Dynamic Metabolic Control Improves the Biosynthesis of Chemical Molecules in
Engineered E. coli

by
Shuai Li

Department of Chemistry
Duke University

Date:

Approved:

Michael Lynch, Supervisor

Katherine J. Franz

Stephen L. Craig

Marc Deshusses

Dissertation submitted in partial fulfillment of
the requirements for the degree of Doctor
of Philosophy in the Department of
Chemistry in the Graduate School
of Duke University

2022



ABSTRACT

Dynamic Metabolic Control Improves the Biosynthesis of Chemical Molecules in
Engineered E. coli

by
Shuai Li

Department of Chemistry
Duke University

Date:

Approved:

Michael Lynch, Supervisor

Katherine J. Franz

Stephen L. Craig

Marc Deshusses

An abstract of a dissertation submitted in partial
fulfillment of the requirements for the degree
of Doctor of Philosophy in the Department of

Chemistry in the Graduate School of
Duke University

2022



Copyright by
Shuai Li
2022



Abstract

Metabolic engineering is an effective strategy to optimize the biosynthesis of
chemical molecules in genetically modified microbes. However, many current metabolic
engineering strategies are limited by the requirements for cellular growth. To further
optimize cell factories and overcome this limitation, we have applied 2-stage dynamic
metabolic control strategies to optimize the biosynthesis of several compounds in E. coli.
Using this strategy, cells grow without being impacted by product biosynthesis. We use
phosphate depletion as a trigger to both force cells into a stationary production stage,
and initiate product synthesis. Phosphate depletion also dynamically removes enzymes
involved in competitive or inhibitory metabolic pathways. This is accomplished by both
inhibiting new transcription with CRISPR interference and degrading existing proteins
via DAS+4 degron mediated proteolysis. Through my work, we demonstrate that the
implementation of 2-stage dynamic metabolic control can indeed improve the
biosynthesis of several small molecule chemicals in engineered E. coli, including: xylitol,
citramalate and ethylene glycol. Rates, titers and yields were improved significantly. In
addition, my work explored the mechanisms underlying improvements in performance.
Specifically, we conclude that dynamic dysregulation of feedback control over central
metabolism can lead to greatly improved stationary phase sugar uptake rates and

pathway fluxes.
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1. Introduction

Microbial cell factories, which employs different microbes for the biosynthesis of
target molecules, have been widely applied in food science, pharmaceutical production
and the biosynthesis of chemicals.* Compared with traditional chemical synthesis,
biosynthesis has the potential to be more environmentally friendly and less costly
because it doesn’t need harsh reaction conditions or expensive catalysts.* In recent years,
exploring new routes and new strategies for the biosynthesis of small molecule
chemicals has become an area of intense research due to increasing product demands in
a variety of areas and a growing need for environmental sustainability. °

Metabolic engineering on the cell factories, by optimizing the genetic and
regulatory processes within cells, can improve the conversion efficiency, titer, yield and
productivity. 167 Traditionally, metabolic engineering is implemented by overexpressing
pathway enzymes and/or knockouts of competing or inhibitory endogenous pathways.5°
However, there are some drawbacks with this traditional approach. Strains, in which
metabolic pathways are manipulated for specific products, can become sensitive to the
environment, leading to poor cell growth.”1%1! There are also metabolic boundary
condition requirements for the cell growth, for example the requirement for essential
enzymatic functions. Therefore, direct removal of these metabolic steps would also
influence the cell growth.? In addition, static control of metabolism can result in the
accumulation of toxic byproducts or intermediates, which can increase the cell’s survival

burden and lead to decreased bioproduction®!
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As a result, dynamic metabolic control is one potential solution to overcome
these limitations.”!'®> Dynamic metabolic control can be implemented in two-stage process
by separating the microbial growth and production into two stages, where biomass is
first accumulated in the growth stage without making a product. So, metabolites and
enzymes levels can meet or be optimized for growth. Then at the production stage, all
potentially competitive pathways can be “removed”, and the fluxes can be optimized to
the production pathway.'>'* The shift from growth to production can be realized using a
variety of strategies, including exogenous inducers (IPTG, anhydrotetracycline(aTc),
doxycycline or L-arabinose, nutrient concentration, pH, temperature, oxygen and
light)'>18 and autonomous controls (Metabolite concentrations: pathway precursor or
product generation Substrate depletion: phosphate, glucose, increased cell-
density: quorum sensing (QS) systems)'*-22. The induction method we used in our work
is phosphate depletion.

Significant work has been reported to support the premise that dynamic
metabolic control is able to improve the production of target molecules.?>?. This thesis
will be focused on elucidating how the 2-stage dynamic metabolic control strategy is
applied to the molecules” biosynthesis. Based on the current technology and economic
drivers, we are focusing on three main chemical product areas: xylitol, pyruvate-based
products (including citramalate), and xylonate-based products, such as ethylene glycol.
And through my work, we also explore and elaborate the underlying mechanisms

enabling product optimization in two-stage cultures.
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The work presented in chapter 2 focused on improving NADPH flux and xylitol
biosynthesis in engineered E. coli utilizing 2 stage dynamic metabolic control. This
chapter compared two approaches for xylitol biosynthesis optimization, a stoichiometric
approach and a regulatory approach. These two approaches improved xylitol
production by 20-fold and 90-fold, respectively. Moreover, we identified a strain with
reduced levels of glucose-6-phosphate dehydrogenase (Zwf) and enoyl-ACP reductase
(Fabl) and overexpression of membrane bound transhydrogenase (PntAB) capable of
producing 200 g/L of xylitol from xylose in bioreactors. This work has been published in

Metabolic Engineering. 2*

Li, S.; Ye, Z.; Moreb, E. A.; Hennigan, J. N.; Castellanos, D. B.; Yang, T.; Lynch,
M. D., Dynamic control over feedback regulatory mechanisms improves NADPH fluxes

and xylitol biosynthesis in engineered E. coli. Metabolic Engineering 2021, 64, 26-40.

The work presented in chapter 3 focused on understanding key feedback
regulatory mechanisms underlying the high levels of performance observed in our
studies using dynamic metabolic control. Specifically, we investigated the mechanism
underlying improved acetyl-CoA flux. We identified that the synergistic combination
of expression of pyruvate-ferredoxin oxidoreductase (Pfo) and de-inhibition of glucose
transport significantly improved acetyl-CoA production. Improved acetyl-CoA fluxes

were demonstrated by improved citramalic acid production. These results uncovered
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the essential role of Pfo in stationary phase acetyl-CoA biosynthesis. This work has been
submitted as a pre-print in bioRxiv and is in review process in Metabolic Engineering. In
addition, some of these data have been published in Metabolic Engineering with the title
of Two-stage dynamic deregulation of metabolism improves process robustness &

scalability in engineered E. coli. 22

Li, S.; Ye, Z.; Lebeau, J.; Moreb, E. A.; Lynch, M. D., Dynamic control over
feedback regulation identifies pyruvate-ferredoxin oxidoreductase as a central metabolic
enzyme in stationary phase E. coli. bioRxiv 2020, 2020.07.26.219949. In review for

Metabolic Engineering.

Ye, Z.; Li, S.; Hennigan, J. N.; Lebeau, J.; Moreb, E. A.; Wolf, ].; Lynch, M. D.,
Two-stage dynamic deregulation of metabolism improves process robustness &

scalability in engineered E. coli. Metabolic Engineering 2021, 68,106-118.

In Chapter 4, the work focused on improved stationary phase ethylene glycol
production in engineered E. coli, from the feedstock xylose. In this work, we designed
and optimized the ethylene glycol production pathway. In addition, dynamic removal of
the soluble transhydrogenase (UdhA) as well as xylose isomerase (XylA) improved
ethylene glycol production to ~60g/L with ~70% of theoretical yield, which is 3 times

higher than the titer observed in our control strain.
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Lastly, in chapter 5, I focused on the development of standard 2-stage
microfermentation protocol. Expression of GFPuv was used for the protocol
development. In this work, I identified the critical experimental boundary conditions for

a robust methodology. This paper has been submitted as a pre-print in bioRxiv.

Li, S.; Ye, Z.; Moreb, E. A.; Menacho-Melgar, R.; Lynch, M. D. The Development
of 2-stage Microfermentation Protocols for High Throughput Cell Factory Evaluations.

bioRxiv 2022. 2022.02.25.481916.
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automated sampling system for bioreactors. HardwareX 2021, 9, E00177. (Co-first author)

Rios, J.; Lebeau, J.; Yang, T.; Li, S.; Lynch, M. D., A critical review on the progress
and challenges to a more sustainable, cost competitive synthesis of adipic acid. Green
Chemistry 2021, 23, 3172-3190.

Ye Z.; Moreb, E. A; Li, S.; Lebeau, J.; Menacho-Melgar, R.; Lynch, M. D., The E.
coli Cas1/2 endonuclease complex reduces CRISPR/Cascade guide array stability. ACS

Synthetic Biology 2020, 10 (1), 29-37.
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2.1 Introduction

NADPH is a critical reductant in the biosynthesis of numerous metabolites as
well as an electron donor useful in whole cell bioconversions. Engineered improvements
in NADPH production have broad applications in the synthesis of a wide variety of
products from fuels and chemicals produced by fermentation to higher value chemicals
produced by whole cell biotransformation. Additionally, biotransformation is an
important method used in the biocatalytic synthesis of numerous chemicals, including
chiral intermediates used in the manufacture of pharmaceuticals, where regio- or
enantio- selectivity is required.?”-** Consequently, improving NADPH availability or flux
has been a long standing challenge in metabolic engineering. 3134

One of the simplest whole cell bioconversions is that of xylose to xylitol, which
requires only a single enzyme, a xylose reductase. Xylitol is a sugar alcohol with a
primary use as a sweetener,* and is produced at ~125,000 tons annually.*% Xylose is the
second most abundant natural sugar (after glucose), which can be isolated from
hemicellulose.?® Many studies have demonstrated the use of xylose as a feedstock for the
biosynthesis of numerous products ranging from biofuels (ethanol) to numerous
chemicals including lactic acid, succinic acid, xylonate, 1,2,4-butanetriol, and xylitol.>-#?
Biosynthetic production of xylitol has the potential to decrease costs, while avoiding the
use of organic solvents and eliminating the need for expensive reduction catalysts.*
Most previous studies producing xylitol from xylose rely on a bioconversion requiring

an additional sugar (usually glucose) as an electron donor.?#4 Oxidation of glucose
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(producing the byproduct gluconic acid) generates NADPH which is then used for
xylose reduction.* While these processes offer high xylitol titers and a good yield when
considering xylose, the requirement for glucose at equimolar levels to xylose is a
significant inefficiency.

We sought to apply 2-stage dynamic metabolic control (DMC) to improve
NADPH flux in E. coli using xylitol production from xylose as a test case.*” Dynamic
control over metabolism has become a popular approach in metabolic engineering, and
has been used for the production of various products from 3-hydroxypropionic acid to
myo-inositol and many others.*-2 In this work, we report an extension of dynamic
metabolic control to 2-stage bioprocesses, where products are made in a metabolically
productive phosphate depleted stationary phase.>® The implementation of this approach
relies on the combined use of controlled proteolysis and gene silencing, using degron
tags and CRISPR interference, respectively.> Importantly, in this study we
demonstrate that improved metabolic fluxes resulting from dynamic metabolic control,
can be a consequence of reducing levels of central metabolites which are feedback
regulators of other key metabolic pathways.?® Specifically, we identify an unexpected,
unique metabolic state greatly improving NADPH flux. This state is achieved by 1)
reducing glucose-6-phosphate dehydrogenase activity, which leads to reduced NADPH
pools, 2) increases in Pfo/ydbK activity leading to improved acetyl-CoA flux and
NADPH production and 3) the disruption of fatty acid biosynthesis, which alleviates

inhibition of membrane bound transhydrogenase (PntAB) by fatty acid metabolites,
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increasing NADPH synthesis. Uniquely, all three changes are critical for optimal
NADPH production. Importantly, improved NADPH fluxes are, in part, a consequence
of reduced NADPH pools. Reduced NADPH pools drive changes in expression and
activity that result in increased NADPH fluxes, presumably a regulatory mechanism
which has evolved to restore set point NADPH levels. These results are a reminder that
pools and flux are not equivalent and not necessarily correlated. Additionally, we
compare this unique metabolic state obtained by dynamically manipulating metabolic
regulation, with a more intuitive stoichiometric strategy where the levels of key
enzymes competing with xylitol production are dynamically reduced. While a
“stoichiometric approach” leads to a 20-fold improvement in xylitol production,

the “regulatory strategy” results in a 90-fold improvement and titers of 200 g/L of xylitol
in instrumented bioreactors. This strategy has application in numerous additional
NADPH dependent bioconversions and the optimization of NADPH dependent

metabolic pathways.

2.2 Results
2.2.1 2-Stage Dynamic Control

We first developed control systems, metabolic valves,5>* capable of the dynamic
reduction of protein levels in 2-stage processes, as illustrated in Figure 1. Valves rely on
controlled proteolysis or CRISPR based gene silencing or both proteolysis and silencing
in combination to reduce levels of key metabolic enzymes.**5% Induction is

implemented using phosphate depletion as an environmental trigger. - The native E.
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coli Type I-E Cascade/CRISPR system is used for gene silencing (Figure 1b).55¢! Targeted
proteolysis is implemented by linking the expression of the chaperone SspB to
phosphate deprivation. SspB, when induced, binds to C-terminal DAS+4 peptide tags on
any target protein and causes degradation by the ClpXP protease of E. coli (Figure 1c).%
We first engineered a strain capable of 2-stage dynamic control. This was
accomplished in a genetic background previously optimized for growth and 2-stage
protein expression, using robust phosphate inducible promoters.®*¢2 First, the native
copy of sspB was deleted. Second, the CRISPR/Cascade cas3 nuclease was deleted and
replaced with a phosphate inducible sspB allele followed by constitutive expression of
the remainder of the Cascade operon needed for silencing. The resulting strain
DLF_Z0025 (F-, A-, A(araD-araB)567, lacZ4787(del)(::rrnB-3), rph-1, A(rhaD-rhaB)568,
hsdR514, AackA-pta, ApoxB, ApflB, AldhA, AadhE, AicIR, AarcA, AsspB, Acas3:tm-
ugpb-sspB-pro-casA) was used as starting point for dynamic control. Refer to Table 1 for
detailed information regarding strains and plasmids used in this study. Using this strain
and controls, as Figure 1d demonstrates, protein levels can be controlled in a 2-stage
process, as exemplified by turning “ON” GFP and “OFF” constitutively expressed
mCherry.® While, in the case of mCherry using glucose based media, the combination of
gene silencing with proteolysis results in the largest rates of protein degradation (Figure
le and f), the impact of each approach and specific decay rates, is expected to vary
depending on the target gene/enzyme and its specific natural turnover rates and

expression levels.®#¢> These initial results were performed in minimal media with
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glucose as a sole carbon source. As we sought to deploy 2-stage dynamic control to
xylitol production from xylose, we next validated these strains turning “ON” GFP and
“OFF” mCherry in xylose minimal media. This was done using 2-stage
microfermentations in 96 well plates, taking endpoint fluorescence measurements as
described by Moreb et al.,®> wherein glucose was replaced with xylose as a carbon
source. These results are given in Figure 2. Interestingly, while the combination of
proteolysis and silencing had the largest reduction in mCherry levels with both glucose
and xylose as carbon sources, the relative impact of proteolysis was greater when xylose
was used. While the utilization of sugars other than glucose has been shown to lead to
changes in global expression, further work is needed to understand the specifics

underlying these differences. %¢”
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Figure 1: Dynamic metabolic control reduces the protein levels in 2 stage.
a) Time course of two stage dynamic metabolic control upon phosphate
depletion. Biomass levels accumulate and consume a limiting nutrient (in this case
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inorganic phosphate), which when depleted triggers entry into a productive
stationary phase, levels of key enzymes are dynamically reduced with synthetic
metabolic valves (red). b & c¢) Synthetic metabolic valves utilizing CRISPRi based
gene silencing and/or controlled proteolysis. b) Array of silencing guides can be used
to silencing target multiple genes of interest (GOI). This involves the inducible
expression of one or many guide RNAs as well as expression of the modified native
Cascade system wherein the cas3 nuclease is deleted. The gRNA/Cascade complex
binds to target sequences in the promoter region and silences transcription. c¢) C-
terminal DAS+4 tags are added to enzymes of interest (EOI) through chromosomal
modification, they can be inducibly degraded by the cIpXP protease in the presence of
an inducible sspB chaperone. d) Dynamic control over protein levels in E. coli using
inducible proteolysis and CRISPRi silencing in glucose minimal media. As cells grow
phosphate is depleted, cells “turn off” mCherry and “turn on” GFPuv. Shaded areas
represent one standard deviation from the mean, n=3. e) The relative impact of
proteolysis and gene silencing alone and in combination on mCherry degradation, f)

mCherry decays rates.
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Figure 2: Dynamic control over mCherry and GFP levels in E. coli using
inducible proteolysis and CRISPRi silencing.

Cells are grown to mid-exponential phase, washed, resuspend normalized to ODsoonm
~1in phosphate free minimal media with xylose as a sole carbon source. After 24 hrs
(post phosphate depletion) GFPuv and mCherry levels are measured. The relative
impact of proteolysis and silencing alone and in combination on final mCherry levels
is reported.
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2.2.2 Strain Design and Valve Engineering

We next designed strains with valves to reduce the levels of key enzymes in
central metabolism as illustrated in Figure 3. These valves can be grouped into either
stoichiometric valves, i.e. enzymes directly competing with xylitol production, as well as
potentially regulatory valves in other central metabolic enzymes as illustrated in Figure
3a. The stoichiometric valves included dynamic reduction (silencing and/or proteolysis)
of xylose isomerase (XylA) and soluble transhydrogenase (UdhA) activities. These
modifications were designed to reduce xylose metabolism, which competes with xylitol
production, and increase NADPH supply. NADPH can be consumed by the soluble
transhydrogenase.®® To assess potential “regulatory” effects due to dynamic alterations
more broadly in central metabolism, valves were also engineered to reduce citrate
synthase (GltA), glucose-6-phosphate dehydrogenase (Zwf) and enoyl-ACP reductase
(FablI) levels, which control flux through the tricarboxylic acid cycle, pentose phosphate
pathway and fatty acid biosynthesis, respectively. We chose valves in central
metabolism, with the hypothesis that we would be more likely to identify regulatory
mechanisms by manipulating central pathways. As described above dynamic reduction
in activity was accomplished by adding C-terminal DAS+4 degron tags to the
chromosomal genes as well as the overexpression of guide RNAs aimed at silencing
their expression (Figure 3c-d) Specifically, plasmids expressing gRNAs were designed to
repress expression from the fabl, gltAp2, udhA, xylA and zwf promoters.265 It should be

noted that pCASCADE plasmids enabling the low phosphate induction of silencing
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guides can be constructed to silence one or multiple genes from the same transcript.>
For xylitol production, strains with metabolic valves are also transformed with a
plasmid enabling the low phosphate overexpression of a xylose reductase (XyrA from A.

niger, Figure 3b),%7 for which kinetics were confirmed (Figure 10).
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Figure 3: The design of engineered strains and plasmids used in the study.
a) An overview of xylitol production and the location of metabolic valves in central
metabolism, including stoichiometric valves (blue area, as shown in ¢) and regulatory
valves (green area, as shown in d). Xylitol is produced from xylose by a xylose
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reductase (XyrA). Valves comprise inducible proteolysis and/or silencing of 5
enzymes: citrate synthase (GItA), xylose isomerase (XylA), glucose-6-phosphate
dehydrogenase (Zwf), enoyl-ACP reductase (Fabl) and soluble transhydrogenase
(UdhA). The membrane bound transhydrogenase (PntAB) is also shown. b).
Schematics of the low phosphate inducible xylose reductase (XyrA) expression
plasmid (left) and pCASCADE silencing plasmid (right). Red regions indicate spacers
targeting promoters, and black regions repeats. ¢ & d) An overview of promoters
being silenced and chromosomal modifications introducing degron tags (red
triangles) to key enzymes. pCASCADE plasmids can silence one or more of the target
promoters (red lines). ¢) Stoichiometric valves: xylose isomerase (xylA) and soluble
transhydrogenase (udhA), which directly compete with xylitol production. d)
Additional regulatory valves: citrate synthase (gltA), glucose-6-phosphate
dehydrogenase (zwf), enoyl-ACP reductase (fabl), which control flux through the
tricarboxylic acid cycle, pentose phosphate pathway and fatty acid biosynthesis,
respectively. Abbreviations: xylE: xylose permease, xyI[FGH: xylose ABC transporter,
PPP: pentose phosphate pathway, PDH: pyruvate dehydrogenase multienzyme
complex, TCA: tricarboxylic acid, G6P: glucose-6-phosphate, 6-PGL: 6-
phosphogluconolactone, 6PG: 6-phosphogluconate, GA3P: glyceraldehyde-3-
phosphate, PEP: phosphoenolpyruvate, OAA: oxaloacetic acid, X5P: xylulose-5-
phosphate.

