glyceric acid

quantification

In the single substrate fermentations, concentrations of galacturonate or gluconate,

and D-glyceric acid in culture supernatants were determined using a 1200 Series

Agilent Technologies instrument (Santa Clara, CA) with an Aminex HPX-87H

Ion Exclusion Column (Bio-Rad Laboratories, Hercules, CA) and refractive index

detector. The 22 min method ran an isocratic mobile phase of 5mM sulfuric acid at

0.6 mL min1, with the column set to 65°C and the detector set to 35°C. Approximate

elution times for galacturonate, gluconate, and D-glyceric acid were 8.9, 9.3, and 11.2

min, respectively.
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Chapter 4

Multiplexed, autonomous, cell

density activated expression

control using quorum sensing

Abstract

QS systems coordinate behavior in response to cell density natively in microorganisms.

While this is a distinct function from the transcription factors used in our

metabolite-responsive biosensors, we can use these systems in a similar way to

activate transcription of some gene(s) of interest in response to cell density as the

stimulus. Furthermore, consolidating multiple engineered QS systems into one cell

provides independent expression controllers that can be individually tuned for the

user’s application. This chapter summarizes the characterization of QS expression

controllers in their transcriptional output and orthogonality for the purposes of

multiplexed activation of expression by cell density.
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4.1 Introduction

Quorum sensing (QS) systems are an attractive autonomous, cell density responsive,

pathway independent expression control tool that have piqued the interest of many

synthetic biologists and metabolic engineers. The Prather Lab has leveraged QS

systems for dynamic pathway regulation to improve the titers of various products

including glucaric acid, naringenin, salicylic acid, and shikimate [30, 128]. While

Dinh and Prather utilized two QS regulatory systems, lux and esa, they respond

to the same signaling molecule, 3-oxohexanoyl homoserine lactone [30], which limits

the independent tunability of each expression circuit. Other groups have studied the

orthogonality and multiplexing of QS systems; characterizations have been done with

exogenously added acyl-homoserine lactone (AHL) signaling molecules [129, 130] and

with individual QS systems or components in separate cells [131, 132]. Recently,

Jiang et al. demonstrated two orthogonal, in vivo QS systems [133] and Wu et al.

did the same and applied the regulatory system towards pathway expression control

[134]. These studies use two systems that are engineered and ensured to be orthogonal

in the inducer ranges utilized. Though they are successful demonstrations, they do

not provide comprehensive understanding of how the systems interact in vivo. I

sought to do a comprehensive study on the crosstalk between in vivo AHL-based QS

systems. The knowledge could be useful to the field; although not all systems can

be orthogonal, the characteristics of their crosstalk could be leveraged for metabolic

engineering applications.

4.2 Results and Discussion

4.2.1 Construction of individual QS systems

I constructed individual lux, las, rpa, tra, and esa QS systems using the same

genetic circuitry: the regulatory protein (R protein) was constitutively expressed and

the promoter which it regulates (PQS) expressed a gfp fluorescent reporter (Figure

4-1). The fluorescent output of the systems were measured in the BioLector with
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exogenously added AHLs (Figure 4-1). Of these QS systems, the rpa and tra systems

behaved favorably, with dynamic ranges over 10.

Figure 4-1: Schematic of the QS circuit and dose response curves of the single QS
systems. The constitutively expressed regulatory (R) protein regulates its cognate
promoter (PQS), which controls gfp expression. Data points show the GFP
fluorescence of biological duplicates in response to exogenous additional of the
cognate AHL, 24 hr after inoculation. The average dynamic range of the duplicates
is boxed in pink.

To remedy the low dynamic ranges of the remaining QS systems, I re-constructed the

lux, las, and esa systems with higher RBS strengths on the gfp (Figure 4-2). This

approach worked for the lux system, but was not effective for the other two. However,

las and esa had previously been used and characterized in the Prather Lab, so I used

those constructs from the Strain Database for further testing.
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Figure 4-2: Schematic of the modified QS circuit with differing RBS strengths and
dose response curves of the single QS systems. Data points show the GFP
fluorescence in response to exogenous addition of the cognate AHL, 24 hr after
inoculation. The dynamic range of the constructs, where application, are indicated
in the legend.