We measured the impact of valves on enzyme levels in 2-stage cultures, results
for which are given in Figure 4. Enzyme activities could be directly measured for XylA
and UdhA. In the case of XylA, proteolysis led to ~60% reduction in activity (Figure 4a).
To our surprise, the silencing gRNA actually led to an increased XylA activity level. The
mechanism behind this is currently unknown. We hypothesize that in addition to
interfering with RNA polymerase binding, the Cascade complex may interfere with
binding of natural repressors (such as AraC, a known xylA repressor,” the net effect, in
this case, resulting in increased transcription. However, further study is required to test
this and potentially other hypotheses. The combination of silencing and proteolysis

resulted in no further reduction in activity when compared to proteolysis alone. In the
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case of UdhA (Figure 4b), proteolysis resulted in a ~30% reduction in activity, whereas

silencing had no detectable impact on activity levels with or without proteolysis.
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The impact of silencing and proteolytic degradation on enzyme levels of a) XylA
(xylose isomerase), b) UdhA (soluble transhydrogenase), ¢) GItA (citrate synthase),
and d) Zwf (glucose-6-phosphate dehydrogenase). e) The impact of proteolytic
degradation on FabI (enoyl-ACP reductase) levels. In the case of XylA and UdhA
(a&Db) enzyme activity in lysate was used to quantify protein levels. In the case of
GItA, Zwf & Fabl (c-e), genes were tagged with a C-terminal sfGFP (+/- a degron tag)
and quantified via an ELISA. All assays were performed 24 hours post induction by
phosphate depletion in microfermentations.

However, for GItA, Zwf and Fabl, direct enzyme assays lacked the needed
sensitivity to measure changes in enzyme levels. For these proteins we leveraged
additional tags for quantification. Specifically, we engineered several strains to have C-
terminal superfolder GFP tags behind each gene with and without C-terminal degron
tags.%72 Using these strains dynamic control over enzyme levels were monitored by
tracking sfGFP via an ELISA assay. An ELISA was used as protein levels were too low in
engineered strains to use fluorescence as a direct reporter. Results are given in Figure 4c
through e. In the case of Zwf, proteolysis and silencing resulted in 90% and 80%
decreases in protein levels respectively, with the combination resulting in >95%
reduction in Zwf levels. Fabl proteolysis led to a ~75% reduction in FablI levels.
Unfortunately and unexpectedly, when plasmids silencing fabl expression were
evaluated, guide RNA spacer loss was observed (Figure 11) and as a result we could not
reliably obtain results where fabl is silenced, and as a result proteolytic degradation
alone will be referred to as an “F Valve”.” In the case of GltA, proteolysis and silencing

resulted in a 45% and 65% decrease in GItA levels, respectively, with the combination

17



resulting in an 80% reduction. Interestingly, unlike the other enzymes, GItA silencing

had a larger impact on protein levels than proteolysis.

2.2.3 Stoichiometric Strategy

With the successful dynamic reduction in key enzyme levels, we turned to
evaluate the impact of valves on xylitol production. To implement the stoichiometric
strategy (Figure 5a), strains with combinations of XylA or “X valves” and the UdhA, “U
Valve”, were evaluated for xylitol production. Specifically, strains were evaluated in 2-
stage xylose minimal media microfermentations. The “X” and “U” valves independently
improved xylitol production compared to a no-valve control (Figure 5b-c), with the
combination of these two valves leading to further improvements in xylitol production.
Specifically, the combination of proteolysis of both XylA and UdhA with silencing of
xylA, resulted in over 2g/L of xylitol per ODeoonm in 24 hours of microfermentation
(Figure 5d). This combination of modifications represents a 20-fold increase in xylitol

production compared to the control.
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Figure 5: Stoichiometric method to improve the xylitol production.

a) A stoichiometric approach to improving xylitol production using dynamic
control, wherein enzyme levels of competitive pathways are dynamically reduced to
redirect flux to the desired product. In this case xylose isomerase (XylA) and the
soluble transhydrogenase (UdhA) were targeted for dynamic control. b-d) Specific
xylitol production in strains engineered for dynamic control over levels of b) xylose
isomerase (XylA), c) soluble transhydrogenase (UdhA) and d) the combined control
over xylose isomerase soluble transhydrogenase. ev: empty vector, x: xylA promoter
gRNA, u: udhA promoter gRNA. All results were obtained from xylose minimal
media microfermentations.
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2.2.4 Regulatory Strategy

To investigate the impact of the regulatory strategy, we next evaluated the
impact of the larger set of valves on xylitol production as illustrated in Figure 6a. Again,
strains were evaluated for xylitol production in xylose minimal media
microfermentations. Results are given in Figure 6b through d. To our surprise, the
highest xylitol producer had neither “X” or “U” valves but rather a combination of “F”
and “Z” valves. Xylitol production in the “FZ” valve strain was synergistic above either
“F” or “Z” valves alone (Figure 6b). This was surprising in that these two enzymes have
no direct or predictable positive impact of xylitol biosynthesis as can be seen in Figure
6a. Additionally, Zwf is one of three primary pathways involved in NADPH
biosynthesis (the pentose phosphate pathway, TCA cycle and transhydrogenases), and
is usually thought of as a primary source of NADPH.”#7¢ Based on results in Figure 6,
and preliminary results, reported by Li et al,?* demonstrating the importance of
pyruvate-ferredoxin/flavodoxin oxidoreductase (Pfo, encoded by the ydbK gene) in
stationary phase metabolism, we hypothesized, as illustrated in Figure 6a, that
Pfo/YdbK coupled with flavodoxin reductase (encoded by fpr), acting as a
dehydrogenase, constitute a stationary phase NADPH generation pathway, which is at
least in part responsible for NADPH flux in this metabolic state. Pfo/YdbK expression is
activated in response to oxidative stress, via the SoxRS regulon (which is regulated by
oxidant levels and NADPH pools).”# To test this hypothesis, we measured xylitol

production in strains with deletions in ydbK and fpr, as shown in Figure 7a, which
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confirmed that this pathway, and specifically Fpr, was indeed in part responsible for the
elevated xylitol production and NADPH flux observed in our “FZ” valve strain.

The synergistic impact of the “F” valves was somewhat unanticipated. However,
elevated NADPH fluxes due to dynamic control over Fabl (enoyl-ACP reductase) can be
attributed to reduced levels of fatty acid metabolites, specifically acyl-CoAs (and
potentially their precursors acyl-ACPs). Fatty acyl-CoAs are competitive inhibitors of
the membrane bound transhydrogenase encoded by the pntAB genes (Figure 6a).51-8
Palmitoyl-CoA, specifically, has a reported Ki of 1-5 uM.%-% Control over Fabl levels
and/or activity has been previously shown to reduce acyl-ACP pools and as a result
alleviate feedback inhibition of acetyl-CoA carboxylase and malonyl-CoA synthesis.’
To our knowledge this is the first study demonstrating the importance of these
metabolites in controlling NADPH fluxes. While previous reports demonstrate the
inhibition of PntAB by acyl-CoAs (which in minimal media are derived from fatty acid
biosynthesis),®% there remains a possibility that acyl-ACPs also act as inhibitors,
although future work is needed to confirm this hypothesis.

We next evaluated several additional modifications on top of the “FZ” valves,
with a potential to impact xylitol production. (Figure 7b-d). Specifically, we evaluated
the addition of “G” and “U” valves as well as overexpression of pntAB, the membrane
bound transhydrogenase. Plasmid based overexpression of the pntAB genes (using a low
phosphate inducible promoter) led to a significant improvement in xylitol production

(Figure 7b). In contrast, the addition of either the “G” or “U” valve to the “FZ”
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combination did not increase xylitol synthesis but rather led to a significant decrease in
xylitol production (Figure 7c-d). This suggests that citrate synthase (GlItA) activity, and
flux through the TCA cycle, is required for optimal NADPH flux and additionally that
pntAB activity is important for xylitol synthesis.

Using results from these experiments, we were able to estimate boundary
conditions for several intracellular fluxes. For example, from Figure 7a, we can estimate
that flux through the Pfo/Fpr pathway accounts for at most ~55% of the NADPH/xylitol
production. As a result, we are able to build stoichiometric metabolic models, as
illustrated in Figure 7d-e, comparing an optimal growth phase and a xylitol production
phase.® Importantly, this model supports that indeed TCA flux is critical for xylitol
production (Figure 13) and that a 4-fold increase in PntAB activity, in addition to flux
through the Pfo/Fpr pathway is needed to explain increases in NADPH flux and xylitol
production. The model predicts an overall maximal xylitol yield in this metabolic state
of ~0.864 g/g of xylose, in line with yields measured in fed batch fermentations as

discussed below.

22



a) i~ o
/@ Xylose 7?@/? HO/\H\(\OH

. o OH  OH ' o E i
) NADPH f
/ NADPH  NADP+ Xylltol NA'{” s \ i

xylA

fl for \ C )
—_— NADP+—{ pnag
Xr@%ﬂ /\ Fdox Fdre NADH —= !

<& 6-PGL \pppH - A

Ep 6PC PEP — Pyruvate _

yde
Acetyl-CoA €— Acyl-ACP/CoA

Malonyl-CoA

Acyl-ACP
Fatty Acid
Synthesis

GA3P

ux ux vlalolale
E
o x|l O [ | 6 & c”Z"-.' [ | ‘ [ ] 1o
| =
‘% % 2 S X . P U I I 0020
c g2z . 8 5922 3
2 g2u 4 7 = 92u : [ | . g
N g2 = 9 g2 - |[fo03 T
u u
z | 2 z [
ev ev 0.04
PUONDIINXXXXXXXX@ODNND EEGEDDNﬁxﬁxxﬁxﬁwDNND
g CLLOoDLONPIHE N O ol £ LhLePrPN230 Collyos
38 L 38 g
Proteolysis Proteolysis
d) 14
=
12 [
£ o
§ 10 <
a ?
Q@ 8 <
- Q
2 e
g " :
=}
T 4 N
= !
-
2 (=)
0 N lovsiotonslesl
0 25 50 75 100 125 150 175

Strain

Figure 6: Regulatory method to improve the xylitol production.

a) An overview of the regulatory approach to xylitol production and the
location of metabolic valves in central metabolism and our model of optimal NADPH
flux. Xylitol is produced from xylose by a xylose reductase (XyrA). Valves comprise
inducible proteolysis and/or silencing of 5 enzymes: citrate synthase (GItA) , xylose
isomerase (XylA), glucose-6-phosphate dehydrogenase (Zwf), enoyl-ACP reductase
(Fabl) and soluble transhydrogenase (UdhA). The membrane bound
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transhydrogenase (PntAB, encoded by pntAB), pyruvate-ferredoxin/flavodoxin
oxidoreductase (Pfo, encoded by the ydbK gene) and flavodoxin reductase (Fpr,
encoded by fpr), are also shown. SoxRS regulon, which is sensitive to oxidant levels
and NADPH pools, can activate the expression of Pfo and Fpr. b) Specific xylitol
production (g/L-ODeoonm) in microfermentations as a function of silencing and or
proteolysis. ¢) P-values for the data in b), comparing each strain to the no-valve
control using a Welch's t-test. d) a rank order plot of the data from the b). A post hoc
Dunnett test shows combinations that differ from the DLF_Z0025-Empty vector
control significantly at p-value < 0.05, which are indicated as green bars.
Abbreviations: Fd: ferredoxin. Silencing: ev: empty vector, g2: gltAp2 promoter, z: zwf
promoter, x: xylA promoter, u: udhA promoter. Proteolysis: F: fabI-DAS+4, G: gltA-
DAS+4, Z: zwf-DAS+4, U: udha_DAS+4, X: xylA-DAS+4. All results were obtained
from microfermentations.

2.2.5 Improved NADPH Flux is not Correlated with NADPH Pools
Lastly, we wanted to further confirm the mechanism underlying the impact of
reducing Zwf activity. We hypothesized that Pfo/YdbK expression, known to be
regulated by SoxRS, is increased due a reduction in NADPH levels caused by reductions
in Zwf activity. The iron-sulfur cluster of SoxR is continually oxidized under aerobic
conditions and continually reduced via at least two NADPH dependent enzymes (Rsx,
RseC).”? These reductions are known to be sensitive to NADPH levels or pools. Previous
work has shown a modest activation of SoxRS in response to a zwf deletion,”? and an
impaired response to oxidative stress,” which may be magnified by a rapid dynamic
reduction of Zwf activity. To test this hypothesis, we measured the levels of NADPH
and changes in pfo/ybdK gene expression in a set of our engineered strains. To the latter,
we constructed a reporter plasmid with a superfolder GFP driven by the pfo(ydbK) gene
promoter. Results are given in Figure 8a. Interestingly, there was no correlation between

specific xylitol production (a direct measure of NADPH flux) and NADPH pools. In this
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case, the three strains having the highest NADPH pools were the control strain and the
strains with dynamic control over enoyl-ACP (“F” valve) or soluble transhydrogenase
(“U” valve) levels. The addition of the “Z” valve (reduced levels of glucose-6-phosphate
dehydrogenase) led to a decrease in NADPH pools but an increase in NADPH flux.
While overexpression of pntAB increased xylitol production rates and fluxes, it did not
improve NADPH pools in the “FZ” background. Pfo/ydbK promoter expression levels
were inversely correlated with NADPH pools. Strains with the “Z” and “FZ” valves had
increased expression levels, consistent with lower NADPH levels inducing the SoxRS
regulon. While a relative increase was observed, it is worth mentioning that the reporter
is expressed from a high copy plasmid and so total levels are likely greatly elevated
compared to chromosomal expression levels.

Taken together, these results are consistent with a conceptual model as
illustrated in Figure 8b. The “Z” valve leads to a decrease in NADPH pools which
activate the SoxRS regulon. SoxRS activation leads to increased expression of Pfo/YdbK
(as well as fpr), which is required to maintain a high rate of pyruvate oxidation,
generating NADPH via Fpr.894% Pfo/YdbK expression is required, not only for pyruvate
oxidation, NADPH generation and sugar consumption but also NADH generation via
the TCA cycle ( by providing acetyl-CoA). Increased TCA flux produces excess NADH
which is needed as a substrate for PntAB for maximal NADPH flux. Disruption of the
TCA cycle (“G” Valve, Figure 7c) eliminates NADH production and acetyl-CoA

consumption, greatly reducing NADPH flux. Increased NADPH fluxes due to the “F”
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valve make sense in light of the results discussed above and are attributable to increased
activity of the membrane bound transhydrogenase, PntAB. Reduced soluble
transhydrogenase (UdhA) levels lead to increased NADPH pools (Figure 8a) which
presumably reduce SoxRS activation and Pfo/YdbK expression. Simply put, the
metabolic network responds to decreased NADPH and acyl-CoA pools by increasing
sugar consumption and NADPH flux to compensate. If “set” point NADPH pools are
regained or if continued sugar catabolism stops, continued NADPH flux is halted.

This model and the experimental results indicate an incompatibility between the
regulatory strategy, which relies on reduced NADPH pools as well as xylose
consumption, with the stoichiometric strategy, which would elevate NADPH pools (“U”
valve Figure 8a) and reduce xylose consumption. Several strains combining these
approaches (the “FZ” valves with “U” and or “X” valves) had significantly reduced
xylitol production rates (as demonstrated in Figure 6 and Figure 7 and summarized in
Figure 12), although a penultimate strain combining proteolytic tags in “FZXU” suffered
from a significant growth defect in minimal media and its effect on xylitol production

could not be evaluated.
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Figure 7: Identification of pathways responsible for NADPH and xylitol
production in the “FZ” valve strain.

a) the impact of deletions of ydbK and fpr on specific xylitol production, b) the
impact of pntAB overexpression on xylitol production. (c-d) “FZ” valve strains further
modified for dynamic control over c¢) GItA levels and d) UdhA levels. ev: empty
vector, z: zwf promoter gRNA, g2: gltAp2 promoter gRNA, u: udhA promoter gRNA.
All results were obtained from microfermentations. (e-f) Stoichiometric flux models
of e) cellular growth and f) stationary phase xylitol production in “FZ” valve strains.
Pathway flux is relative to xylose uptake rates. During growth the majority of flux is
through the pentose phosphate pathway (PPP), pyruvate dehydrogenase multienzyme
complex (PDH) with minimal flux through the pentose membrane bound
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transhydrogenase. Upon dynamic control, a 4-fold increase in membrane bound
transhydrogenase flux is accompanied by increased flux through Pfo (encoded by
ydbK) and Fpr. Abbreviations: G6P: glucose-6-phosphate, 6-PGL: 6-
phosphogluconolactone, 6PG: 6-phosphogluconate, GA3P: glyceraldehyde-3-
phosphate, OAA: oxaloacetic acid.
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Figure 8: Stationary phase NADPH pools and pfo/ydbK promoter reporter GFP

levels in engineered strains.

a) NADPH pools and fluorescence were measured 24 hours post phosphate
depletion in microfermenations. b) A conceptual model of 2-stage NADPH
production in our engineered system. Glucose-6-phosphate dehydrogenase
(encoded by the zwf gene) is normally responsible for the biosynthesis of a

majority of NADPH. This irreversible reaction drives an NADPH set point, in
which the SoxRS oxidative stress response is OFF (gray area). Dynamic

reduction in Zwf levels reduces NADPH pools activating the SoxRS response,

which in turn activates expression of Pyruvate ferredoxin oxidoreductase (Pfo,
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encoded by the ydbK gene) and NADPH dependent ferredoxin reductase (Fpr).
Together Pfo and Fpr (operating in reverse) constitute a new pathway to
generate NADPH as well as allow for continued pyruvate oxidation and

generation of acetyl-CoA for entry into the tricarboxylic acid cycle (TCA cycle).

NADPH flux is further enhanced by reducing fatty acid biosynthesis whose

products inhibit the membrane bound transhydrogenase (encoded by the

pntAB genes). Activated PntAB uses the proton motive force to convert NADH

from the TCA cycle to NADPH. NADPH can be used for bioconversions such

as for xylitol production.

2.2.6 Production in Instrumented Bioreactors

Finally, we compared xylitol production in instrumented bioreactors using the
“FZ” valve strain with and without pntAB overexpression with a control strain. Minimal
media fed batch fermentations were performed as described by Menacho-Melgar et al.,*
wherein the media has enough batch phosphate to support target biomass levels ( ~25
gCDW/L) prior to phosphate depletion and induction of xylitol biosynthesis in
stationary phase. Results of these studies are given in Figure 9. While xyrA expression in
our control strain (DLF_Z0025) led to only a few grams per liter of xylitol (Figure 9a), the
incorporation of “FZ” valves led to titers over 100 g/L in 160 hours of production (Figure
9b). The additional overexpression of pntAB (Figure 9c) resulted in maximal titers over
200 g/L (185-204 g/L) in 170 hours. In these duplicate fermentations the average overall
xylitol yield was 0.873 +/- 0.026 g/g xylose, and the average production yield (in

stationary phase) was 0.935 +/- 0.011 g/g xylose.
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Figure 9: Xylitol production in minimal media fed batch fermentations in
instrumented bioreactors
a) the control strain expressing xylose reductase (DLF_Z0025, pCASCADE-ev,
pHCKan-xyrA), b) the “FZ” valve strain (DLF_Z0025-fabI-DAS+4-zwf-DAS+4,
pCASCADE-z, pHCKan-xyrA) c) the “FZ” value strain also overexpressing the
membrane bound transhydrogenase pntAB (DLF_Z0025-fabl-DAS+4-zwf-DAS+4,
pCASCADE-z, pHCKan-xyrA, pCDF-pntAB). Biomass (black) and xylitol (blue) are given as a
function of time. For b) & c¢) x’s and triangles represent the measured values of two duplicate
runs.
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2.3 Discussion

The use of 2-stage dynamic control generated an unusual metabolic state leading
to enhanced NADPH fluxes and xylitol production. To our knowledge this is the highest
titer and yield of xylitol produced to date in engineered E. coli, particularly with xylose
as a sole carbon source. Additionally, the productive stationary phase generated with
these modifications can be extended to at least 170 hours. While the focus of this work
has been on xylitol production, the identification of “F” and “Z” valves impacting
NADPH flux has applicability to other NADPH dependent processes including more
complicated pathways, and may represent a facile method for routine NADPH
dependent bioconversions.’* The impact of Fabl activity and fatty acid metabolite
pools, on transhydrogenase activity, is consistent with previous biochemical studies, 8-
and has likely evolved to balance NADPH supply with fatty acid synthesis demand.
Unfortunately, this feedback regulatory mechanism has not been previously utilized in
the past several decades of metabolic engineering studies in E. coli,” yet represents a
powerful approach to improving NADPH fluxes. The unpredictable combination of “F”
and “Z” valves is at odds with standard thinking regarding NADPH flux, where the
pentose phosphate pathway and specifically Zwf is often considered one of the primary
sources of NADPH in the cell and reducing Zwf activity would not be high on a list of
changes to make in order to increase NADPH supply.’#'® These results suggest a role for
Zwf not only in controlling pentose phosphate pathway flux and NADPH synthesis but

also in controlling set point NADPH levels, although more work is needed to investigate

31



this potential function. While we confirmed an increase in ydbK promoter expression,
which is known to be regulated by soxRS, in response to a decrease in Zwf activity,
future work is needed to confirm the magnitude of the soxRS regulatory response and
identify additional potential systemic responses to decreases in Zwf activity. Potential
transcriptional profiling or proteomic studies could be useful in this future
characterization.

These results also support that unlike suggestions in previous reports, Pfo/YdbK
has a direct role in the production of NADPH and that reduced ferredoxin/flavodoxin
can be used to generate NADPH through the action of ferredoxin reductase (Fpr). The
expression of fpr is known to be activated by SoxRS,!%! although it has been thought that
physiologically, Pfo/YdbK and Fpr serve similar roles in generating reduced
ferredoxin/flavodoxin,!%? rather than forming a two-step enzymatic pathway to produce
NADPH. To our knowledge this is the first report demonstrating the magnitude of this
alternative NADPH production pathway. Although Pfo/YdbK, an iron sulfur cluster
containing enzyme, has been successfully expressed in both aerobic and anaerobic
conditions,”7980103 it is quickly inactivated by molecular oxygen in vitro, and as a result,
conventional wisdom would suggest it is unlikely to support these types of fluxes.”8%
These data demonstrate that Pfo/YdbK activity can be maintained even aerobically in
vivo. More work is needed to understand the mechanisms underlying the observed in
vivo oxygen tolerance of this pathway. Improved understanding may lead to alternative

strategies (independent of decreasing Zwf levels) for optimizing NADPH flux.
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Additionally, while Nakayama and colleagues proposed a role for Pfo/YdbK in
combination with Fpr in the oxidative stress response,® this study identifies Pfo/YdbK
coupled with Fpr as a route for NADPH generation in E. coli, demonstrating that
NADPH dependent ferredoxin reductase can operate physiologically as an NADP*-
dependent ferredoxin dehydrogenase, generating NADPH, which is in the opposite
direction of that previously considered. We propose that this pathway is activated upon
oxidative stress when NADPH generation from glucose-6-phosphate dehydrogenase is
insufficient to meet cellular requirements. Elevated NADPH pools may possibly inhibit
flux through Fpr simply by providing a thermodynamic barrier. Additionally, in the
current system, lower NADPH levels are sufficient to drive the reduction of xylose to
xylitol, however this high flux, low NADPH state may not provide enough reduction
potential for all possible conversions.

More generally, this work highlights the potential of manipulating known and
unknown feedback regulatory mechanisms to improve in vivo enzyme activities and
metabolic fluxes. Screening valves to dysregulate metabolism, led to improved NADPH
production as compared to a directed stoichiometric approach. Future regulatory
approaches can open numerous novel engineering strategies and have the potential to
lead to significant improvements in production rates, titers and yields. The
stoichiometric valves tested in this study were somewhat obvious choices based on the
xylitol production pathway. Less obvious valves based on more advanced stoichiometric

models may lead to further improvements.!% In either case, while stoichiometric

33



strategies based on what we know, or think we understand about metabolism can lead
to improvements in production, this work highlights the fact that metabolic pathways
and regulation that we do not yet understand, even in the well characterized host E. coli,
offer a potential for even greater improvements in performance.

Furthermore, these results confirm the metabolic potential of stationary phase
cultures, #0105 and that there remain significant uncharacterized differences in stationary
phase metabolism as compared to that of exponential growth. The metabolic state
leading to enhanced NADPH flux and xylitol production would be hard to identify
and/or engineer in a growth coupled process as it relies on the manipulation of feedback
inhibition due to central metabolites. These central metabolic regulatory circuits have
evolved to balance fluxes to both optimize growth and enable adaptive responses to
environmental and physiological perturbations. Dynamic metabolic control, and in
particular 2-stage dynamic metabolic control, is uniquely suited to manipulate central
metabolite levels without impacting cell growth or survival. This approach can lead to
the discovery as well as the manipulation of central regulatory mechanisms, which in
turn have a high potential to enhance metabolic fluxes and drive future metabolic

engineering strategies.

2.4 Methods and Materials
2.4.1 Reagents and Media

All reagents and chemicals were obtained from Sigma Aldrich (St. Louis, MO)

unless otherwise noted. MOPS (3-(N-morpholino)propanesulfonic acid) was obtained
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from BioBasic, Inc. (Amherst, NY). Crystalline xylose was obtained from Profood
International (Naperville, IL). All media: SM10++, SM10 No Phosphate, and FGM25
were prepared as previously reported,® except that xylose was substituted for glucose (1
gram xylose for 1 gram glucose) in all media formulations. LB, Lennox formulation, was
used for routine strain propagation. Working antibiotic concentrations were as follows:
kanamycin: 35 pg/mL, chloramphenicol: 35 pg/mL, gentamicin:10 ug/mL, zeocin: 100

ug/mL, blasticidin: 100 pg/mL, spectinomycin: 25 pg/mL, tetracycline: 5 pg/mL.

2.4.2 Strains & Plasmids

Refer to Table 1 for a list of strains and plasmids used in this study. Sequences of
synthetic DNA used in this study are given in Table 2. Chromosomal modifications
were constructed using standard recombineering methodologies.'* The recombineering
plasmid pSIM5 was a kind gift from Donald Court (NCI,
https://redrecombineering.ncifcrf.gov/court-lab.html).106197 C-terminal DAS+4 tags were
added by direct integration and selected through integration of antibiotic resistance
cassettes 3’ of the gene as previously described.? All strains were confirmed by PCR,
agarose gel electrophoresis and PCR product sequencing. Refer to Table 3 for oligos
used for strain confirmation and sequencing. Strain DLF_R002 was constructed as
previously reported by Menacho-Melgar et al.® Strain DLFZ_0025 was constructed from
DLF_RO002 by first deleting the native sspB gene (using tet-sacB based selection and
counterselection). Subsequently, the cas3 gene was deleted® and replaced with a low

phosphate inducible sspB (using the ugpB gene promoter ¢?) allele as well as a
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constitutive promoter to drive expression of the Cascade operon (again using tet-sacB
based selection and counterselection). C-terminal DAS+4 tag modifications (with or
without superfolder GFP tags) were added to the chromosome of DLF_Z0025 and its
derivatives by direct integration and selected through integration of antibiotic resistance
cassettes 3’ of the gene as illustrated in Figure 3.

Plasmids, pCDF-ev (Addgene #89596) and pHCKan-yibDp-GFPuv (Addgene
#127078) were constructed as previously reported.®® Plasmids pCDF-mCherry1
(Addgene #87144) and pCDF-mCherry2 (Addgene #87145) were constructed from
pCDEF-ev by Gibson assembly of a PCR of the vector with synthetic DNA encoding an
mCherry open reading frame with or without a C-terminal DAS+4 degron tag along
with a strong synthetic constitutive proD promoter previously reported by Davis et al.®3
pCDEF-pntAB (Addgene # 158609) was constructed using PCR and Gibson Assembly
from pCDEF-ev to drive expression of the pntAB operon from the low phosphate
inducible ugpBp promoter.®? pHCKan-ydbKp-sfGFP was constructed similarly. The
xyrA gene from Aspergillus niger was codon optimized for expression in E. coli and the
plasmid, pHCKan-xyrA (Addgene #58613), enabling the low phosphate induction of
xylose reductase, was constructed by TWIST Biosciences (San Francisco, CA). Gene
silencing guides and guide arrays were expressed from a series of pPCASCADE plasmids

constructed as previously reported.”
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2.4.3 Guide RNA Stability Testing

The stability of guide RNA arrays was confirmed by colony PCR using the
following 2 primers: gRNA-for: 5-GGGAGACCACAACGG-3, gRNA-rev: 5-
CGCAGTCGAACGACCG-3, using 2X EconoTaq Master mix (Lucigen) in 10 uL PCR
reactions consisting of 5uL of 2X EconoTaq Master mix (Lucigen), 1uL of each primer
(10uM), 3puL dH20. A 98°C, 2-minute initial denaturation was followed by 35 cycles of
94°C, 30 seconds, 60°C 30 seconds, and 72°C, 30 seconds and a final 72°C, 5 min final
extension. PCR reactions were then run on agarose gels and band size compared to
control PCR reactions using purified plasmid DNA as a template. Guide protospacer
loss occurred when guide array size was smaller than expected, indicating the loss of

one or more protospacers.

2.4.4 BioLector studies

Plasmids expressing fluorescent proteins and silencing guides were transformed into

the corresponding hosts strain listed in

Table 5. Single colonies of each strain were inoculated into 5 mL LB with
appropriate antibiotics and cultured at 37 °C, 220 rpm for 9 hours or until OD600
reached > 2. 500 pL of the culture was inoculated into 10 mL SM10 medium with
appropriate antibiotics and cultured in a square shake flask (CAT#: 25-212, Genesee
Scientific, Inc. San Diego, CA) at 37 °C, 220 rpm for 16 hours. Cells were pelleted by

centrifugation and the culture density was normalized to OD600 = 5 using FGM3 media.
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Growth and fluorescence measurements were obtained in a Biolector (m2p labs,
Baesweiler, Germany) using a high mass transfer FlowerPlate (CAT#: MTP-48-B, m2p-
labs, Germany). 40 uL of the OD normalized culture was inoculated into 760 uL of
FGM3 medium with appropriate antibiotics. Biolector settings were as follows: RFP
gain=100, GFP gain=20, Biomass gain=20, shaking speed=1300 rpm, temperature=37 °C,
humidity=85%. Every strain was analyzed in triplicate. OD600 readings were corrected
using the formula below (Equation 1), where OD600 refers to an offline measurement,
OD600* refers to Biolector biomass reading, toindicates the start point, and tf indicates

the final point.

(0D600, ~0DE00, )

Equation 1: 0D600, = (GDGUU: - GDE:OIJ:U)’ 0.25

(D600, ~0D600, )

2.4.5 Fermentations

Minimal media microfermentations were performed as previously reported, 266062
except that xylose was substituted for glucose (1 gram xylose for 1 gram glucose) in all
media formulations. Guide array stability was confirmed after transformation of
pCASCADE plasmids by PCR prior to evaluation. Fed batch fermentations were
performed as previously reported, again with xylose instead of glucose.® Xylose feeding
was as modified as follows. The starting batch xylose concentration was 25 g/L.
Concentrated sterile filtered xylose feed (500 g/L) was added to the tanks at an initial
rate of 7.1 g/h when cells entered mid-exponential growth. This rate was then increased

exponentially, doubling every 1.083 hours (65 min) until 40 g total xylose had been
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added, after which the feed was maintained at 1.75 g/hr. The feed was reduced to 0.875
g/hr due to xylose accumulation at 85 hours post inoculation and stopped at 120 hrs post

inoculation.

2.4.6 (XyrA) Xylose Reductase Purification and Activity Assays

E. coli BL21(DE3) (New England Biolanbs, Ipswich, MA) with plasmid pHCKan-
xyrA (bearing a 6x his tag) was cultured overnight in Luria Broth (Lenox formulation).
The overnight culture was used to inoculate SM10++ media (with xylose as a carbon
source instead of glucose) with appropriate antibiotics. Cells were cultured at 37°C for
16 hours, and then centrifuged and the pellet was washed with SM10 No phosphate
media. Next, the washed pellet was resuspended and cultured in SM10 No Phosphate
media for 16 hrs again with the appropriate antibiotics. After the expression in
phosphate free media, the postproduction cells were lysed by a freeze-thaw cycle. XyrA
protein was purified using Ni-NTA Resin (G-Biosciences, Cat # 786-939) according to
manufacturer’s instructions. Kinetics assays for XyrA were performed in a reaction
buffer composed of 50 mM sodium phosphate (pH 7.6, 5 mM MgCl2) with NADPH as a
cofactor.'® In these assays, NADPH was held at a constant initial level of 50 uM. Results
of the assay were measured through monitoring the absorbance of NADPH at 340 nm
for 1.5 hours (15s per read) using a SpectraMax Plus 384 microplate reader (Molecular
Devices). Reaction velocity was plotted as a function of xylose concentration. Using the
Eadie-hofstee equation, the following parameters were obtained: Vmax=22.6 +1.01 U,

kcat=13.56 + 3.05 s and Km: 35.12 + 3.05 mM.
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2.4.7 (XylA) Xylose Isomerase Quantification

Xylose isomerase activities from cell extracts were quantified with a D-xylose
reductase coupled enzyme assay, similar to methods previously described, and
following a decrease in absorbance of NADPH at 340nm.!®1° Cultures were grown in
shake flasks in SM10++ media and harvested in mid exponential phase, washed and
resuspended in SM10 No phosphate media. After 16 hours of phosphate depletion,
cells were pelleted by 10 minutes of centrifugation (4122 RCF, 4 °C) and lysed with
BugBuster protein extraction reagent (Millipore Sigma, Catalog #70584) according to the
manufacturer’s protocol. Cell debris was removed by two rounds of centrifugation, 20
minutes (4122 RCF, 4 °C) followed by a 20-minute hard spin (14000 RCF, 4 °C). The
lysate was filtered with Amicon 30MWCO filters (Millipore Sigma, Catalog #UFC8030)
according to the manufacturer’s protocol and washed three times to exchange the buffer
with the reaction buffer (45 mM sodium phosphate, 10 mM MgCl., pH 7.6) and remove
metabolites. Samples were assayed in triplicate in a 96 well plate with 100uL of the
filtered cell extract per well containing 31.25 mM xylulose, 0.5 mM NADPH, and
lug/mL of purified D-xylose reductase (see above). The absorbance at 340 nm was
measured every 15 seconds for 1.5 hours and the slope of the linear region was used to
quantify XylA activity. Total protein concentration of each sample was determined with
a standard Bradford assay. Kinetic parameters were as follows: kcat: 13.56 + 3.05 s, Km:

35.12 £ 3.05 mM.
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2.4.8 (UdhA) Soluble Transhydrogenase Qsuantification

The activity of the soluble transhydrogenase was quantified by method
previously reported.®®!! The process of UdhA expression and cell lysis was carried out
using the same method as the XyrA expression mentioned above. The lysates were
centrifuged for 15 minutes (4200 RPM, 4 °C) to remove large debris. A second hard spin
was performed for 30 minutes (14000 RPM, 4 °C) to remove remaining debris and
further separate the membrane fraction from the soluble transhydrogenase. Lysates
were diluted 1:5 with the assay reaction buffer (50 mM Tris-HCl, 2 mM MgCl, pH 7.6)
and transferred to an Amicon Ultra centrifugal filter (10kDa MWCO). The samples were
centrifuged for 30 minutes (4200 RPM, 4 °C) and this step was repeated 3 times to
remove metabolites and exchange the lysis buffer for the assay buffer. After filtration the
protein concentrations of the samples were quantified with a standard Bradford assay.

Soluble transhydrogenase activity was assayed at room temperature. Assays
were performed in black 96 well plates by mixing equal volumes of lysate and reaction
buffer to a final volume of 100uL per well and a final concentration of 0.5mM NADPH
and 1 mM 3-acetylpyridine adenine dinucleotide (APAD*). Changes in absorbance at
400nm and 310 nm due to the reduction of APAD* and the oxidation of NADPH,
respectively, were monitored simultaneously by Spectramax Plus 384 microplate reader
at 30 second intervals for 30 minutes. A standard curve was used to calculate the molar
absorptivity of NADPH (3.04*10° M'! cm!). The molar absorptivity was used to convert

the measured slope of the linear region to the change in concentration per minute. The
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specific activity (Units per mg of total protein) was determined by dividing the change

in concentration per minute by the protein concentration.

249 ELISAs

Quantification of proteins via C-terminal sfGFP tags was performed using a GFP
quantification kit from AbCam (Cambridge, UK, product # ab171581) according to
manufacturer’s instructions. Briefly, samples were obtained from microfermentations as
described above. Cells were harvested 24 hours post phosphate depletion, washed in

water and lysed with the provided extraction buffer.

2.4.10 Xylose and Xylitol Quantification

In microfermentations, xylose and xylitol were quantified by commercial
bioassays from Megazyme (Wicklow, Ireland, Cat # K-XYLOSE and K-SORB), according
to the manufacturer's instructions. A HPLC method coupled with a refractive index
detector was used to quantify both xylose as well as xylitol from instrumented
fermentations. Briefly, a Rezex ROA-Organic Acid H* (8%) Analysis HPLC Column (Cat
#: #00H-0138-K0, Phenomenex, Inc., Torrance, CA, 300 x 7.8 mme;) was employed for the
separation of xylose and xylitol. 5 mM Sulfuric acid was used as the isocratic mobile
phase at a flow rate of 0.5 mL/min, at 55 °C. A Waters Acquity H-Class UPLC integrated
with a Waters 2414 Refractive Index (RI) detector (Waters Corp., Milford, MA. USA) was
used for detection. The injection volume of samples and standards was 10 uL. Samples
were diluted 20-fold in water in order to be in the linear range (0.01 to 20 g/L). MassLynx

v4.1 software was used for all the peak integration and analyses.
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2.4.11 NADPH Pool Quantification

NADPH pools were measured using an NADPH Assay Kit (AbCam, Cambridge,
UK, Cat # ab186031) according to manufacturer’s instructions. Cultures and phosphate
depletion were performed as described above for XyrA expression (except there was no

xyrA plasmid in the cells). Cells were lysed using the lysis buffer in the assay kit.

2.4.12 Metabolic Modeling

In silico analyses were performed implementing Constraint-based (COBRA)
models for E. coli, developed employing the COBRApy Python package''? with a
previously reported reconstruction® as a starting point. This curated E. coli K-12
MG1655 reconstruction includes 2,719 metabolic reactions and 1,192 unique metabolites.
This model was adapted as follows. First, missing reactions and metabolites for xylitol
production and export were added as shown in Table 6. All reactions, metabolites
stoichiometry and identifiers were extracted from the BiGG Models database.!® The
resulting model was validated for mass balances and metabolite compartment formulas
with COBRApy validation methods.* Once properly balanced, a growth model was
created and analyzed.!’> Specific evaluated conditions and biomass fluxes are shown in
Table 7.