4.2.2 Characterization of TraI with the tra QS system

Fully autonomous QS systems require the cognate synthase in the host cell to generate

the AHL. I tested the synthase for the tra system, TraI, in a plasmid co-transformed

with the single QS system characterized above. The data show that when the traI

is expressed, with no exogenous addition of 3O-C8-HSL (C8), the synthase generates

enough C8 to activate the GFP fluorescence to a similar level as when 10−7 M C8

is exogenously added (Figure 4-3). When traI is expressed and 10−5 M C8 is added

exogenously, the GFP fluorescence further increases above the level from TraI alone,

though only to the same level as 10−5 M C8 exogenously added without TraI. This

saturation of GFP signal could be due to full activation of the gfp promoter, Ptra.

Given that the tra synthase works in our hands, the traI could be chromosomally

integrated into future host cells for autonomous activation from Ptra.
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Figure 4-3: GFP fluorescence output from tra-gfp at varying exogenously added
3O-C8-HSL (C8) concentrations, 24 hr after inoculation; when the TraI synthase is
present; and when TraI is present and exogenous C8 is added. The grey circles are
individual values of biological replicates and their corresponding bar is their
average; bars without grey circles show single replicate values.

4.2.3 Evaluating the crosstalk between pairwise QS systems

I developed a plan to test pairwise combinations of all of the individual QS systems

that I had characterized that used distinct AHL molecules. I would construct pairwise

QS plasmids by consolidating the individual systems and use gfp as the reporter for

the system with the lower dynamic range and mCherry for the higher dynamic range

system. This is because we get higher GFP signal in the BioLector. I planned to

generate a mixed-inducer heat map for each pairwise plasmid, similar to the analysis

for my galacturonate and gluconate biosensors in Chapter 3. I then would have taken

the pairs with the least crosstalk or most interesting interactions and introduced

their respective AHL synthases to the strain for a fully autonomous dual QS system.

Finally, the fluorescent reporters could be replaced by relevant genes for pathway

applications.

I only had time to characterize a few pairs of QS systems: las-gfp+rpa-mCherry,
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las-gfp+lux-mCherry, and las-gfp+tra-mCherry, which exhibited a range of crosstalk.

The worst performing was las-gfp+rpa-mCherry, in which the response of both

reporters did not follow a trend for their respective AHL (Figure 4-4). We saw

an unreliable increase in GFP response to 3O-C12-HSL (C12), its cognate AHL

in the las-gfp+lux-mCherry system, coupled with a reverse induction trend in

mCherry, in which the fluorescence decreased with its cognate AHL, 3O-C6-HSL

(C6), concentration increasing (Figure 4-5). Lastly, for the las-gfp+tra-mCherry pair,

each fluorescent reporter signal increased with increase cognate AHL concentration

(Figure 4-6). This result is consistent with the literature, as these are the two systems

Jiang et al. used in their orthogonal application [133].

Figure 4-4: GFP (left) and mCherry (right) fluorescence output from
las-gfp+rpa-mCherry at varying exogenously added AHL concentrations, 24 hr after
inoculation. The cognate AHL for las and rpa are 3O-C12-HSL (C12) and
p-coumaroyl-HSL (pC), respectively.
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Figure 4-5: GFP (left) and mCherry (right) fluorescence output from
las-gfp+lux-mCherry at varying exogenously added AHL concentrations, 24 hr after
inoculation. The cognate AHL for las and lux are 3O-C12-HSL (C12) and
3O-C6-HSL (C6), respectively.

Figure 4-6: GFP (left) and mCherry (right) fluorescence output from
las-gfp+tra-mCherry at varying exogenously added AHL concentrations, 24 hr after
inoculation. The cognate AHL for las and tra are 3O-C12-HSL (C12) and
3O-C8-HSL (C8), respectively.

4.2.4 Investigation of an RpaR(K196N) mutant

At one point during the cloning process, I discovered that the rpaR I had been using

in the las-gfp+rpa-mCherry construct had a missense mutation: 588C>A, which

changed the wild type asparagine into a lysine (K196N). The mutant and wild type

rpaR were verified to work in a single rpa system context, with adequate dynamic

range (Figure 4-7).
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Figure 4-7: Fluorescence dose response of the rpa single system with wild type
(WT) and mutant rpaR, 24 hr after inoculation.