Next, experimental data obtained from the xylitol microfermentations was used
to constrain the model. Specific constraints included: i) setting the ratio for pyruvate
consumption through Pyruvate Dehydrogenase (PDH) and Pyruvate-flavodoxin

Oxidoreductase (Pfo, encoded by ybdk), with 10% and 90% of total flux respectively and
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ii) setting Ferredoxin/flavodoxin reductase to a reversible reaction and iii) using xylose
as a sole carbon source with an input flux of 10 mmol/gCDW*hr under minimal media
conditions. Finally, a set of specific xylitol production strains were constructed and
evaluated in silico using Flux Balance Analysis (FBA) to obtain xylitol yields, analyze
cofactor and/or metabolites of interest as well as production and consumption fluxes.
Specific cases that were analyzed included reduced activity (for simplicity set to zero
flux) of: Zwf, Fabl, GItA, XylA, and UdhA as shown Table 8. For each case/condition the
following data was obtained: Xylitol yield, NADPH producing and consuming reaction
fluxes and escher maps of central metabolism for flux distribution visualization. Finally,

major changes in fluxes between the most relevant strains were analyzed.

2.5 Supplemental Information

Table 1: Plasmids and strains used in this study

A
Plasmid Insert promoter Ori Res iige Source
PSMART- .
1E1 K A L
HC-Kan None None co an N ucigen
pHCKan-
yibDp- GFPuv yibDp €2 colE1l Kan | 127078 60
GFPuv
pCDF-ev None None cloDF13 [ Sm | 89596 60
pCDE- .
h D loDF1 7144
mCherry1 mCherry proDp cloDF13 [ Sm | 8 This study
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CDEF- Ch -
m}éherryz g proDp | cloDF13 | Sm | 87145 | This study
HCKan-
’ xyr:n XyrA yibDp € colEl | Kan [ 158610 | This study
pHCKan- dbK
ydbKp- SfGFP pr{)moter colE1 | Kan | 159413 | This study
stGFP
pCDF- ‘
btAB pntAB ugpBp ¢ cloDF13 [ Sm | 158609 | This study
gRNA i
pcrRNA.Tet control tet pl5a Cm NA Lelli;
template a
pCASCADE .
—ov none ugpBp p15 Cm | 65821 73
CASCADE D
' -proD I;;ON 11; ugpBp p15 | Cm | 65820 73
CASCADE 1tAp2
P 2 iRNli)A ugpBp ¢ p15 Cm | 65817 73
CASCADE
P : fablp gRNA |  ugpBp @ pl5 | Cm | 66635 7
CASCADE
P . zwfp gRNA | ugpBp pl5 | Cm | 65825 7
CASCADE dhA
P u ;RN AI: ugpBp * p15 Cm | 65818 73
CASCADE 1A
F X ;ﬁNi ugpBp * p15 Cm | 158611 73
gltAp2,
CASCADE
P oy zwfp gRNA ugpBp ¢ pl15 Cm | 71338 7
8 array
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gltAp2
A
PCASCADE | lihAp ugpBp © pl5 | Cm | 65819 7
-g2u
gRNA array
gltAp2,
PCASCADE xylAp ugpBp ¢ p15 Cm | 158613 7
-g2x
gRNA array
pCASCADE | zwfp xylAp o .
x oRNA array ugpBp p15 Cm | 158614
udhAp,
pCAS:iADE xylAp ugpBp ¢ p15 Cm | 158612 7
gRNA array
fablp,
ASCADE
pC iCZ gltAp2 ugpBp ¢ p15 Cm | 71341 73
& gRNA array
pCASCADE | fablp, zwf o o
£ oRNA array ugpBp p15 Cm | 71335
Strains used in this study
Strain Genotype Source
F-, A-, A(araD-araB)567, lacZ4787(del)(::rrnB-3) , rph-1,
DLF_R002 A(rhaD-rhaB)568, hsdR514, AackA-pta, ApoxB, ApflB, 60
AldhA, AadhE, AicIR, AarcA
DLF_Z002 DLF_R002, AsspB This study
DLF_Z0025 DLF_Z002, Acas3::tm-ugpb-sspB-pro-casA This study
DLF_Z01517 DLF_Z002, Acas3::tm-pro-casA This study
DLF_Z0043 DLF_Z0025, gltA-DAS+4-zeoR This study
DLF_(§0043 DLF_Z0025, gltA-stGFP-zeoR This study
DLF(_;IZDOO43 DLF_Z0025, gltA-sfGFP-DAS+4-zeoR This study
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DLF_Z1002 DLF_Z0025, zwf-DAS+4-bsdR This study
DLF_G21002 DLF_Z0025, zwf-sfGFP-bsdR This study
DLFéZDlOOZ DLF_Z0025, zwf-sfGFP-DAS+4-bsdR This study
DLF_Z0044 DLF_Z0025, gltA-DAS+4-zeoR, zwf-DAS+4-bsdR This study
DLF_Z0028 DLF_Z0025, fabl-DAS+4-gentR This study
DLF_Z002
_G 0028 DLF_Z0025, fabl-sfGFP-gentR This study
DLF(_;ZDOOZS DLF_Z70025, fabl-sfGFP-DAS+4-gentR This study
DLF_Z0763 DLF_Z0025, udhA-DAS+4-bsdR This study
DLF_Z0039 fDLF_Z0025, fabI-DAS+4-gentR, gltA-DAS+4-zeoR This study
DLF_Z0040 DLF_Z0025, fabI-DAS+4-gentR, zw{-DAS+4-bsdR This study
DLFZ_0045 DLF_Z0025, fabl-DAS+4-gentR, udhA-DAS+4-bsdR This study
DLF_Z0025, fabl-DAS+4-gentR, gltA-DAS+4-zeoR, zwf- )
DLFZ_0046 DAS+4-bsdR This study
DLF_Z0025, fabl-DAS+4-gentR, gltA-DAS+4-zeoR, udhA- )
DLFZ_0047 DAS+4-bsdR This study
SL._0001 DLF_Z0025, xylA-DAS+4-ampR This study
SL_0002 DLF_Z0025, fabI-DAS+4-gentR, xylA -DAS+4-ampR This study
SL_0003 DLF_Z0025, fabI-DAS+4-gentR, gltA-DAS+4-zeoR, xylA - This study
DAS+4-ampR
DLF_Z0025, fabI-DAS+4- R f-DAS+4-bsdR, xylA -
SL_0004 70025, fab S+4-gentR, zw S+4-bsdR, xy This study
DAS+4-ampR
DLF_Z0025, fabI-DAS+4- R, udhA-DAS+4-bsdR, xylA
SL_0005 70025, fab S+4-gentR, ud S+4-bsdR, xy This study

-DAS+4-ampR
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DLF_Z0025, fabI-DAS+4-gentR, gltA-DAS+4-zeoR, udhA-

SL_0006 DAS+4-bsdR, xylA -DAS+4-ampR This study
- +4- - +4- -

SL._0008 DLF_Z70025, gltA-DAS+4-zeoR, udhA-DAS+4-bsdR This study

SL_0009 DLF_Z0025, zwf-DAS+4,-bsdR xylA -DAS+4-ampR This study

SL_0010 DLF_Z0025, fabI-DAS+4-gentR, zw{-DAS+4-bsdR, AydbK | This study

SL_0011 DLF_Z70025, fabI-DAS+4-gentR, zwf-DAS+4-bsdR, Afpr [ This study

Ori- origin of replication, Res - resistance marker, Sm - spectinomycin, Cm-

chloramphenicol, Kan - kanamycin, Amp — ampicillin
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Table 2: Synthetic DNA utilized for strain and plasmid construction

tet-sacB

TCCTAATTTTTGTTGACACTCTATCATTGATAGAGTTATTITACCACTCCCTATC
AGTGATAGAGAAAAGTGAAATGAATAGTTCGACAAAGATCGCATTGGTAATT
ACGTTACTCGATGCCATGGGGATTGGCCTTATCATGCCAGTCTTGCCAACGTT
ATTACGTGAATTTATTGCTTCGGAAGATATCGCTAACCACTTTGGCGTATTGCT
TGCACTTTATGCGTTAATGCAGGTTATCTTTGCTCCTITGGCTTGGAAAAATGTC
TGACCGATTTGGTCGGCGCCCAGTGCTGTTGTTGTCATTAATAGGCGCATCGC
TGGATTACTTATTGCTGGCTTTTTCAAGTGCGCTTTGGATGCTGTATTTAGGCC
GTTTGCTTTCAGGGATCACAGGAGCTACTGGGGCTGTCGCGGCATCGGTCATT
GCCGATACCACCTCAGCTTCTCAACGCGTGAAGTGGTTCGGTTGGTTAGGGGC
AAGTTTTGGGCTTGGTTTAATAGCGGGGCCTATTATTGGTGGTTTTGCAGGAG
AGATTTCACCGCATAGTCCCITTTITATCGCTGCGTTGCTAAATATTGTCACTT
TCCITGTGGTTATGTTTITGGTTCCGTGAAACCAAAAATACACGTGATAATACA
GATACCGAAGTAGGGGTTGAGACGCAATCGAATTCGGTATACATCACTTTATT
TAAAACGATGCCCATTTTGTTGATTATTTATTTTTCAGCGCAATTGATAGGCCA
AATTCCCGCAACGGTGTGGGTGCTATTTACCGAAAATCGTTTTGGATGGAATA
GCATGATGGTTGGCTTTTCATTAGCGGGTCTTGGTCTTTTACACTCAGTATTCC
AAGCCTTTGTGGCAGGAAGAATAGCCACTAAATGGGGCGAAAAAACGGCAG
TACTGCTCGGATTTATTGCAGATAGTAGTGCATTTGCCTTTTITAGCGTTTATAT
CTGAAGGTTGGTTAGTITITCCCTGTTITAATTTTATTGGCTGGTGGTGGGATCG
CTTTACCTGCATTACAGGGAGTGATGTCTATCCAAACAAAGAGTCATCAGCA
AGGTGCTTTACAGGGATTATTGGTGAGCCTTACCAATGCAACCGGTGTTATTG
GCCCATTACTGTTTGCTGTTATTTATAATCATTCACTACCAATTTGGGATGGCT
GGATTTGGATTATTGGTITAGCGTTTTACTGTATTATTATCCTGCTATCGATGA
CCTTCATGTTAACCCCTCAAGCTCAGGGGAGTAAACAGGAGACAAGTGCTTA
GITATTTCGTCACCAAATGATGTTATTCCGCGAAATATAATGACCCTCTTGAT
AACCCAAGAGCATCACATATACCTGCCGTTCACTATTATITAGTGAAATGAG
ATATTATGATATTTTCTGAATTGTGATTAAAAAGGCAACTTTATGCCCATGCA
ACAGAAACTATAAAAAATACAGAGAATGAAAAGAAACAGATAGATTTTITA
GTITCTITAGGCCCGTAGTCTGCAAATCCTTTTATGATTTTCTATCAAACAAAAG
AGGAAAATAGACCAGTTGCAATCCAAACGAGAGTCTAATAGAATGAGGTCG
AAAAGTAAATCGCGCGGGTTTGTTACTGATAAAGCAGGCAAGACCTAAAATG
TGTAAAGGGCAAAGTGTATACTTTGGCGTCACCCCTTACATATTTTAGGTCTTT
TTTTATTGTGCGTAACTAACTTGCCATCTTCAAACAGGAGGGCTGGAAGAAGC

49




AGACCGCTAACACAGTACATAAAAAAGGAGACATGAACGATGAACATCAAA
AAGTTTGCAAAACAAGCAACAGTATTAACCTTTACTACCGCACTGCTGGCAG
GAGGCGCAACTCAAGCGTTTGCGAAAGAAACGAACCAAAAGCCATATAAGG
AAACATACGGCATTTCCCATATTACACGCCATGATATGCTGCAAATCCCTGAA
CAGCAAAAAAATGAAAAATATCAAGTTCCTGAGTTCGATTCGTCCACAATTA
AAAATATCTCTTCTGCAAAAGGCCTGGACGTTTGGGACAGCTGGCCATTACA
AAACGCTGACGGCACTGTCGCAAACTATCACGGCTACCACATCGTCITTGCAT
TAGCCGGAGATCCTAAAAATGCGGATGACACATCGATTTACATGTTCTATCA
AAAAGTCGGCGAAACTTCTATTGACAGCTGGAAAAACGCTGGCCGCGTCTTT
AAAGACAGCGACAAATTCGATGCAAATGATTCTATCCTAAAAGACCAAACA
CAAGAATGGTCAGGTTCAGCCACATTTACATCTGACGGAAAAATCCGTTTATT
CTACACTGATTTCTCCGGTAAACATTACGGCAAACAAACACTGACAACTGCA
CAAGTTAACGTATCAGCATCAGACAGCTCTTTGAACATCAACGGTGTAGAGG
ATTATAAATCAATCTTTGACGGTGACGGAAAAACGTATCAAAATGTACAGCA
GTITCATCGATGAAGGCAACTACAGCTCAGGCGACAACCATACGCTGAGAGAT
CCTCACTACGTAGAAGATAAAGGCCACAAATACTTAGTATTTGAAGCAAACA
CTGGAACTGAAGATGGCTACCAAGGCGAAGAATCITTATITAACAAAGCATA
CTATGGCAAAAGCACATCATTCTITCCGTCAAGAAAGTCAAAAACTTCTGCAA
AGCGATAAAAAACGCACGGCTGAGTTAGCAAACGGCGCTCTCGGTATGATTG
AGCTAAACGATGATTACACACTGAAAAAAGTGATGAAACCGCTGATTGCATC
TAACACAGTAACAGATGAAATTGAACGCGCGAACGTCTTTAAAATGAACGGC
AAATGGTACCTGTTCACTGACTCCCGCGGATCAAAAATGACGATTGACGGCA
TTACGTCTAACGATATTTACATGCTTGGTTATGTTITCTAATTCTTTAACTGGCCC
ATACAAGCCGCTGAACAAAACTGGCCTTGTGTTAAAAATGGATCTTGATCCT
AACGATGTAACCTTTACTTACTCACACTTCGCTGTACCTCAAGCGAAAGGAA
ACAATGTCGTGATTACAAGCTATATGACAAACAGAGGATTCTACGCAGACAA
ACAATCAACGTTTGCGCCAAGCTTCCTGCTGAACATCAAAGGCAAGAAAACA
TCTGTTGTCAAAGACAGCATCCTTGAACAAGGACAATTAACAGTTAACAAAT
AAAAACGCAAAAGAAAATGCCGATATTGACTACCGGAAGCAGTGTGACCGT
GTGCTTCTCAAATGCCTGATTCAGGCTGTCTATGTGTGACTGTTGAGCTGTAAC
AAGTTGTCTCAGGTGTTCAATTTCATGTTCTAGTTGCTTTGTTTTACTGGTTTCA
CCTGTTCTATTAGGTGTTACATGCTGTTCATCTGTTACATTGTCGATCTGTTCAT
GGTGAACAGCTTITAAATGCACCAAAAACTCGTAAAAGCTCTGATGTATCTAT
CTTTTTTACACCGTTTTCATCTGTGCATATGGACAGTTTTCCCTTTGAT

Acas3-pro-casA

CAAGACATGTGTATATCACTGTAATTCGATATTTATGAGCAGCATCGAAAAAT
AGCCCGCTGATATCATCGATAATACTAAAAAAACAGGGAGGCTATTACCAGG
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CATCAAATAAAACGAAAGGCTCAGTCGAAAGACTGGGCCTTTCGTTTTATCT
GTTGTTTGTCGGTGAACGCTCTCTACTAGAGTCACACTGGCTCACCTTCGGGT
GGGCCTTTCTGCGTTTATATCTTITCTGACACCTTACTATCTTACAAATGTAACA
AAAAAGTTATTTTTCTGTAATTCGAGCATGTCATGTTACCCCGCGAGCATAAA
ACGCGTGTGTAGGAGGATAATCTITTGACGGCTAGCTCAGTCCTAGGTACAGT
GCTAGCCATATGAAGGAGAACAAATGAATTTGCTTATTGATAACTGGATCCC
TGTACGCCCGCGAAACGGGGGGAAAGTCCAAATCATAAATCTGCAATCGCTA
TAC

Acas3::ugBp-sspB-pro-casA

CAAGACATGTGTATATCACTGTAATTCGATATTTATGAGCAGCATCGAAAAAT
AGCCCGCTGATATCATCGATAATACTAAAAAAACAGGGAGGCTATTACCAGG
CATCAAATAAAACGAAAGGCTCAGTCGAAAGACTGGGCCTTTCGTTTTATCT
GITGTTTGTCGGTGAACGCTCTCTACTAGAGTCACACTGGCTCACCTTCGGGT
GGGCCTTTCTGCGTTTATATCTTITCTGACACCTTACTATCTTACAAATGTAACA
AAAAAGTTATTTTTCTGTAATTCGAGCATGTCATGTTACCCCGCGAGCATAAA
ACGCGTGTGTAGGAGGATAATCTATGGATTTGTCACAGCTAACACCACGTCGT
CCCTATCTGCTGCGTGCATTCTATGAGTGGTTGCTGGATAACCAGCTCACGCC
GCACCTGGTGGTGGATGTGACGCTCCCTGGCGTGCAGGTTCCTATGGAATATG
CGCGTGACGGGCAAATCGTACTCAACATTGCGCCGCGTGCTGTCGGCAATCT
GGAACTGGCGAATGATGAGGTGCGCTTTAACGCGCGCTTTGGTGGCATTCCG
CGTCAGGTTTCTGTGCCGCTGGCTGCCGTGCTGGCTATCTACGCCCGTGAAAA
TGGCGCAGGCACGATGTTTGAGCCTGAAGCTGCCTACGATGAAGATACCAGC
ATCATGAATGATGAAGAGGCATCGGCAGACAACGAAACCGTTATGTCGGITA
TTGATGGCGACAAGCCAGATCACGATGATGACACTCATCCTGACGATGAACC
TCCGCAGCCACCACGCGGTGGTCGACCGGCATTACGCGTTGTGAAGTAATTG
ACGGCTAGCTCAGTCCTAGGTACAGTGCTAGCCATATGAAGGAGAACAAATG
AATTTGCTTATTGATAACTGGATCCCTGTACGCCCGCGAAACGGGGGGAAAG
TCCAAATCATAAATCTGCAATCGCTATAC

gltA-DAS+4-zeoR

GTATTCCGTCTTCCATGTTCACCGTCATTITCGCAATGGCACGTACCGTTGGCT
GGATCGCCCACTGGAGCGAAATGCACAGTGACGGTATGAAGATTGCCCGTCC
GCGTCAGCTGTATACAGGATATGAAAAACGCGACTITAAAAGCGATATCAAG
CGTGCGGCCAACGATGAAAACTATTCTGAAAACTATGCGGATGCGTCTTAAT
AGTTGACAATTAATCATCGGCATAGTATATCGGCATAGTATAATACGACTCAC
TATAGGAGGGCCATCATGGCCAAGTTGACCAGTGCCGTTCCGGTGCTCACCG
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CGCGCGACGTCGCCGGAGCGGTCGAGTTCTGGACCGACCGGCTCGGGTTCTC
CCGGGACTTCGTGGAGGACGACTTCGCCGGTGTGGTCCGGGACGACGTGACC
CTGTTCATCAGCGCGGTCCAGGACCAGGTGGTGCCGGACAACACCCTGGCCT
GGGTGTGGGTGCGCGGCCTGGACGAGCTGTACGCCGAGTGGTCGGAGGTCGT
GTCCACGAACTTCCGGGACGCCTCCGGGCCGGCCATGACCGAGATCGGCGAG
CAGCCGTGGGGGCGGGAGTTCGCCCTGCGCGACCCGGCCGGCAACTGCGTGC
ACTTTGTGGCAGAGGAGCAGGACTGAGGATAAGTAATGGTTGATTGCTAAGT
TGTAAATATTITAACCCGCCGTTCATATGGCGGGTTGATTITTATATGCCTAAA
CACAAAAAATTGTAAAAATAAAATCCATTAACAGACCTATATAGATATITAA
AAAGAATAGAACAGCTCAAATTATCAGCAACCCAATACTTTCAATTAAAAAC
TTCATGGTAGTCGCATTTATAACCCTATGAAA

gltA-sfGFP-zeoR

AACGTCGATTTCTACTCTGGTATCATCCTGAAAGCGATGGGTATTCCGTCTITCC
ATGTTCACCGTCATTTTCGCAATGGCACGTACCGTTGGCTGGATCGCCCACTG
GAGCGAAATGCACAGTGACGGTATGAAGATTGCCCGTCCGCGTCAGCTGTAT
ACAGGATATGAAAAACGCGACTTTAAAAGCGATATCAAGCGTGGGGGTTCA
GGCGGGTCGGGTGGC Cgtgageaagggcgaggagcetgttcaccggggtggtgcccatectggtegagetgga
cggcgacgtaaacggcecacaagttcagegtgegeggegagggcgagggcgatgcecaccaacggcaagetgaccctga
agttcatctgcaccaccggcaagcetgeccgtgccctggeccaccctegtgaccaccctgacctacggegtgcagtgcttcag
ccgctaccecgaccacatgaagegecacgacttcttcaagteegecatgeccgaaggcetacgtecaggagegcaccatcag
cttcaaggacgacggcacctacaagacccgcgcecgaggtgaagticgagggcgacaccctggtgaaccgcatcegagetg
aagggcatcgacttcaaggaggacggcaacatcctggggcacaagetggagtacaacttcaacagecacaacgtctatat
caccgccgacaagcagaagaacggcatcaaggecaacttcaagatccgecacaacgtggaggacggcagegtgcaget
cgccgaccactaccagceagaacacccccateggegacggcecccgtgctgetgeccgacaaccactacctgageacccagte
cgtgctgagcaaagaccccaacgagaagcegegatcacatggtectgetggagttcgtgaccgecgecgggatcactcacg
gcatggacgagctgtacaagTAATGATGATCGGCACGTAAGAGGTTCCAACTTTCACCA
TAATGAAATAAGATCACTACCGGGCGTATTTITTTGAGTTATCGAGATTTTCAG
GAGCTAAGGAAGCTAAAATGGCTAAACTGACGTCGGCCGTTCCAGTGCTITAC
TGCGCGTGATGTAGCGGGAGCCGTAGAGTTTTGGACGGATCGTCTTGGGTTTA
GTCGCGACTTTGTGGAAGATGACTTCGCAGGGGTTGTTCGTGATGACGTCACA
CTGTTCATCAGTGCCGTACAGGATCAGGTTGTACCCGATAACACTCITGCGTG
GGTATGGGTGCGTGGCCTGGATGAGTTATACGCCGAATGGTCCGAGGTAGTC
AGCACAAACTTCCGCGACGCATCCGGGCCCGCTATGACTGAGATCGGGGAAC
AACCGTGGGGACGTGAGTTTGCCTTACGTGACCCGGCGGGGAACTGCGTCCA
CTTTGTGGCGGAGGAGCAGGACTAAGGATAAGtagTGGTTGATTGCTAAGTTGT
AAATATTITAACCCGCCGTTCATATGGCGGGTTGATTTTTATATGCCTAAACA
CAAAAAATTGTAAAAATAAAATCCATTAACAGACCTATATAGATATTTAAAA
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AGAATAGAACAGCTCAAATTATCAGCAACCCAATACTTTCAATTAAAAACTT
CATGGTAGTCGCATTTATAACCCTATGAAAATGACGTCTATCTATACCCCCCT
ATATTTTATTCATCATACAACAAATTCATGATACCAATAA

gltA-stGFP-DAS+4-zeoR

AACGTCGATTTCTACTCTGGTATCATCCTGAAAGCGATGGGTATTCCGTCTITCC
ATGTTCACCGTCATTTTCGCAATGGCACGTACCGTTGGCTGGATCGCCCACTG
GAGCGAAATGCACAGTGACGGTATGAAGATTGCCCGTCCGCGTCAGCTGTAT
ACAGGATATGAAAAACGCGACTTTAAAAGCGATATCAAGCGTGGGGGTTCA
GGCGGGTCGGGTGGC Cgtgageaagggcgaggagcetgttcaccggggtggtgcccatectggtegagetgga
cggcgacgtaaacggcecacaagttcagegtgegeggcgagggcgagggcgatgcecaccaacggcaagetgaccctga
agttcatctgcaccaccggcaagcetgeccgtgccctggcccaccetegtgaccaccctgacctacggegtgcagtgcettcag
ccgctaccecgaccacatgaagegcecacgacttettcaagtecgecatgeccgaaggcetacgtccaggagegcaccatcag
cttcaaggacgacggcacctacaagacccgcgcecgaggtgaagticgagggcgacaccctggtgaaccgcategagetg
aagggcatcgacttcaaggaggacggcaacatcctggggcacaagetggagtacaacttcaacagecacaacgtctatat
caccgccgacaagcagaagaacggcatcaaggcecaacttcaagatccgecacaacgtggaggacggceagegtgceaget
cgccgaccactaccagceagaacacccccateggegacggecccgtgctgetgeccgacaaccactacctgagceacccagte
cgtgctgagcaaagaccccaacgagaagcegcegatcacatggtectgetggagttcgtgaccgecgecgggatcactcacg
gcatggacgagctgtacaagGGTGGGGGTGGGAGCGGCGGCGGTGGCTCCGCGGCCAA
CGATGAAAACTATTCTGAAAACTATGCGGATGCGTCTTAATGATGATCGGCA
CGTAAGAGGTTCCAACTTTCACCATAATGAAATAAGATCACTACCGGGCGTA
TTTITTGAGTTATCGAGATTITTCAGGAGCTAAGGAAGCTAAAATGGCTAAACT
GACGTCGGCCGTTCCAGTGCTTACTGCGCGTGATGTAGCGGGAGCCGTAGAG
TTTTGGACGGATCGTCTTGGGTITAGTCGCGACTTTGTGGAAGATGACTTCGC
AGGGGTTGTTCGTGATGACGTCACACTGTTCATCAGTGCCGTACAGGATCAGG
TTGTACCCGATAACACTCTTGCGTGGGTATGGGTGCGTGGCCTGGATGAGTTA
TACGCCGAATGGTCCGAGGTAGTCAGCACAAACTTCCGCGACGCATCCGGGC
CCGCTATGACTGAGATCGGGGAACAACCGTGGGGACGTGAGTTTGCCITACG
TGACCCGGCGGGGAACTGCGTCCACTTTGTGGCGGAGGAGCAGGACTAAGG
ATAAGtagTGGTTGATTGCTAAGTTGTAAATATTTTAACCCGCCGTTCATATGG
CGGGTTGATTTITATATGCCTAAACACAAAAAATTGTAAAAATAAAATCCATT
AACAGACCTATATAGATATITAAAAAGAATAGAACAGCTCAAATTATCAGCA
ACCCAATACTTTCAATTAAAAACTTCATGGTAGTCGCATTTATAACCCTATGA
AAATGACGTCTATCTATACCCCCCTATATTTITATTCATCATACAACAAATTCAT
GATACCAATAA

zwf-DAS+4-bsdR
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GAAGTGGAAGAAGCCTGGAAATGGGTAGACTCCATTACTGAGGCGTGGGCG
ATGGACAATGATGCGCCGAAACCGTATCAGGCCGGAACCTGGGGACCCGTITG
CCTCGGTGGCGATGATTACCCGTGATGGTCGTTCCTGGAATGAGTTTGAGGCG
GCCAACGATGAAAACTATTCTGAAAACTATGCGGATGCGTCTTAATAGTTGA
CAATTAATCATCGGCATAGTATATCGGCATAGTATAATACGACTCACTATAGG
AGGGCCATCATGAAGACCTTCAACATCTCTCAGCAGGATCTGGAGCTGGTGG
AGGTCGCCACTGAGAAGATCACCATGCTCTATGAGGACAACAAGCACCATGT
CGGGGCGGCCATCAGGACCAAGACTGGGGAGATCATCTCTGCTGTCCACATT
GAGGCCTACATTGGCAGGGTCACTGTCTGTGCTGAAGCCATTGCCATTGGGTC
TGCTGTGAGCAACGGGCAGAAGGACTTTGACACCATTGTGGCTGTCAGGCAC
CCCTACTCTGATGAGGTGGACAGATCCATCAGGGTGGTCAGCCCCTGTGGCA
TGTGCAGAGAGCTCATCTCTGACTATGCTCCTGACTGCTTTGTGCTCATTGAGA
TGAATGGCAAGCTGGTCAAAACCACCATTGAGGAACTCATCCCCCTCAAGTA
CACCAGGAACTAAAGTAATATCTGCGCTTATCCTTTATGGTTATITTACCGGT
AACATGATCTTGCGCAGATTGTAGAACAATTTTTACACTTTCAGGCCTCGTGC
GGATTCACCCACGAGGCTTITTTITTATTACACTGACTGAAACGTTTTTGCCCTAT
GAGCTCCGGTTACAGGCGTTITCAGTCATAAATCCTCTGAATGAAACGCGTTGT
GAATC

zw{-sfGFP-zeoR

AACGTTTGCTGCTGGAAACCATGCGTGGTATTCAGGCACTGTTTGTACGTCGC
GACGAAGTGGAAGAAGCCTGGAAATGGGTAGACTCCATTACTGAGGCGTGG
GCGATGGACAATGATGCGCCGAAACCGTATCAGGCCGGAACCTGGGGACCC
GTTGCCTCGGTGGCGATGATTACCCGTGATGGTCGTTCCTGGAATGAGTTTGA
GGGGGGTTCAGGCGGGTCGGGTGG Cgtgageaagggegaggagctgttcaccggggtggtgccca
tcctggtcgagcetggacggegacgtaaacggecacaagttcagegtgegeggcgagggcgagggcgatgecaccaacg
gcaagctgaccctgaagttcatctgcaccaccggceaagetgeccgtgecctggeccaccctegtgaccaccctgacctacgg
cgtgcagtgcttcagecgctaccccgaccacatgaagegcecacgacttcttcaagtccgecatgeccgaaggcetacgtecag
gagcgcaccatcagcttcaaggacgacggcacctacaagacccgcegecgaggtgaagticgagggcgacaccctggtga
accgcatcgagctgaagggcatcgacttcaaggaggacggcaacatectgggegcacaagetggagtacaacttcaacag
ccacaacgtctatatcaccgecgacaagcagaagaacggcatcaaggcecaacttcaagatecgecacaacgtggaggac
ggcagcgtgcagctcgecgaccactaccagcagaacacccccateggegacggecccgtgetgetgceccgacaaccacta
cctgagcacccagtecgtgetgagcaaagaccccaacgagaagegcegatcacatggtectgetggagttcgtgaccgecg
ccgggatcactcacggcatggacgagetgtacaagTAATGAATGATCGGCACGTAAGAGGTTCC
AACTTTCACCATAATGAAATAAGATCACTACCGGGCGTATTTTTTGAGTTATC
GAGATTTTCAGGAGCTAAGGAAGCTAAAATGGCCAAGCCTTTGTCTCAAGAA
GAATCCACCCTCATTGAAAGAGCAACGGCTACAATCAACAGCATCCCCATCT
CTGAAGACTACAGCGTCGCCAGCGCAGCTCTCTCTAGCGACGGCCGCATCTT
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CACTGGTGTCAATGTATATCATTTITACTGGGGGACCTTGTGCAGAACTCGTGG
TGCTGGGCACTGCTGCTGCTGCGGCAGCTGGCAACCTGACTTGTATCGTCGCG
ATCGGAAATGAGAACAGGGGCATCTTGAGCCCCTGCGGACGGTGCCGACAG
GTGCTTCTCGATCTGCATCCTGGGATCAAAGCCATAGTGAAGGACAGTGATG
GACAGCCGACGGCAGTTGGGATTCGTGAATTGCTGCCCTCTGGTTATGTGTGG
GAGGGCTAAGTAGGGATAACAGGGTAATTATCTGCGCTTATCCITTATGGTTA
TTTTACCGGTAACATGATCTTGCGCAGATTGTAGAACAATITITACACTTTCAG
GCCTCGTGCGGATTCACCCACGAGGCTTTTITTATTACACTGACTGAAACGTTT
TTGCCCTATGAGCTCCGGTTACAGGCGTTTCAGTCATAAATCCTCTGAATGAA
ACGCGTTGTGAATC

zwf-sfGFP-DAS+4-zeoR

AACGTTTGCTGCTGGAAACCATGCGTGGTATTCAGGCACTGTTTGTACGTCGC
GACGAAGTGGAAGAAGCCTGGAAATGGGTAGACTCCATTACTGAGGCGTGG
GCGATGGACAATGATGCGCCGAAACCGTATCAGGCCGGAACCTGGGGACCC
GTTGCCTCGGTGGCGATGATTACCCGTGATGGTCGTTCCTGGAATGAGTTTGA
GGGGGGTTCAGGCGGGTCGGGTGGCCgtgageaagggegaggagctgttcaccggggtggtgccca
tcctggtcgagcetggacggegacgtaaacggecacaagttcagegtgegeggegagggcgagggcgatgecaccaacg
gcaagctgaccctgaagttcatctgcaccaccggceaagetgeccgtgecctggeccaccctegtgaccaccctgacctacgg
cgtgcagtgcttcagecgctaccccgaccacatgaagegecacgacttcttcaagtcecgecatgeccgaaggcetacgtecag
gagcgcaccatcagcttcaaggacgacggcacctacaagacccgcegecgaggtgaagttcgagggcgacaccctggtga
accgcatcgagctgaagggcatcgacttcaaggaggacggcaacatectggggcacaagetggagtacaacttcaacag
ccacaacgtctatatcaccgcecgacaagcagaagaacggcatcaaggcecaacttcaagatecgecacaacgtggaggac
ggcagcgtgcagctcgecgaccactaccageagaacacccccateggegacggecccgtgcetgetgeccgacaaccacta
cctgagcacccagtecgtgetgagcaaagaccccaacgagaagegcegatcacatggtectgetggagttcgtgaccgecg
ccgggatcactcacggcatggacgagetgtacaagGGTGGGGGTGGGAGCGGCGGCGGTGGCT
CCGCGGCCAACGATGAAAACTATTICTGAAAACTATGCGGATGCGTCITAATG
AATGATCGGCACGTAAGAGGTTCCAACTTTCACCATAATGAAATAAGATCAC
TACCGGGCGTATTTTTTGAGTTATCGAGATTTTCAGGAGCTAAGGAAGCTAAA
ATGGCCAAGCCTTTGTCTCAAGAAGAATCCACCCTCATTGAAAGAGCAACGG
CTACAATCAACAGCATCCCCATCTCTGAAGACTACAGCGTCGCCAGCGCAGC
TCTCTCTAGCGACGGCCGCATCTTCACTGGTGTCAATGTATATCATTITACTGG
GGGACCTTGTGCAGAACTCGTGGTGCTGGGCACTGCTGCTGCTGCGGCAGCT
GGCAACCTGACTTGTATCGTCGCGATCGGAAATGAGAACAGGGGCATCTTGA
GCCCCTGCGGACGGTGCCGACAGGTGCITCTCGATCTGCATCCTGGGATCAA
AGCCATAGTGAAGGACAGTGATGGACAGCCGACGGCAGTTGGGATTCGTGA
ATTGCTGCCCTCTGGTTATGTGTGGGAGGGCTAAGTAGGGATAACAGGGTAA
TTATCTGCGCTTATCCTTTATGGTTATTTTACCGGTAACATGATCTTGCGCAGA
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TTGTAGAACAATTTTTACACTTTCAGGCCTCGTGCGGATTCACCCACGAGGCT
TTTTTTATTACACTGACTGAAACGTTTTTGCCCTATGAGCTCCGGTTACAGGCG
TTTCAGTCATAAATCCTCTGAATGAAACGCGTTGTGAATC

xylA-DAS4-ampR

GATACGATGGCACTGGCGCTGAAAATTGCAGCGCGCATGATTGAAGATGGCG
AGCTGGATAAACGCATCGCGCAGCGTTATTCCGGCTGGAATAGCGAATTGGG
CCAGCAAATCCTGAAAGGCCAAATGTCACTGGCAGATTTAGCCAAATATGCT
CAGGAACATCATTTGTCTCCGGTGCATCAGAGTGGTCGCCAGGAACAACTGG
AAAATCTGGTAAACCATTATCTGTTCGACAAAGCGGCCAACGATGAAAACTA
TTCTGAAAACTATGCGGATGCGTCTTAATGATAAGGACCGTGTTGACAATTAA
TCATCGGCATAGTATATCGGCATAGTATAATACGACAAGGTGAGGAACTAAA
CCATGAGTATTCAACATITCCGTGTCGCCCTTATTCCCITTTITTGCGGCATTTTG
CCTTCCTGTTTTTGCTCACCCAGAAACGCTGGTGAAAGTAAAAGATGCTGAAG
ATCAGTTGGGTGCACGAGTGGGTTACATCGAACTGGATCTCAACAGCGGTAA
GATCCTTGAGAGTITACGCCCCGAAGAACGTTTTCCAATGATGAGCACTTTTA
AAGTTCTGCTATGTGGCGCGGTATTATCCCGTATTGACGCCGGGCAAGAGCA
ACTCGGTCGCCGCATACACTATTCTCAGAATGACTTGGTTGAGTACTCACCAG
TCACAGAAAAGCATCTCACGGATGGCATGACAGTAAGAGAATTATGCAGTGC
TGCCATAACCATGAGTGATAACACTGCGGCCAACTTACTTCTGGCAACGATC
GGAGGACCGAAGGAGCTAACCGCITTTITTGCACAACATGGGGGATCATGTAA
CTCGCCTTGATCGTTGGGAACCGGAGCTGAATGAAGCCATACCAAACGACGA
GCGTGACACCACGATGCCTGTAGCAATGGCAACAACGTTGCGCAAACTATTA
ACTGGCGAACTACTTACTCTAGCTTCCCGGCAACAATTAATAGACTGGATGG
AGGCGGATAAAGTTGCAGGATCACTTCTGCGCTCGGCCCTCCCGGCTGGCTG
GTTTATTGCTGATAAATCTGGAGCCGGTGAGCGTGGGTCTCGCGGTATCATTG
CAGCACTGGGGCCAGATGGTAAGCCCTCCCGCATCGTAGTTATCTACACGAC
GGGGAGTCAGGCAACTATGGATGAACGAAATAGACAGATCGCTGAGATAGG
TGCCTCACTGATTAAGCATTGGTAGTAAGTAGGGATAACAGGGTAATCGGCT
AACTGTGCAGTCCGTTGGCCCGGTTATCGGTAGCGATACCGGGCATTITTTTA
AGGAACGATCGATATGTATATCGGGATAGATCITGGCACCTCGGGCGTAAAA
GTTATTTTGCTCAACGAGCAGGGTGAGGTGGTTGCTGCGCAAACGGAAAAGC
TGACCGTTTCGCGCCCGCATCCACTCTGGTCGGAACAAGACCCGGAACAGTG
GTGGCAGGCAACTGATCGCGCAA

fabl-DAS+4-gentR
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CTATTGAAGATGTGGGTAACTCTGCGGCATTCCTGTGCTCCGATCTCTCTGCC
GGTATCTCCGGTGAAGTGGTCCACGTTGACGGCGGTTTCAGCATTGCTGCAAT
GAACGAACTCGAACTGAAAGCGGCCAACGATGAAAACTATTCTGAAAACTA
TGCGGATGCGTCTTAATAGGAAGTTCCTATTCTCTAGAAAGTATAGGAACTTC
CGAATCCATGTGGGAGTTTATTCTTGACACAGATATTTATGATATAATAACTG
AGTAAGCTTAACATAAGGAGGAAAAACATATGTTACGCAGCAGCAACGATG
TTACGCAGCAGGGCAGTCGCCCTAAAACAAAGTTAGGTGGCTCAAGTATGGG
CATCATTCGCACATGTAGGCTCGGCCCTGACCAAGTCAAATCCATGCGGGCT
GCTCTTGATCTTTTCGGTCGTGAGTTCGGAGACGTAGCCACCTACTCCCAACA
TCAGCCGGACTCCGATTACCTCGGGAACTTGCTCCGTAGTAAGACATTCATCG
CGCTTGCTGCCTTCGACCAAGAAGCGGTTGTTGGCGCTCTCGCGGCTTACGTT
CTGCCCAAGTTTGAGCAGCCGCGTAGTGAGATCTATATCTATGATCTCGCAGT
CTCCGGCGAGCACCGGAGGCAGGGCATTGCCACCGC