Given that the mutant RpaR seemed to enhance the the fluorescence output from both

QS systems, both the mutant and wild type were further tested and compared, in the

context of a pairwise system with las-gfp (Figure 4-8). Though crosstalk was evident

from both the wild type of mutant RpaR, the increased fluorescence was interesting

and could be useful for pathway control. I hypothesized from initial data that while

both versions of RpaR were functional in the rpa system, the enhanced GFP signal

resulted from different interactions with the las system, specifically forming multimers

with LasR in the presence of 3O-C12-HSL.

To investigate this, the systems were split onto two plasmids, and combinations

of lasR, Plas-gfp, rpaR(WT/mut), and Prpa-mCherry were co-transformed into E.

coli MG1655 and characterized. These results showed that there is no appreciable

difference in Plas-gfp response between the presence of RpaR WT or mutant in the

context of the full las and rpa system, each in its own plasmid (Figure 4-9). mCherry

activation was negligible in both cases, but the presence of both AHLs with the

mutant RpaR may have led to higher mCherry expression compared to the WT.

To fully tease apart the interactions between all the las and rpa system components,

subsets of the QS components were co-transformed into E. coli MG1655 and
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Figure 4-8: Fluorescence response of las-gfp+rpa-mCherry on a single plasmid
with wild type (WTrpa) and mutant (Mrpa) rpaR, 24 hr after inoculation. The
asterisk (*) indicates which system is controlling the reported fluorescence.

characterized. I first characterized Plas-gfp, with combinations of the R-proteins.

Both the WT and mutant RpaR appeared to further activate Plas when LasR and

C12 were also present (Figure 4-10). There was p-coumaroyl-HSL (pC) crosstalk over

10−9 M with LasR, but not when an RpaR variant was present. Next, looking at

Prpa-mCherry with combinations of the R-proteins, the response curves to pC were

weak (Figure 4-10). LasR alone showed activation of Prpa, in response to both C12

and pC. Some of the response curves to C12 seemed to be fully activated across the

concentration range tested. I do not currently have an explanation for this. From the

investigation of the las and rpa systems, they appear have moderate crosstalk, though

performed better than in the data from Section 4.2.3. Though the RpaR variants may

activate Prpa to different degrees, they have not shown useful differences. Though this

avenue of investigation did not lead to a useful multiplexed expression control circuit,
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Figure 4-9: Fluorescence response of p15A-lasR-Plas-gfp and
pCOLE1-rpaR(wt/mut)-Prpa-mCherry co-transformed into E. coli MG1655, 24 hr
after inoculation. 3-oxo-C12-HSL (C12) activates las, while p-coumaroyl-HSL (pC)
activates rpa. WT and mut denote which RpaR variant is used.

the approach taken can be used in future work. Using mulitple, full, in vivo QS

systems in one cell for expression control presents many potential cross interactions,

and the above presented work flow of isolating system components to characterize

their interactions may offer resolution to said interactions.
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Figure 4-10: The top row depicts the GFP response of subsets of
p15A-lasR-Plas-gfp and pColE1-rpaR(wt/mut) co-transformed into MG1655, 24 hr
after inoculation. The present R-proteins and promoters are shown in the legend;
empty means an empty ColE1 plasmid containing only the origin of replication and
the antibiotic resistance gene. The bottom row depicts the mCherry response of
subsets of p15A-lasR and pColE1-rpaR(wt/mut)-Prpa-mCherry co-transformed into
MG1655, 24 hr after inoculation. The present R-proteins and promoters are shown
in the legend; empty means an empty 15A plasmid containing only the origin of
replication and the antibiotic resistance gene.

4.3 Methods

4.3.1 Strains and media

All plasmids were cloned in Stellar Competent Cells from Takara Bio (San Jose, CA).

Fluorescence characterization studies were performed in E. coli MG1655. All growth

and fermentation was done in Luria-Bertani (LB) broth (BD, Franklin Lakes, NJ).

4.3.2 Plasmids used in this study

All plasmids used in this chapter are found in Table 4.1 and in the Prather Lab Strain

Database, with sequence files.