GCTCATCAATCTCCTCAAGCATGAGGCCAACGCGCTTGGTGCTTATGTGATCT
ACGTGCAAGCAGATTACGGTGACGATCCCGCAGTGGCTCTCTATACAAAGTT
GGGCATACGGGAAGAAGTGATGCACTTTGATATCGACCCAAGTACCGCCACC
TAAGAAGTTCCTATTCTCTAGAAAGTATAGGAACTTCCGTTCTGTTGGTAAAG
ATGGGCGGCGTTCTGCCGCCCGTITATCTCTGTTATACCTTTCTGATATTITGTTAT
CGCCGATCCGTCTTTCTCCCCTTCCCGCCTTGCGTCAGG

fabl-sfGFP-gentR

AAAGACTTCCGCAAAATGCTGGCTCATTGCGAAGCCGTTACCCCGATTCGCC
GTACCGTTACTATTGAAGATGTGGGTAACTCTGCGGCATTCCTGTGCTCCGAT
CTCTCTGCCGGTATCTCCGGTGAAGTGGTCCACGTTGACGGCGGTTTCAGCAT
TGCTGCAATGAACGAACTCGAACTGAAAGGGGGTTCAGGCGGGTCGGGTGG

Cgtgagcaagggcgaggagctgttcaccggggtggtgcccatectggtegagetggacggegacgtaaacggecacaa

gttcagcgtgegeggcgagggcgaggecgatgecaccaacggraagcetgaccctgaagttcatetgeaccaccggceaag
ctgeecgtgecctggeccaccctegtgaccaccctgacctacggegtgeagtgcttcagecgetaccccgaccacatgaagce

gccacgacttcttcaagtccgecatgeccgaaggcetacgteccaggagegeaccatcagcettcaaggacgacggcacctaca
agacccgegecgaggtgaagtticgagggcgacaccctggtgaaccgcatcgagetgaagggcatcgacttcaaggagg
acggcaacatcctgggecacaagetggagtacaacttcaacagecacaacgtctatatcaccgecgacaageagaagaac
ggcatcaaggccaacttcaagatccgcecacaacgtggaggacggceagegtgcagcetcgecgaccactaccagcagaaca
cccccateggegacggecccgtgetgetgeccgacaaccactacctgageacccagtecgtgctgagcaaagaccccaac
gagaagcgcgatcacatggtectgetggagttcgtgaccgecgecgggatcactcacggeatggacgagctgtacaagT
AATGACGAATCCATGTGGGAGTTTATTCTTGACACAGATATITATGATATAAT
AACTGAGTAAGCTTAACATAAGGAGGAAAAACATATGTTGCGTAGCTCTAAC
GATGTGACGCAACAAGGTTCGCGTCCAAAGACAAAATTGGGAGGCAGTAGC
ATGGGGATCATTCGCACTTGTCGCCTGGGGCCAGACCAGGTGAAGTCAATGC
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GTGCGGCTCTGGACTTATTCGGGCGCGAATTTGGAGATGTAGCCACTTACTCA
CAGCACCAACCGGACAGTGATTACTTGGGGAATTTACTTCGCAGTAAAACTTT
TATCGCTTTGGCCGCTTTCGACCAGGAGGCTGTAGTAGGTGCGTTGGCAGCCT
ATGTTCTTCCTAAATTCGAGCAACCGCGTAGCGAAATTTACATCTATGATCTT
GCAGTCTCCGGCGAACATCGCCGTCAGGGGATCGCCACAGCTTTAATCAACC
TTTTGAAGCATGAGGCTAATGCACTITGGAGCGTACGTGATTITATGTGCAGGCT
GACTACGGTGATGATCCTGCAGTCGCTCTGTACACCAAACTGGGTATCCGCG
AGGAGGTCATGCACTTTGATATTGACCCGTCGACGGCTACCTAAGTTCTGITG
GTAAAGATGGGCGGCGTTCTGCCGCCCGTTATCTCTGTTATACCTTTCTGATAT
TTGTTATCGCCGATCCGTCTTTCTCCCCTTCCCGCCTTGCGTCAGG

fabl-sfGFP-DAS+4- gentR

AAAGACTTCCGCAAAATGCTGGCTCATTGCGAAGCCGTTACCCCGATTCGCC
GTACCGTTACTATTGAAGATGTGGGTAACTCTGCGGCATTCCTGTGCTCCGAT
CTCTCTGCCGGTATCTCCGGTGAAGTGGTCCACGTTGACGGCGGTTTCAGCAT
TGCTGCAATGAACGAACTCGAACTGAAAGGGGGTTCAGGCGGGTCGGGTGG

Cgtgagcaagggcgaggagctgttcaccggggtggtegcccatectggtegagetggacggegacgtaaacggecacaa
gttcagcgtgegeggcgagggcgaggecgatgccaccaacggcraagcetgaccctgaagttcatetgeaccaccggceaag
ctgeecgtgecctggeccaccctegtgaccaccctgacctacggegtgeagtgcttcagecgetaccecgaccacatgaagce
gccacgacttcttcaagtecgecatgeccgaaggcetacgteccaggagegcaccatcagettcaaggacgacggcacctaca
agacccgegecgaggtgaagticgagggcgacaccctggtgaaccgcatcgagetgaagggcatcgacttcaaggage
acggcaacatcctgggeocacaagetggagtacaacttcaacagecacaacgtctatatcaccgecgacaageagaagaac
ggcatcaaggccaacttcaagatccgcecacaacgtggaggacggcagegtgcagetcgecgaccactaccagcagaaca
cccccateggegacggecccgtgcetgetgeccgacaaccactacctgageacccagtecgtgctgagcaaagaccccaac
gagaagcgcgatcacatggtectgcetggagttcgtgaccgecgecgggatcactcacggeatggacgagcetgtacaagG
GTGGGGGTGGGAGCGGCGGCGGTGGCTCCGCGGCCAACGATGAAAACTATT
CTGAAAACTATGCGGATGCGTCTTAATGACGAATCCATGTGGGAGTTTATTCT
TGACACAGATATITATGATATAATAACTGAGTAAGCTTAACATAAGGAGGAA
AAACATATGTTGCGTAGCTCTAACGATGTGACGCAACAAGGTTCGCGTCCAA
AGACAAAATTGGGAGGCAGTAGCATGGGGATCATTCGCACTTGTCGCCTGGG
GCCAGACCAGGTGAAGTCAATGCGTGCGGCTCTGGACTTATTCGGGCGCGAA
TITGGAGATGTAGCCACTTACTCACAGCACCAACCGGACAGTGATTACTTGG
GGAATTTACTTCGCAGTAAAACTTTTATCGCTTITGGCCGCTTTCGACCAGGAG
GCTGTAGTAGGTGCGTTGGCAGCCTATGTTCTTCCTAAATTCGAGCAACCGCG
TAGCGAAATTTACATCTATGATCTTGCAGTCTCCGGCGAACATCGCCGTCAGG
GGATCGCCACAGCTTTAATCAACCTTTTGAAGCATGAGGCTAATGCACTTGGA
GCGTACGTGATITATGTGCAGGCTGACTACGGTGATGATCCTGCAGTCGCTCT
GTACACCAAACTGGGTATCCGCGAGGAGGTCATGCACTTTGATATTGACCCG
TCGACGGCTACCTAAGTTCTGTTGGTAAAGATGGGCGGCGTTCTGCCGCCCGT
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TATCTCTGTTATACCITTICTGATATTTGTTATCGCCGATCCGTCITTCTCCCCTT
CCCGCCTTGCGTCAGG

udhA-DAS+4-bsdR

TCTGGGTATTCACTGCTTTGGCGAGCGCGCTGCCGAAATTATTCATATCGGTC
AGGCGATTATGGAACAGAAAGGTGGCGGCAACACTATTGAGTACTTCGTCAA
CACCACCTTTAACTACCCGACGATGGCGGAAGCCTATCGGGTAGCTGCGTTA
AACGGTTTAAACCGCCTGTTTGCGGCCAACGATGAAAACTATTCTGAAAACT
ATGCGGATGCGTCITAATAGTTGACAATTAATCATCGGCATAGTATATCGGCA
TAGTATAATACGACTCACTATAGGAGGGCCATCATGAAGACCTTCAACATCT
CTCAGCAGGATCTGGAGCTGGTGGAGGTCGCCACTGAGAAGATCACCATGCT
CTATGAGGACAACAAGCACCATGTCGGGGCGGCCATCAGGACCAAGACTGG
GGAGATCATCTCTGCTGTCCACATTGAGGCCTACATTGGCAGGGTCACTGTCT
GTGCTGAAGCCATTGCCATTGGGTCTGCTGTGAGCAACGGGCAGAAGGACTT
TGACACCATTGTGGCTGTCAGGCACCCCTACTCTGATGAGGTGGACAGATCC
ATCAGGGTGGTCAGCCCCTGTGGCATGTGCAGAGAGCTCATCTCTGACTATGC
TCCTGACTGCITTGTGCTCATTGAGATGAATGGCAAGCTGGTCAAAACCACCA
TTGAGGAACTCATCCCCCTCAAGTACACCAGGAACTAAAGTAAAACTTTATC
GAAATGGCCATCCATTCTTGCGCGGATGGCCTCTGCCAGCTGCTCATAGCGGC
TGCGCAGCGGTGAGCCAGGACGATAAACCAGGCCAATAGTGCGGCGTGGTTC
CGGCTITAATGCACGG

ydbKp-sfGFP

TGATTGCAGTCCAGTTACGCTGGAGTCTGAGGCTCGTCCTGAATGATATCAAG
CTTGAATTCGTTCCTACAGCGTTTGCCGTTGGGTAATGCACACATCCCAATCG
CCGTACCATCCAGTTGACGGGCAACAGAAAGCGAACCGCCGATCATTGCACA
ATTTGCTTCTCCACTACTGGACATCGACGCTTTTAAACCTGGCGCTACGTGCG
CGGCAGTCGCCTGCTGAACAGGTTCACTACTACACGCCGACAACAATAAAGC
GGCACACCCTACCCAAAACGCTGCTCGCATCTTTTCTTCCTCTGATCTTCAAG
CCAAACGACACCGCCATAAATAATAGGCAGCACAGAGGGCGGCGTCGAGAG
CTGTCCTGCGCGTTGCCCCGCATTITTACTITITITATGGCTATTTITITTGCCCTCT
GTTTGATCAAAACATTCATTACGCTGATGTGGGGGACACAAAAGCGAAAATG
CAGAAGAAAGCCATTTGCTAAAATTGAAAGATTACTACTGGGCGCGCAGCAA
TTTCGTGCGCCCCTCATTCTGTGTAGGAGGATAATCTATGGTGAGCAAGGGCG
AGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGT
AAACGGCCACAAGTTCAGCGTGCGCGGCGAGGGCGAGGGCGATGCCACCAA
CGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCC
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TGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTITCAGCCGCTA
CCCCGACCACATGAAGCGCCACGACTTCTTCAAGTCCGCCATGCCCGAAGGC
TACGTCCAGGAGCGCACCATCAGCTTCAAGGACGACGGCACCTACAAGACC
CGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTG
AAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAG
TACAACTTCAACAGCCACAACGTCTATATCACCGCCGACAAGCAGAAGAAC
GGCATCAAGGCCAACTTCAAGATCCGCCACAACGTGGAGGACGGCAGCGTG
CAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGC
TGCTGCCCGACAACCACTACCTGAGCACCCAGTCCGTGCTGAGCAAAGACCC
CAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGG
ATCACTCACGGCATGGACGAGCTGTACAAGTAATGAGACGAATTCTCTAGAT
ATCGCTCAATACTGACCATTITAAATCATACCTGACCTCC

proD-mcherry

GGATCCCCCTCAAGTCAAAAGCCTCCGGTCCGCAAAAAACCCCGCTITCGGCG
GGGTTTTTTCGCACGTCTCCATCGCTTGCCCAAGTTGTGAAGCACAGCTAACA
CCACGTCGTCCCTATCTGCTGCCCTAGGTCTATGAGTGGTTGCTGGATAACTTT
ACGGGCATGCATAAGGCTCGTATAATATATTCAGGGAGACCACAACGGTTTC
CCTCTACAAATAATTTTGTTTAACTTTGATCGCATGGTTGCTACTAGAGAAAG
AGGAGAAATACTAGATGGTGAGCAAGGGCGAGGAGGATAACATGGCCATCA
TCAAGGAGTTCATGCGCTTCAAGGTGCACATGGAGGGCTCCGTGAACGGCCA
CGAGTTCGAGATCGAGGGCGAGGGCGAGGGCCGCCCCTACGAGGGCACCCA
GACCGCCAAGCTGAAGGTGACCAAGGGTGGCCCCCTGCCCTTCGCCTGGGAC
ATCCTGTCCCCTCAGTTCATGTACGGCTCCAAGGCCTACGTGAAGCACCCCGC
CGACATCCCCGACTACTTGAAGCTGTCCITCCCCGAGGGCTITCAAGTGGGAG
CGCGTGATGAACTTCGAGGACGGCGGCGTGGTGACCGTGACCCAGGACTCCT
CCCTGCAGGACGGCGAGTTCATCTACAAGGTGAAGCTGCGCGGCACCAACIT
CCCCTCCGACGGCCCCGTAATGCAGAAGAAGACCATGGGCTGGGAGGCCTCC
TCCGAGCGGATGTACCCCGAGGACGGCGCCCTGAAGGGCGAGATCAAGCAG
AGGCTGAAGCTGAAGGACGGCGGCCACTACGACGCTGAGGTCAAGACCACC
TACAAGGCCAAGAAGCCCGTGCAGCTGCCCGGCGCCTACAACGTCAACATC
AAGTTGGACATCACCTCCCACAACGAGGACTACACCATCGTGGAACAGTACG
AACGCGCCGAGGGCCGCCACTCCACCGGCGGCATGGACGAACTGTACAAGT
AATAAGGACGAGCCTCAGACTCCAGCGTAACTGGA

proD-mcherry-DAS4
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GGATCCCCCTCAAGTCAAAAGCCTCCGGTCCGCAAAAAACCCCGCTITCGGCG
GGGTTTTTTCGCACGTCTCCATCGCTTGCCCAAGTTGTGAAGCACAGCTAACA
CCACGTCGTCCCTATCTGCTGCCCTAGGTCTATGAGTGGTTGCTGGATAACTTT
ACGGGCATGCATAAGGCTCGTATAATATATTCAGGGAGACCACAACGGTTTC
CCTCTACAAATAATTTTGTTTAACTTTGATCGCATGGTTGCTACTAGAGAAAG
AGGAGAAATACTAGATGGTGAGCAAGGGCGAGGAGGATAACATGGCCATCA
TCAAGGAGTTCATGCGCTTCAAGGTGCACATGGAGGGCTCCGTGAACGGCCA
CGAGTTCGAGATCGAGGGCGAGGGCGAGGGCCGCCCCTACGAGGGCACCCA
GACCGCCAAGCTGAAGGTGACCAAGGGTGGCCCCCTGCCCTTCGCCTGGGAC
ATCCTGTCCCCTCAGTTCATGTACGGCTCCAAGGCCTACGTGAAGCACCCCGC
CGACATCCCCGACTACTTGAAGCTGTCCTTCCCCGAGGGCTTCAAGTGGGAG
CGCGTGATGAACTTCGAGGACGGCGGCGTGGTGACCGTGACCCAGGACTCCT
CCCTGCAGGACGGCGAGTTCATCTACAAGGTGAAGCTGCGCGGCACCAACTT
CCCCTCCGACGGCCCCGTAATGCAGAAGAAGACCATGGGCTGGGAGGCCTCC
TCCGAGCGGATGTACCCCGAGGACGGCGCCCTGAAGGGCGAGATCAAGCAG
AGGCTGAAGCTGAAGGACGGCGGCCACTACGACGCTGAGGTCAAGACCACC
TACAAGGCCAAGAAGCCCGTGCAGCTGCCCGGCGCCTACAACGTCAACATC
AAGTTGGACATCACCTCCCACAACGAGGACTACACCATCGTGGAACAGTACG
AACGCGCCGAGGGCCGCCACTCCACCGGCGGCATGGACGAACTGTACAAGG
CGGCCAACGATGAAAACTATTCTGAAAACTATGCGGATGCGTCTTAATAAGG
ACGAGCCTCAGACTCCAGCGTAACTGGA

Table 3: Oligos used in this study for plasmid and strain confirmations

Oligo | Sequence

SL1 CAG TCC AGT TAC GCT GGA GTC

SR2 GGT CAG GTATGA TTT AA ATGG TCA GT

SR2F ACTGACCATTTAAATCATACCTGACC

SLIR GACTCCAGCGTAACTGGACTG

sspB_k | CTGGTACACGCTGATGAACACC

an_F
sspB_k | CTGGTCATTGCCATTTGTGCC
an_R
sspB_c | GAATCAGAGCGTTCCGACCC
onf F

sspB_c | GTACGCAGTTTGCCAACGTG
onf R
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cas3_tet

AATAGCCCGCTGATATCATCGATAATACTAAAAAAACAGGGAGGC

A_F TATTATCCTAATTTTTGTTGACACTCTATC
cas3_sa | TACAGGGATCCAGTTATCAATAAGCAAATTCATTTGTTCTCCTTCAT
cB_R ATGATCAAAGGGAAAACTGTCCATATGC
cas3_co | CAAGACATGTGTATATCACTGTAATTC
nf F

cas3_50 | GCGATTGCAGATTTATGATTTGG

Odn

gltA_co | TATCATCCTGAAAGCGATGG

nf F

zwf_co | CTGCTGGAAACCATGCG

nf F

bsdR_i | GAGCATGGTGATCTTCTCAGT

ntR

zeoR_i | ACTGAAGCCCAGACGATC

ntR

gentR_i | GCGATGAATGTCTTACTACGGA

ntR

yibDpF | GTGCGTAATTGTGCTGATC

yibDpF | GATCAGCACAATTACGCAC

_rc

fabl_co | GCAAAATGCTGGCTCATTG

nf F

udhA_c | CAAAAGAGATTCTGGGTATTCACT

onf F

xylA_c | AGATGGCGAGCTGGATA

onf F

ampR_i | AGTACTCAACCAAGTCATTCTG

ntR

Table 4: Oligos used for pPCASCADE plasmid construction

Plasmids/pri | Sequences
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mers name

xylA GGAGTGCCCAATATTACGACATCATCCATCTCGAGTTCCCCG
CGCCAGCGGGGATAAACCG
xylA-FOR CCAGCGGGGATAAACCGGGAGTGCCCAATATTAC
xylA-REV CTTGCCCGCCTGATGAATGCTCATCCGG
Table 5: Strains used for Dynamic Control over protein levels

RFP Strain | Plasmid Host Strain
mCherry- pCDF-mcherryl DLE_Z002
control
Proteolysis | pCDF-mcherry2 DLF_Z70025
Silencing pCDF-mcherryl+pCASCADE-proD DLF_Z01517
Proteolysis | pCDF-mcherry2+pCASCADE-proD DLF_Z0025
+Silencing

Table 6: Xylitol Specific reactions added to the metabolic model
Name Reaction Identifier
Xylose h_c+nadph_c+xyl_D_c=nadp_c+xylt_c XYLR
reductase
Xylitol xylt_e = EX_xylt_e
exchange
Xylitol xylt_e = xylt_c XYLTt
transport via
passive
diffusion
Flavodoxin 2.0 flxso_c + nadph_c = 2.0 flxr_c +h_c +nadp_c FLDR2
reductase
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(NADPH)

Table 7: Metabolic model validation with different carbon sources and oxygen
levels.
(A1l flux values are expressed in nmol/gDW*hr)

Only C.S Flux Oxygen Flux Biomass Flux Previously reported
Carbon obtained from Biomass Flux*
Source model

Glucose | -8.8 -30 (Aerobic) 0.771914 0.70+ 0.01

Glucose | -8.8 0 (Anaerobic) 0.253285 0.33 £0.02

Xylose [-9.5 -30 (Aerobic) 0.645282 0.50 +£0.02

Xylose [-9.5 0 (Anaerobic) 0.115445 0.13 £0.02

*Numbers taken from (Gonzalez et al., 2017)

Table 8: Strains modeled

Individual Valves Combinations of Valves

Strain | Valves Strain Valves

WT - Z-F zwf & fabl

Z zwf Z-G zwf & gltA

F fabl Z-X zwf & xylA

G gltA Z-F-G zwf, fabl & gltA
X xylA 7Z-G-U zwf, gltA & udhA
U udhA
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Figure 10: XyrA expression and purification from BL21(DE3).

Left: A time course of expression post phosphate depletion, whole cell lysates
demonstrate expression of XyrA. Densitometry indicates an expression level of ~ 20%.
Middle: Purification of XyrA (which contains an N-terminal 6 X histidine tag) via
IMAC. Right Kinetic analysis of purified XyrA. Initial velocity (uM/s) is plotted as a

function of substrate (xylose) concentration.
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Figure 11: Agarose gel electrophoretic analysis of gRNA array stability.
Colony PCR was used to amplify and size gRNA arrays from 8 clones after
transformation into host strains engineered for dynamic metabolic control. Red
indicates PCR products are taken from sequence confirmed gRNA arrays with 1, 2, or
3 gRNAs respectively. a) Strain DLF_Z0025, white labels: pCASCADE-ev, yellow
labels: pCASCADE-g2, b) Strain DLF_Z0025, white labels: pPCASCADE-z, yellow
labels: pPCASCADE-fg2, c¢) White labels: Strain DLF_Z0044, pCASCADE-fg2, yellow
labels: DLF_Z0025, pCASCADE-fg2, d) White labels: Strain DLF_Z0046, pCASCADE-
g2, yellow labels: DLF_Z1002 pCASCADE-fg2.
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Figure 12: Specific xylitol production under combination of the stoichiometric
and regulatory approaches (the “FZ” valves with “U” and or “X” valves).
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Figure 13: Modelled NADPH producing reactions and pathways for Xylitol
production in different production strains.
a) Specific reactions fluxes during xylitol production. b) Pathway percentage
fluxes for xylitol production.
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3. Dynamic control over feedback regulation identifies a
key role for pyruvate-ferredoxin oxidoreductase in
central metabolism in stationary phase E. coli

This work has been pre-printed in bioRxiv and in the review process for Metabolic
Engineering. In addition, some of these data have been published in Metabolic Engineering
with the title of Two-stage dynamic deregulation of metabolism improves process
robustness & scalability in engineered E. coli. I have got the permission to use these
papers for my dissertation thesis here. The detailed information about author

contributions and acknowledgements are detailed below.

Li, S.; Ye, Z.; Lebeau, J.; Moreb, E. A.; Lynch, M. D., Dynamic control over feedback
regulation identifies pyruvate-ferredoxin oxidoreductase as a central metabolic enzyme in stationary

phase E. coli. bioRxiv 2020, 2020.07.26.219949. In review for Metabolic Engineering.

Ye, Z.; Li, S.; Hennigan, J. N.; Lebeau, J.; Moreb, E. A.; Wolf, ].; Lynch, M. D,
Two-stage dynamic deregulation of metabolism improves process robustness &
scalability in engineered E. coli. Metabolic Engineering 2021, 68,106-118.

S.Li, Z Ye and J. Lebeau constructed strains and plasmids and performed
microfermentation, fermentation and analytical analyses. E.A. Moreb performed
microfermentations. S. Li, Z. Ye, E.A. Moreb, J. Lebeau, and M.D. Lynch prepared,
edited and reviewed the manuscript.

We would like to acknowledge the following support: the National Science
Foundation (NSF): EAGER: 1445726, the Defense Advanced Research Projects Agency
(DARPA): HR0011-14-C-0075, ONR YIP #12043956, and DOE EERE grant #EE0007563
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and financial support from DMC Biotechnologies, Inc. We would also like to

acknowledge Daniel Rodriguez for his help in constructing strain DLF_00286.

3.1 Introduction

Historically most metabolic engineering strategies aimed at improving strain
performance have relied on the overexpression of desired pathway enzymes and
deletion and/or downregulation of competing biochemical activities. Over the last
several decades, stoichiometric models of metabolism have helped to move the field
from manipulating gene expression levels to manipulating networks, which can now be
designed to couple growth with product formation, and selection can be used to
optimize for both.16117

Remaining limitations to these approaches are the metabolic boundary
conditions required for cellular growth. Over the past decade dynamic metabolic control
has become one approach to balance fluxes in a more controlled way.%%1812! Sjgnificant
efforts have been made to develop tools for dynamic metabolic control including control
systems, metabolic valves, sensing and modeling approaches. 47.54118120122123 However to
date, previous work has largely focused on dynamically redirecting fluxes by switching
“OFF” pathways that stoichiometrically compete with a desired pathway.>* Two-stage
dynamic control (Figure 14a-b), with a productive stationary phase, offers a potential
engineering strategy to overcome many limitations, by switching to a production state

where metabolite and enzyme levels can be pushed past the boundaries required for
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growth.2#4750 We have recently reported the improved stationary phase production of
xylitol in engineered E. coli by using two-stage control to deregulate metabolism.?

In this study, as illustrated in Figure 14b-c, we investigate the impact of two-
stage dynamic control of two central metabolic pathways (the tricarboxylic acid (TCA)
cycle and pentose phosphate pathway (PPP)) on stationary phase flux through
glycolysis and pyruvate oxidation to acetyl-CoA. We accomplish this by using synthetic
metabolic valves,# 50118124125 to dynamically reduce levels of the first committed step in
each pathway, namely citrate synthase (GltA, “G”, encoded by the gltA gene) and
glucose 6-phosphate dehydrogenase (Zwf, “Z”, encoded by the zwf gene). We have
previously demonstrated that metabolic valves utilizing the combination of silencing
and proteolysis (Figure 14b) resulted in a >95% reduction in Zwf levels and an 80%
reduction in GlItA levels.?* We show that the control over these two enzymes improves
stationary phase production of citramalate, and has applicability in the production of
numerous products requiring pyruvate and/or acetyl-CoA. Importantly, we also
demonstrate that these improvements in flux are attributable to the synergistic
combination of 2 regulatory effects (Figure 14c). First alleviating inhibition of PTS-
dependent sugar uptake and secondly increasing expression of pyruvate ferredoxin
oxidoreductase (YdbK) responsible for acetyl-CoA synthesis.

This work, to our knowledge, reports the highest citramalate titer produced in
engineered strains. Yet perhaps more significantly, this work also reports a new

fundamental understanding of stationary phase metabolism in E. coli. We identify a role
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for aKG in regulating sugar uptake and metabolism in phosphate limited stationary
phase. We also identify YdbK as a central metabolic enzyme in stationary phase,
showing that YdbK, not pyruvate dehydrogenase, is primarily responsible for pyruvate
oxidation in phosphate limited stationary phase. The magnitude of flux through YdbK,
an oxygen labile enzyme often thought to be active only in anaerobic conditions, is both
unexpected and an example of the uncharacterized metabolic potential of even the most

well characterized microbes.
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Figure 14: An overview of two-stage metabolic control enabling dynamic
reduction of key enzymes in stationary phase.

a) Biomass growth is accompanied by depletion of a limiting nutrient (in this
case phosphate). Once phosphate is depleted metabolic valves are “turned” to
enhance stationary phase product synthesis b) Genetic circuitry underlying the
dynamic control over protein levels in phosphate limited stationary phase. Strains are
engineered to enable (i) the expression of the native E. coli Cascade complex capable
of gene silencing, (ii) the low phosphate inducible expression of the SspB chaperone
and (iii) a plasmid enabling the low phosphate induction of a gRNA array, which
along with the nuclease deficient Cascade complex (iv) enabling the silencing of a
target promoter (in this case the gltAp2 and/or zwf promoters). The chromosoma gltA
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and zwf genes are also engineered to (v) append C-terminal DAS+4 degron tags. Once
translated the C-terminal tags (vi) allow for (vii) controlled ClpXP proteolysis upon
induction of the SspB chaperone. ¢) Dynamic reduction in GItA and Zwf levels
improve citramalate production. Reduced GItA activity reduces «KG pools and
alleviates aKG mediated inhibition of PTS-dependent glucose uptake (specifically,
PtsI), improving glucose uptake rates, glycolytic fluxes and pyruvate production.
Reduced Zwf activity reduces NADPH levels thereby activating the SoxRS regulon
and increases activity of the pyruvate-ferredoxin oxidoreductase (Pfo, ydbK)
improving acetyl-CoA fluxes.

3.2 Results

3.2.1 Dynamic control over Citrate Synthase and Glucose-6P
Dehydrogenase levels Synergistically Improve Stationary Phase
Citramalate Synthesis.

Citramalate is an important precursor to the industrial chemicals itaconic acid
and methyl methacrylate, as well as an intermediate in branched chain amino acid
biosynthesis.!?130 In order to produce citramalate, we leveraged a citramalate synthase
which produces one mole of citramalate from one mole of pyruvate and one mole of
acetyl-CoA (Figure 15a).13! More specifically, we used a robust, low phosphate inducible
promoter expressing a previously reported feedback resistant mutant citramalate
synthase (cimA3.7).6062132

Using this construct, we screened a set of “valve” strains for the two-stage
production of citramalate. Specifically, these strains included a set of “G” and “Z” valve
strains (Figure 14c, Figure 15a). Refer to Table 9 for a list of plasmids and strains used in
this study. Of this set, the best producing strain had both “G” and “Z” valves (Figure
15b, Figure 22). Importantly, the combination of “G” and “Z” valves was synergistic

compared to either valve alone. According to the microfermentation results (Figure
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15b), "G" and "Z" valves resulted in 114% and 27% of increase in production rate
respectively, with the "GZ" combination resulting in 326% productivity improvement.
We next evaluated these strains in instrumented bioreactors. Minimal media fed
batch fermentations were performed as previously reported®, where phosphate
concentration limits biomass levels and once consumed expression of the silencing
gRNAs and the SspB chaperone are induced (Figure 14c). The control strain made
reasonable citramalate titers (~40g/L, Figure 15c). However, the combined “GZ” valve
strain had the highest citramalate production, reaching titers of ~100 g/L. (Figure 23)
This process was then intensified, by increasing biomass levels from ~ 10gCDW/L to ~
25gCDW/L, leading to titers of 126+/-7 g/L. This process is illustrated in Figure 15d.
Refer to Figure 23 for the time courses for additional fermentations. For the best strain,
the overall process yields were 0.74-0.77 g citramalate/g glucose and during the
production phase yields approached theoretical yields achieving 0.80-0.82 g
citramalate/g glucose. The theoretical yield for citramalate from glucose is 1 mole/mole

or 0.817g/g.
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Figure 15: Improved citramalate biosynthesis by GItA and Zwf valves.

a) Metabolic valves enabling dynamic reduction of Zwf (glucose-6-Phosphate
dehydrogenase) and/or GItA (citrate synthase) levels were evaluated for citramalate
production. b) The impact of dynamic control over GItA and Zwf levels on
citramalate production in minimal media microfermetnations. (c-d) Citramalate and
biomass production were measured for the control strain and the “GZ” valve strain.
Citramalate and biomass production were measured for the (c) control strain in a
10gCDW/L fermentation and (d) the “GZ” valve strain in a 25gCDW/L fermentation.
(c) Duplicate runs, biomass levels in gray and black, citramalate titers in green and
blue. (d) The average of triplicate runs, biomass black and citramalate green. Dashed
line represents growth not confirmed with offline data.
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Table 9: Plasmids & Strains used in this study

Plasmids
Name Insert Promoter Origin | Resistance | Addgene | Source
PSMART- - - colE1l [ Kan - Lucigen
HC-Kan
pHCKan- cimA3.7 yibDp 62 colE1l [ Kan 60
cimA3.7
pCASCADE- | -- ugpBp ¢ pl5a Cm 65821 73
ev
pCASCADE- | gltAp2 ugpBp ¢ pl5a Cm 65817 73
g2 gRNA
pCASCADE- | zwfp gRNA | ugpBp® pl5a Cm 65825 73
z
pCASCADE- | gltAp2, ugpBp®? pl5a Cm 71338 73
g2z zwfp gRNA
array
pHCKan- stGFP ydbKp colEl | Kan 159413 2
ydbKp-
stGFP
Strains
DLF_Z0025 | F-, A-, A(araD-araB)567, lacZ4787(del)(::rrnB-3) , rph-1, A(thaD- | %
rhaB)568, hsdR514, AackA-pta, ApoxB, ApflB, AldhA, AadhE,
AiclR, AarcA, AsspB, Acas3:tm-ugpb-sspB-]23100p-casA
DLF_Z0043 | DLF_Z0025, gltA-DAS+4-zeoR 24
DLF_Z1002 | DLF_Z0025, zw{-DAS+4-bsdR 2
DLF_70044 | DLF_Z0025, gltA-DAS+4-zeoR, zwf-DAS+4-bsdR 2
DLF_00286 | DLF_Z0025, AptsG:proCp-glk, HCEp-galP This study
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DLF_Z70048 | DLF_Z0025, gltA-DAS+4-zeoR, zwf-DAS+4-bsdR, Ipd-DAS+4- This study
gentR
DLF_Z1722 | DLF_Z0025, gltA-DAS+4-zeoR, zwf-DAS+4-bsdR, Aydbk-apmR | This study
DLF_S0025 F-, A-, A(araD-araB)567, 1acZ4787(del)(::rrnB-3) , rph-1, A(rthaD- | 7
rhaB)568, hsdR514, AackA-pta, ApoxB, ApflB, AldhA, AadhE,
AiclR, AarcA, AsspB , Acas3::tm-ugpb-sspB-yibDp-casA
DLF_S0043 | DLE_S0025, gltA-DAS+4-zeoR This study
DLF_S1002 | DLF_S0025, zwf-DAS+4-bsdR This study
DLF_S0044 | DLF_S0025, gltA-DAS+4-zeoR, zwf-DAS+4-bsdR This study
SL_0012 DLF_S0025, gltA-DAS+4-yibDp-soxS-purR This study
SL_0013 DLF_S0025, gltA-DAS+4-yibDp-soxS-purR, Aydbk-apmR This study
SL_0014 DLF_S0025, AaceEF-tetR This study
SL_0015 DLF_S0043, AaceEF-tetR This study
SL_0016 SL_0012, AaceEF-tetR This study
SL_0017 SL_0013, AaceEF-tetR This study

3.2.2 a-Ketoglutarate is a key regulator of stationary phase
metabolism through PTS inhibition.

To investigate this synergy, we assessed the impact of “G” and “Z” valve
combinations on metabolic fluxes in minimal media microfermentations, performed
without any heterologous production pathway. As the strains used had deletions in the
major pathways leading to acetate production (poxB, and pta-ackA), pyruvate synthesis

was initially evaluated as a measure of metabolic fluxes through glycolysis (Figure 16a).
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The “G” valve had the largest impact on pyruvate production, with no detectable
product measured in a control strain without valves. (Figure 16b) The improved
production of pyruvate could be attributable either to a stoichiometric effect, wherein a
portion of flux normally entering the TCA cycle is redistributed to the overflow
metabolite, or alternatively to a more global increase in the sugar uptake rate enabling
greater overflow metabolism and pyruvate synthesis. To evaluate these two alternatives,
we measured the impact of the “G” valve on glucose uptake rates.

We hypothesized increased sugar uptake due to the “G” valve was due to a
direct regulatory effect of metabolites produced by the TCA cycle, namely -
ketoglutarate (aKG). aKG, a precursor to glutamic acid, has several key regulatory
roles, 1% including the regulation of sugar transport by direct inhibition of Enzyme I of
the PTS dependent glucose transporter (Figure 16a). This feedback regulation is a way to
coordinate sugar uptake with nitrogen assimilation (glutamate synthesis).!* To test our
hypothesis, we measured aKG pools in stationary phase, with and without the “G”
valve. The aKG pools in the control strain (DLF_Z0025) were 2.45+/- 1.12 pmoles/gCDW,
whereas in the presence of the “G” valve, aKG pools were below the limit of detection of

the mass spectrometry based method (Refer to Methods).
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Figure 16: Impact of the “G” valve on pyruvate production and glucose uptake.
a) Dynamic reduction in GItA reduces «KG pools and alleviates aKG
mediated inhibition of PTS-dependent glucose uptake (specifically, PtsI), improving
glucose uptake rates, glycolytic fluxes and pyruvate production. b) The impact of
control over GItA and Zwf levels on pyruvate production in minimal media
microfermentations. ¢) The impact of control over GItA and Zwf levels and dimethyl-
aKG supplementation on glucose uptake rates in microfermentations. (d) Pyruvate
and biomass production were measured for the control strain and the “G” valve
strain. The control strain’s biomass (gray) and pyruvate production (blue), as well as
the “G” valve strain’s biomass (black) and pyruvate production (green) are plotted as
a function of time. Dashed line represents extrapolated growth due to missed
samples.
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Additionally, we performed supplementation experiments, spiking 20mM
dimethyl-aKG (DM-aKG) into microfermentations at the onset of production. DM-aKG,
rather than aKG, was used as it has been shown to better cross the membrane, and then
be hydrolyzed to aKG.'** As seen in (Figure 16c), DM-aKG inhibited sugar uptake in
control cells as well as in strains with valves reducing GItA levels. We next assessed
strains with the “G” valve in instrumented bioreactors. Results comparing the control
host strain with a strain having control over GItA levels are given in (Figure 16d). In the
control strain, minimal levels of pyruvate (up to 2 g/L) were shown to transiently
accumulate while in the production strain sustained titers of 25g/L were obtained using
dynamic control over citrate synthase levels.

Lastly, we reasoned that if our hypothesis were correct, a strain engineered with
PTS independent glucose uptake would have improved stationary phase sugar uptake
independent of control over GItA levels. To evaluate this, we constructed a PTS-
independent (PTS(-)) variant of our two-stage host strain (Figure 17a). First, we deleted
the ptsG gene and replaced it with an additional constitutively expressed codon
optimized glucokinase (glk) allele. Second, we altered the promoter and 5" prime of the
native galP gene to enable constitutive expression.’®*!” The genomic changes in the
resulting strain, DLF_00286, are depicted in Figure 24. We first evaluated this PTS(-) host
as well as a derivative with a “G” valve, in two stage microfermentations for both
pyruvate production and glucose uptake. These results are given in Figure 17 b and c.

As expected, the PTS(-) strain had improved stationary phase pyruvate synthesis
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without the “G” valve, which had no statistical impact on pyruvate synthesis or glucose
uptake in microfermentations. Additionally, glucose uptake in the PTS(-) strain was
insensitive to DM-aKG supplementation. Increased pyruvate synthesis compared to the
PTS(+) strain, was also observed in instrumented fermentations, where the PTS(-) host
alone produced ~ 20 g/L pyruvate, and the addition of the “G” valve led to an increase in
maximal titer but not production rate (Figure 17d). Together these results support that
reduction in GItA levels and the subsequent reduction in aKG pools are primarily
responsible for improved sugar uptake rates and pyruvate biosynthesis in PTS(+)

strains. Importantly, this indicates that not only is aKG a regulator coordinating glucose
uptake with nitrogen assimilation, but also a key regulator of sugar uptake and

metabolism in phosphate limited stationary phase.
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Figure 17: Stationary phase sugar uptake and pyruvate synthesis is insensitive
to alpha-ketoglutarate levels in a PTS(-) strain of E. coli.
a) an overview of sugar uptake in a PTS(-) strain of E. coli. Strain DLF_00286
has a mutation in the ptsG gene eliminating PTS-dependent glucose uptake. Glucose
uptake is restored by overexpression of the galP galactose permease (which also can
transport glucose) as well as glucokinase (glk) which activates glucose. b) Pyruvate
production in 2-stage microfermentations in strain DLF_00286 and strain DLF_00286
with dynamic control of citrate synthase (GItA levels). Stationary phase pyruvate
synthesis is improved in strain DLF_00286 compared to the PTS(+) control (DLF_0025,
Figure 16). Two-stage control of citrate synthase (g/tA levels) does not improve
pyruvate synthesis in the DLF_00286 host background. c) Glucose uptake is
insensitive to dimethyl-a KG supplementation in PTS(-) strains. d) Pyruvate and
biomass production were measured for strain DLF_00286 and its “G” valve derivative
in instrumented fermentations. The control strain’s biomass (gray) and pyruvate
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production (blue), as well as the “G” valve strain’s biomass (black) and pyruvate
production (green) are plotted as a function of time.