81



4.3.3 Fluorescence measurements

Fluorescence characterization experiments were performed in the BioLector

microbioreactor system (m2p-labs GmbH, Baesweiler, Germany). Overnight cultures

were grown at 37°C with agitation at 250 rpm. One milliliter cultures were inoculated

in BioLector 48-well flower plates at a 1:100 dilution with the appropriate overnight

culture. Exogenous AHLS were added at inoculation. The BioLector was set to 37°C,

1200 rpm shake speed, and 85% humidity. Continuous biomass (620 nm excitation),

GFP (488 nm excitation, 520 nm emission), and where mentioned, mCherry (550 nm

excitation, 610 nm emission), measurements were taken in arbitrary BioLector units

over a 24 hr period.
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Table 4.1: Plasmids used in this study

Plasmid Genotype

p15A-luxR-Plux-gfp luxR under BioFAB104 promoter; GFPmut3b under Plux and RBS0034

p15A-lasR-Plas-gfp lasR under BioFAB104 promoter; GFPmut3b under Plas and RBS0034

p15A-rpaR(588C>A)-Prpa*-gfp rpaR(rpaR(588C>A) under BioFAB104 promoter; GFPmut3b under Prpa* and RBS0034

p15A-traR-Ptra*-gfp traR under BioFAB104 promoter; GFPmut3b under Ptra* and RBS0034

p15A-luxR-Plux-5kRBS-gfp luxR under BioFAB104 promoter; GFPmut3b under Plux and 5k TIR RBS

p15A-luxR-Plux-10kRBS-gfp luxR under BioFAB104 promoter; GFPmut3b under Plux and 10k TIR RBS

p15A-lasR-Plas-5kRBS-gfp lasR under BioFAB104 promoter; GFPmut3b under Plas and 5k TIR RBS

p15A-lasR-Plas-10kRBS-gfp lasR under BioFAB104 promoter; GFPmut3b under Plas and 10k TIR RBS

p15A-esaR-PesaR-5kRBS-gfp esaR under BioFAB104 promoter; GFPmut3b under Pesa and 5k TIR RBS

p15A-esaR-PesaR-10kRBS-gfp esaR under BioFAB104 promoter; GFPmut3b under Pesa and 10k TIR RBS

pMMB206-traI pMMB206-traI

pColE1-las-GFP+rpa(588C>A)-mCherry lasR and Plas expressing GFPmut3B and rpaR(588C>A) and Prpa* expressing mCherry

pColE1-las-GFP+lux-mCherry lasR and Plas expressing GFPmut3B and luxR and Plux expressing mCherry

pColE1-las-GFP+tra-mCherry lasR and Plas expressing GFPmut3B and traR and Ptra* expressing mCherry

p15A-rpaR-Prpa*-gfp rpaR under BioFAB104 promoter; GFPmut3b under Prpa* and RBS0034

pColE1-las-GFP+rpa-mCherry lasR and Plas expressing GFPmut3B and rpaR and Prpa* expressing mCherry

p15A-rpaR-Plas-gfp rpaR under BioFAB104 promoter; GFPmut3b under Plas

p15A-rpaR(588C>A)-Plas-gfp rpaR(588C>A) under BioFAB104 promoter; GFPmut3b under Plas

p15A-lasR-Prpa*-gfp constitutive lasR and GFPmut3b under Prpa* and RBS0034

pColE1-rpaR-lasR-Plas-gfp constitutive lasR; rpaR under BioFAB104 promoter; GFPmut3b under Plas

pColE1-rpaR(588C>A)-lasR-Plas-gfp constitutive lasR; rpaR(588C>A) under BioFAB104 promoter; GFPmut3b under Plas

pColE1-rpaR-lasR-Prpa*-gfp constitutive lasR; rpaR under BioFAB104 promoter; GFPmut3b under Prpa*

pColE1-rpaR(588C>A)-lasR-Prpa*-gfp constitutive lasR; rpaR(588C>A) under BioFAB104 promoter; GFPmut3b under Prpa*

pColE1-rpaR rpaR under BioFAB104 promoter

pColE1-rpaR(588C>A) rpaR(588C>A) under BioFAB104 promoter

pColE1-Prpa*-mCherry mCherry under Prpa*

p15A-lasR constitutive lasR

p15A-Plas-gfp GFPmut3b under Plas

pColE1-rpaR-Prpa*-mCherry rpaR under BioFAB104 promoter; mCherry under Prpa* and 60k TIR RBS

pColE1-rpaR(588C>A)-Prpa*-mCherry rpaR(588C>A) under BioFAB104 promoter; mCherry under Prpa* and 60k TIR RBS

4.4 Conclusion

In the work from this chapter, the significant results were (1) constructing a las-tra

dual QS controller with minimal crosstalk in our hands and (2) establishing a workflow

for investigating the interactions between the individual elements of two QS systems.

What has emerged from the characterization of many dual QS systems is that

crosstalk is extrememly likely between two AHL-based QS systems. This makes sense,

as the signaling molecules are very similar, as are the components and mechanism of
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the QS systems. Even in instances where orthogonality is achieved, it is only in specific

concentrations ranges. These results are in agreement with the literature as well

[129]. While the endeavor to construct orthogonal, autonomous QS transcriptional

controllers remains valuable for metabolic engineering applications, broadening the

search beyond AHL-based systems will increase the likelihood of finding usable pairs.

This work is already being undertaken in the Prather lab.
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Chapter 5

Conclusions and outlook

5.1 Summary and future directions

In this thesis, we developed biosensors for two substrates that are abundantly present

in food waste: galacturonate and gluconate. The transcription factors, exuR and

gntR, respectively, utilized in the biosensors came from B. subtilis. We employed the

biosensors to activate the expression of novel recombinant pathways for D-glycerate

production. The pathways were used for production with single susbtrate feeds, then

co-transformed into our selected production strain for mixed substrate feeds.

5.1.1 Biosensor development

The biosensor development work conducted in Chapters 2 and 3 of this thesis can

be applied to other substrates and metabolites of interest, especially those that are

prevalent in food waste and organic byproduct streams. E. coli alone has over 200

reported metabolite-responsive TFs [52, 58]. Our biosensors used B. subtilis TFs,

demonstrating that importing TFs into our E. coli host is an attainable and attractive

option. Add to that the options to mutate or combine binding domains for novel TFs

[59], there is a massive search space to find or create TFs for any substrate of interest.

When porting over heterologous TFs from other organisms, verifying the expression
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in the E. coli host is a valuable double check. I encountered many failed biosensors

constructs for other substrates and relied on the GFP dose-response as the indicator

for biosensor function. In hindsight, it would have been worthwhile to check if the TF

was truly being expressed as part of the biosensor construction workflow, especially

since there is no consensus on whether or not codon optimization helps or hurts

protein expression [135, 136]. Additionally, issues of protein solubility could impact

an otherwise functional protein [137].

5.1.2 Increasing the yield of the D-glycerate pathways

While we were able to achieve up to 18-fold improvement in our novel D-glycerate

production pathways, the highest molar yields we achieved in flasks at 30°C were 48%

and 24%, from galacturonate and gluconate, respectively. We got almost identical

results for the galacturonate-fed pathway when culturing in 4 mL working volume in

14 mL tubes at 37°C. However, gluconate-fed tubes cultured at 37°C achieved up to

100% molar yield from our best performing pathway (Figure 5-1). This is most likely

due to the pathway enzymes having higher activity at higher temperatures [127, 138].

We observed that gluconate was generally consumed slower in tube fermentations

compared to galacturonate. This leads to the hypothesis that imbalanced flux up-

and down- stream of the D-glyceraldehyde intermediate leads to diminished molar

yield. Given that D-glyceraldehyde is volatile, excess flux that cannot be converted by

GadH likely evaporates out of the culture. Preliminary experiments using a dodecane

organic cap to trap the volatile compound showed no difference between cultures with

and without the cap; at the time those experiments were conducted, there may have

been bigger bottlenecks to the pathways, since they were not conducted on the best

performing pathway for either substrate.
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Figure 5-1: D-glycerate production in tubes from 10 g L−1 of substrate at 37°C.
(A) D-glycerate production from galacturonate. The origins of replication tested
were ColE1, RSF, and pMB1* (∼20, ∼100, and ∼500 copies per cell, respectively).
(B) D-glycerate production from gluconate. The origins of replication tested were
p15A, ColA, and RSF (∼10, ∼20, and ∼100 copies per cell, respectively). Data
show mean titer ± 1 SD of biological duplicates; data labels show average molar
yield (%)

The flux imbalance hypothesis is further supported by the fact that the two pathways

converge on the KDG intermediate. Thus the main difference between the two that

could lead to the difference in yields was the rate at which the substrate was consumed.

To test this, uxaC, the endogenous, first step of the galacturonate-fed pathway could

be knocked out and placed on the pathway plasmid at a lower expression strength

in an effort to reduce the upstream flux. Similarly, an extra copy of gadH could be

tested for both pathways.

5.1.3 Scale up of mixed substrate biosynthesis

The full robustness of our mixed substrate production strain has not been

demonstrated. Given that these biosensors, in theory, could go for OFF-to-ON and

ON-to-OFF, it would be an interesting exploration of functionality to demonstrate the

expression and production response to temporally changing substrate concentrations

in a bioreactor. This experiment would also more closely mimic a food waste

utilization application. A bioreactor could be run for a few days, in which time,
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different concentrations of galacturonate, or gluconate, or both could be fed. At

regular intervals, samples should be taken for qRT-PCR and HPLC analysis to see

if transcription of the appropriate pathway(s) is taking place and how production is

impacted by the feeding schedule. A non-coding DNA sequence could be added to

the galacturonate pathway operon to distinguish it for qRT-PCR analysis since the

entirety of the pathway is included in the gluconate pathway.

5.2 Outlook

5.2.1 Waste stream specific production strains

At the start of this thesis project, general residential food waste was the targeted feed

stream. Thus, a wide net was cast to develop biosensors for multiple compounds found

in food waste. While food waste is an abundant source of carbon and nutrients for

microbial production processes, it is a big jump from the defined, pure feed streams

used for biosyntheses, and the complex, variable nature of food waste. A middle

ground that could be employed for biosynthesis are waste or byproduct streams

with a smaller number of compounds compared to general food waste, such as

whey from the dairy industry that primarily contains lactose [139], or the pectin

from orange peel waste specifically, that contains mostly galacturonate and arabinose

[93]. Constructing a production strain and biosynthetic pathway(s) specific to one of

these waste streams would result in a more tailored organism that could carry out

production in a more effective manner. The work in this thesis developed a proof

of concept for designing a production strain that can utilize a highly diverse waste

stream as a feed; future work should focus on waste streams with fewer potential

substrates to convert into a product for higher yield of the biosynthetic process.
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5.2.2 Construction of an autonomously regulated production

strain encoding substrate activated biosynthesis

Given the numerous dynamic control tools that use a wide array of stimuli to actuate,

an autonomous production strain could be engineered for minimal required user

involvement. Such an organism would be one part of a process that takes in a waste

stream and outputs a product of interest. The conversion of the bulk waste into the

monomeric substrates could be performed by existing technologies such as degradation

by anaerobic fungi [140]. The waste input may be batch fed, as is done with household-

or municipal- scale compost. Thus, it would be advantageous for the production

strain to be engineered to respond to both cell density and substrate availability, by

using QS and biosensor genetic circuits to control pathway expression. This could be

achieved by engineering AND-gates, in which the QS element must be activated in the

presence of the cognate substrate of the biosensor for the strain to begin transcription

of the recombinent biosynthetic pathway. More complex genetic logic gates could be

explored for specific applications. Such logic gates were constructed by Moser et al.

[141] to control expression in response to glucose feedstock consumption, dissolved

oxygen, and acetate by-product accumulation; logic gates were used to knock down

endogenous genes responsible for acetate production at the relevant points of a batch

fermentation. The resulting organism could grow in response to available carbon

and nutrients, and begin expressing pathway genes when the cells reach sufficient

density and the pathway’s cognate substrate is present. For further stability in

the imagined process, synthetic auxotrophic elements could be engineered into the

co-culture organism to ensure the continued growth of the fungi and production strain,

as has been done in the past [142, 143]. Specified, synthetic, interaction modes

between co-culture and consortium members have been engineered by Kong et al.

[144].
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5.2.3 Incentivization of waste stream use for biosynthesis

Research exploring ways to utilize waste streams for biosynthesis, or other

applications, is important; I believe this to be true even outside the fact that it was

a motivation for this thesis. Moving towards a more sustainable society will require

technological innovations such as these, however the technology alone is necessary

but not sufficient. Funding, including federal funding, is critical to sustain research

and allow for new avenues of research to be explored [145]. Supportive policy is

needed, not only to sustain the research, but to develop such technologies beyond

labs. Especially if we hope to see innovations deployed at societally relevant scales,

they must first bridge the so-called "valley of death" between scientific research and

commercialization [146]. Not only is the availability of funding important, social

factors such as public and governmental support can aid in the crossing of this bridge

as well [147]. In a, hopefully one day usable in a bioprocess, nutshell, the joint push

of technology and policy in support of sustainable biosynthesis is required for the

longevity and applicability of the technology. The policy and funding side will be

critical to continue to incentivize such work, both academically and societally.
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