3.2.3 Pyruvate ferredoxin oxidoreductase is a central metabolic
enzyme in stationary phase

We next turned our focus to understanding the role of the “Z” valve in
citramalate production. In the case of pyruvate, the “Z” valve had a relatively minor
impact on production (Figure 16b). Citramalate and pyruvate are similar products in
that they are both oxidized and require no redox cofactor (such as NADPH) for
biosynthesis. A key difference in the two products is that citramalate requires an
additional precursor, namely acetyl-CoA. We have recently reported, as illustrated in
Figure 14a, that reduction in Zwf levels leads to reduced NADPH pools, the induction of
the SoxRS regulon and subsequent increases in pyruvate ferredoxin oxidoreductase
(ydbK) expression.? These prior studies utilized xylose as a feedstock, which is
transported in a PTS-independent manner, and ydbK expression was found to be critical
to the increased production of NADPH in stationary phase. Reduced ferredoxin
generated by pyruvate ferredoxin oxidoreductase, can reduce NADP+ generating
NADPH.?. We hypothesized that the “Z-valve” dependent improvement in citramalate
production was dependent on improved acetyl-CoA production via YdbK. It is
important to note that the strains used for pyruvate and citramalate production have
deletions in poxB and pflB (which can lead to acetyl-CoA synthesis) and initially we had
assumed all acetyl-CoA flux was through the well characterized pyruvate

dehydrogenase (PDH) multienzyme complex.!31% To our surprise, as shown in Figure
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18, proteolytic degradation of Lpd (a subunit of PDH), had a minimal effect on
stationary phase citramalate production. In contrast, a ydbK deletion in the strain
containing both “G” and “Z” valves significantly reduced citramalate synthesis
confirming a role of YdbK in acetyl-CoA flux.

YdbK has been shown to be induced upon oxidative stress via the SoxRS regulon
(which is regulated by oxidant levels and NADPH pools).2#7880140141 As Zwtf is a primary
source of cellular NADPH, reduction is expected and has been reported to reduce
NADPH levels.* We next confirmed that expression was correlated with alterations in
NADPH levels caused by reductions in Zwf activity. This was accomplished using a
plasmid with a stGFP reporter driven by the ydbK gene promoter (Figure 18b). The “Z”
valve strain had reasonable ydbK promoter expression although decreased from the
control, and the combined “GZ” valve recovered significant expression when compared
to the “G” valve alone. Lastly, we measured YdbK activity in the lysate of our PTS(+)
host strain, as well as derivatives with “G” and “GZ” valves. These data are given in
Figure 18c. Interestingly the control showed significant basal YdbK activity. The “G”
valve led to reductions in activity and the addition of the “Z” valve led to significant
increases above basal levels. Importantly, control strains have significant YdbK activity
in stationary phase, indicating a central role for this enzyme in stationary phase
metabolism. However, the absolute YdbK activity of the control strain (relative value =
1) was only measured to be ~ 28 nanomoles/min-gram of total protein. If an accurate

activity, this absolute level is far too low to support our observed fluxes. Under ideal
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assumptions, specific citramalate production rates of ~0.5g/gCDW-hr (~56 umoles
citramalic acid /gCDW-min or ~ 28 umoles citramalic acid /min-gram of total protein)
would require 1000-fold higher activity levels assuming all acetyl-CoA is produced via
YdbK. As a result, these results are better interpreted as relative levels. This iron-sulfur
containing enzyme is oxygen sensitive and may well require continuous reactivation for

optimal activity in vivo.142144

3.2.4 SoxS expression is sufficient to increase acetyl-CoA flux and
citramalate synthesis

We next wanted to evaluate whether SoxRS activation alone was sufficient for
improved YdbK activity, acetyl-CoA flux and citramalate synthesis. Toward this goal we
constructed PTS(+) strains with a “G” valve, and a chromosomally integrated (behind
the gltA-DAS+4 gene) low phosphate inducible, codon optimized soxS allele (Figure
19a). SoxS is the transcriptional activator of the SoxRS regulon and should be sufficient
to enhance ydbK expression.!#>14 These strains were evaluated for stationary phase
citramalate production in microfermentations. Results are given in Figure 19b. The
addition of the inducible soxS$ allele led to improvements in citramalate synthesis when
compared to the “G” valve alone and these levels were equivalent to those observed
with both the “G” and “Z” valves. The deletion of ydbK in this background reduced
citramalate production as expected. It is worth noting that strains used in these studies
are derivatives of DLF_S0025, a PTS (+) host very similar to DLF_Z0025, wherein

constitutive expression of the Cascade operon (Figure 14c) is replaced with low
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phosphate inducible expression. This change has been shown to improve the stability of
pCASCADE-gRNA silencing arrays in these strains.” These results indicate that SoxS
activation alone is sufficient to improve YdbK levels and acetyl-CoA flux, and that the
“Z” valve is effective only in that it modifies NADPH pools and induces the SoxRS
regulon. We also attempted to investigate whether ydbK overexpression alone enables
improved acetyl-CoA flux. Unfortunately, while we were able to clone ydbK behind an
inducible promoter onto a plasmid, the introduction of this plasmid into our production
hosts resulted in significant growth defects. Importantly, as YdbK is an iron sulfur
cluster containing enzyme, additional reactivating systems are likely needed to maintain
its activity under aerobic conditions.!¥>1# SoxS activation in stationary phase may well
be needed to induce or maintain the activity of potential reactivation systems. Further
work is needed to determine whether ydbK expression alone, without soxS expression,

is sufficient in enabling improved acetyl-CoA flux and citramalate production.
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Figure 18: The metabolic role of YdbK in acetyl-CoA flux.
a) Acetyl-CoA flux is dependent on Pfo (YdbK) activity.The impacts of the
proteolytic degradation of Lpd (Ipd-DAS+4, a subunit of the pyruvate dehydrogenase
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multienzyme complex) and a deletion in ydbK were assessed for citramalate
production in the “GZ"”valve background. b) NADPH pools (light gray bars) and
ydbK expression levels (green bars) in engineered strains. Expression of a superfolder
GFP (sfGFP) reporter is driven by the ydbK promoter. c) relative stationary phase
ydbK enzyme activity as a function of “G” and “Z” valves.

3.2.5 The pyruvate dehydrogenase multienzyme complex is not
required for stationary phase acetyl-CoA production

Results discussed above (including those in Figure 18a) strongly support the role
of YdbK in stationary phase acetyl-CoA synthesis, and as a result, we wanted to clarify
the role of PDH in stationary phase pyruvate oxidation. Toward this goal we
constructed strains with deletions of the aceEF genes, corresponding to two components
of the multienzyme pyruvate dehydrogenase complex (Figure 19¢). In these strains we
left Ipd intact as it is also a subunit of the alpha ketoglutarate dehydrogenase complex
and glycine cleavage pathway.'#”148 Strains with these deletions were evaluated in 2-
stage microfermentations. It is important to note that acetoacetate was added to the
media during the growth stage of the microfermentations. Acetoacetate can be taken up
and catabolized into acetyl-CoA even in glucose minimal media.'* Results are given in
Figure 19d. The deletion of aceEF had no impact on citramalate production. While the
evidence for YdbK's role in stationary phase acetyl-CoA synthesis is strong, we were
surprised that PDH seemed to have no role in stationary phase pyruvate oxidation at
least in our experimental system. In strains with an intact PDH, there is likely enzyme
still present in stationary phase, so this suggests a potential yet to be determined

mechanism to regulate PDH activity upon phosphate depletion. Equally interesting and
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surprising, is the fact that strains with deletions in aceEF as well as ybdK, maintained a
basal level of citramalate production. In our two stage microfermentations, cells are
washed to remove all media before the productive stationary phase, so this result
suggests either a reserve of intracellular acetyl-CoA is used for citramalate synthesis
post wash, or there exists a yet undefined route for acetyl-CoA synthesis. Future work is
needed to more fully investigate this result, however it indicates that PDH is not
essential for stationary phase acetyl-CoA production and that YdbK has a primary role
in stationary phase pyruvate oxidation. The lack of impact of a PDH deletion, is unlikely
due to lack of enzyme, so this suggests a potential yet to be determined mechanism to

regulate PDH activity in phosphate limited stationary phase.
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Figure 19: The impact “Z” valve for Acetyl-CoA flux.

a) Acetyl-CoA flux is dependent on SoxS activation and can be improved
independently of the “Z” valve. Strains were engineered for the low phosphate
induction of SoxS (independent of NADPH pools and SoxR activation). This was
accomplished by engineering an extra copy of soxS on the chromosome, induced by
the low phosphate inducible yibD gene promoter. b) Citramalate production in
microfermentations in PTS(+) strains engineered with combinations of the “G” valve
and low phosphate inducible soxS. Importantly, deletion of ydbK in a strain with soxS
induction still reduces citramalate flux. c) Acetyl-CoA flux is independent of pyruvate
dehydrogenase activity. Strains with the “G” valve and a low phosphate inducible
soxS, were further engineered with deletions of the aceEF genes (two components of
the multi-enzyme pyruvate dehydrogenase complex (PDH)). d) Citramalate
production in microfermentations in PTS(+) strains engineered with combinations of
the “G” valve and low phosphate inducible soxS along with deletions of the aceEF
genes.
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3.3 Discussion

This study began with the observation of synergistic improvements in stationary
phase citramalate production due to the combination of “G” and “Z” valves, which
reduce flux through the TCA cycle and pentose phosphate pathways respectively. This
synergy can be explained by the control over two key regulators of stationary phase
metabolism, namely aKG inhibition of sugar uptake via the PTS transporter and
pyruvate oxidation via the pyruvate ferredoxin oxidoreductase (YdbK). While the “G”
valve alone improves sugar uptake and pyruvate synthesis in PTS(+) strains, it also leads
to elevated NADPH pools, reduced SoxRS activation and reduced ydbK expression
levels. So, while the “G” valve alone improves glucose uptake and pyruvate synthesis it
reduces pyruvate oxidation compared to no valve controls. The “Z” valve reduces
NADPH levels thereby increasing SoxRS activation and ydbK expression levels and
improving pyruvate oxidation rates. The combination of the “G” and “Z” valves
uniquely improves both glucose uptake and pyruvate synthesis as well as pyruvate
oxidation leading to synergistic improvements in acetyl-CoA synthesis and citramalate
production. Figure 20 illustrates a model of this synergistic mechanism.

While dissecting the mechanism underlying the synergy of “G” and “Z” valves
on acetyl-CoA fluxes, we have also gained a new fundamental understanding of
stationary phase metabolism in E. coli. Firstly, we have confirmed a new role for aKG in
regulating sugar uptake and metabolism in stationary phase. Not only is aKG a master

regulator balancing sugar uptake and nitrogen assimilation during growth,'3*134 but also
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a key regulator of sugar uptake upon phosphate depletion. In stationary phase, we
propose that aKG balances sugar uptake with reduced energy demands and that this
level of regulation is a primary contributor to reduced metabolic rates in PTS(+) strains.
While Chubokov et al,'® have attempted to engineer improved sugar uptake in nitrogen
limited stationary phase, results were modest even with PTS(-) strains. In our hands,
PTS(-) strains inherently have improved sugar uptake compared to a PTS(+) control
strain, but additionally dynamic control over aKG levels (such as via the “G” valve) can
be used to increase PTS dependent transport and stationary phase metabolism. Thus
two-stage control over citrate synthase is an important tool in improving stationary
phase metabolism and two-stage production, independent of its potential stoichiometric
role in reducing carbon loss through the TCA cycle. Venayak and colleagues'® have
highlighted the importance of GltA/citrate synthase as a central valve candidate for two-
stage metabolic control based on stoichiometric modelling.1?%15! However, these prior
studies and models have missed the importance of the regulatory role of downstream
metabolites, such as aKG. This work is another example demonstrating that increasing
flux by dysregulation of feedback control can have a large impact on production,
independent of stoichiometry or the minimization of competing pathways.?* The “G”
valve is an important tool in engineering two-stage fluxes as PTS dependent uptake has

the potential to be much faster than non-PTS sugar transport.!>
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Figure 20: A model for the synergistic activity of “G” and “Z” valves on acetyl-
CoA production through Pfo.

A combination of the “G” valve and “Z” valve are needed to i) increase sugar
uptake rates and ii) reduce NADPH pools. Decreased NADPH pools lead to lower
rates of reduction of the soxR iron-sulfur cluster, which is spontaneously oxidized.

Oxidized soxR activated expression of soxS, which in turn leads to increased
expression of ydbK and Pfo activity. We hypothesize that the oxygen labile Pfo is
continually reactivated in vivo by one or more enzymes that may also be subject to
soxSR regulation.

Secondly, we have learned that pyruvate ferredoxin oxidoreductase (YdbK) is a
central enzyme in stationary phase, and a primary source of pyruvate oxidation under
these conditions. While this is consistent with our prior reports on the role of YdbK in
generating NADPH in stationary phase?, in the current study not only is the magnitude
of flux through YdbK significantly higher, but we have demonstrated that effectively
pyruvate dehydrogenase is not needed for pyruvate oxidation under these conditions. In

effect, in phosphate limited stationary phase, central metabolism is quite different from
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our prior models as illustrated in Figure 21. In this new model, pyruvate oxidation (via
YdbK) is coupled to NADPH generation, rather than NADH generation. Of course,
these studies were performed in a phosphate limited stationary phase, and future work
is needed to confirm the importance of YdbK activity in physiologically distinct
stationary phase cultures, such as due to nitrogen limitation for example. And
although this work has focused on the role of YdbK in stationary phase metabolism, the
current studies do not preclude a more significant role for YdbK activity in exponential
phase metabolism. The role of YdbK is difficult to assess, as it is sensitive to oxygen,
difficult to measure and would not be differentiated from PDH in metabolomics studies
tracking labeled carbon.”8010514 More significant studies are required to further
understand the activation/reactivation of this enzyme under aerobic conditions and
what role it may play in central metabolic fluxes even during cell growth. This
fundamental understanding of metabolism will also enable improved future designs.
For example, while both the “Z” valve and soxS overexpression improve stationary
phase acetyl-CoA fluxes, the “Z” valve has secondary effect of lowering NADPH pools
and soxS expression may be a preferred option for products derived from acetyl-CoA

that also require NADPH as a cofactor.
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Figure 21: A model for stationary phase central metabolism.

Pyruvate generated via glycolysis is primarily oxidized via pyruvate
ferredoxin oxidoreductase (YdbK) to produce acetyl-CoA. In this reaction oxidized
ferredoxin/flavodoxin (Fd.) is reduced (Fd..). Flavodoxin/ferredoxin-NADP+ reductase
(Fpr) can produce NADPH from reduced ferredoxin/flavodoxin (Fd..).

More broadly, this work highlights the largely untapped potential of
dysregulation of regulatory mechanisms to improve metabolic fluxes as well as the
unique potential of stationary phase metabolism and two-stage production.247:5057.60
There remain significant uncharacterized differences in stationary phase metabolism as
compared to that of exponential growth, even in well modeled microbes such as E. coli.
Dynamic metabolic control in two-stage cultures is uniquely suited to implement these
strategies. Simply overexpressing key enzymes does not bypass native regulation and
the complete removal of central metabolic enzymes and/or metabolites will often lead to

growth defects and strains which need to evolve compensatory metabolic changes to
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meet the demands of growth. In contrast, changes to levels of central regulatory
metabolites in stationary phase enable rewiring of the regulatory network and metabolic

fluxes without this constraint.4”.50

3.4 Methods and Materials
3.4.1 Reagents and Media

Unless otherwise stated, all materials and reagents were purchased from Sigma
(St. Louis, MO). Luria Broth Lennox formulation was used for routine strain and
plasmid propagation and construction. FGM10, FGM25, SM10++ and SM10 no
phosphate media were prepared as previously reported.®*®2 Working antibiotic
concentrations were as follows: kanamycin: 35 pg/mL, chloramphenicol: 35 ug/mL,
zeocin: 100 pg/mL, blasticidin: 100 pug/mL, puromycin: 100 pg/mL, gentamicin: 10
pug/mL, apramycin: 100 pg/mL, tetracycline: 5 pug/mL. Importantly, in the case of
puromycin, selection was achieved by including 50mM phosphate buffer (pH=8.0) in
selective plates. Pyruvate (2-C=), glucose (6-Cr) and alpha ketoglutarate (5-Cr) were

obtained from Cambridge Isotopes.

3.4.2 Strains & Plasmids

Sequences of oligonucleotides and synthetic linear DNA (Gblocks™) used in
strain construction are given in Table 9 and they were obtained from Integrated DNA
Technologies (IDT, Coralville, IA). Strain BW25113 was obtained from the Yale Genetic
Stock Center (CGSC http://cgsc.biology.yale.edu/). Previously reported strains, in Table

9, were constructed as previously described. New strains were made using standard
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recombineering methodologies (Sharan et al., 2009) through scarless tet-sacB selection
and counterselection, strictly following the protocols of Li et al (Li et al., 2013) or by the
integration of antibiotic resistance cassettes and direct selection. (Li et al., 2021) The
recombineering plasmid pSIM5 and the tet-sacB selection/counterselection marker
cassette were kind gifts from Donald Court (NCI,
https://redrecombineering.ncifcrf.gov/court-lab.html). Chromosomal modifications were
confirmed by PCR amplification and sequencing (Eton Biosciences or Genewiz) using
paired oligonucleotides, either flanking the entire region. pHCKan-yibDp-cimA3.7,
pCASCADE silencing plasmids and pHCKan-ydbKp-sfGFP were constructed as
previously reported (Table 9). The stability of guide RNA arrays was confirmed by

colony PCR prior to strain evaluations as previously described.?*7

3.4.3 Microfermentations & Fermentations

96 well plate based microfermenations were performed by first growing cultures,
then harvesting the cells by centrifugation before washing them with phosphate free
media, as described by Moreb et al.®? In the case of dimethyl-aKG supplementation
experiments, 20mM dimethyl-aKG was added in SM10 no phosphate media for washing
and production. And for aceEF deletion strains microfermentations, the glucose in the
growth media (SM10++) was replaced with 90% glucose and 10% acetoacetate. Seed
cultures and fermentations in instrumented bioreactors were performed as described by

Menacho-Melgar et al.®®
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3.4.4 Pyruvate Ferredoxin Oxidoreductase Activity Assays.

Enzyme activity was obtained from lysates prepared as previously reported.?
Briefly, strains were cultured overnight in Luria Broth (Lenox formulation) media, and
then cells were inoculated into 20 mL of SM10++ media in 250 mL Erlenmeyer shake
flasks. After 16 hours of growth at 37 °C, the cells were harvested by centrifugation (4200
rpm, 4 °C, 10 mins). Next, the cell pellets were washed and resuspended by SM10 no
phosphate media. After 24 hours at 37 °C in phosphate free media with appropriate
antibiotics, the postproduction cells were harvested by centrifugation (4200 rpm, 4°C,
10mins). YdbK activity was quantified based on a previously reported
method, measuring the reduction of MV (methyl viologen).® First, the cell pellets from
SM10 no phosphate media was resuspended in Tris-HCI (100 mM, pH 7.5) extraction
buffer, containing 20% ethylene glycol, DTT (dithiothreitol, 1 mM), thiosulfate (10 mM),
TPP (thiamine diphosphate, 0.1 mM), -mercaptoethanol (50 mM) and MgCl. (1 mM).
The resuspended cells were lysed by sonication on ice for 5 mins. The lysates were
centrifuged to clarify the lysate (20 mins, 13,200 rpm, 4 °C) and the supernatant was kept
ice-cold. Assays were performed in 96 well plates, with a final volume of 200 uL per
well. 97.5 uL of lysate and 2.5 uL NADPH was added to 100 pL reaction buffer. The final
mixture contains Tris-HCI (100 mM, pH 7.5), 10% ethylene glycol, thiosulfate (5 mM),
TPP (0.1 mM), B-mercaptoethanol (25 mM) and MgCl. (0.5 mM), MV (1 mM), CoA (0.2
mM), pyruvate (10 mM), DTT (6.5 mM) and MgSO. (5 mM), NADPH (1uM). YdbK

activity was measured by monitoring the absorbance at 578 nm, using a SpectraMax
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Plus 384 microplate reader (Molecular Devices). Total protein concentration was
measured through standard Bradford assay. The molar absorptivity coefficient for MV, &
=9.7 mM~ cm~.' The specific activity was calculated through dividing the change in

MYV concentration per minute by total protein concentration.

3.4.5 Production of Isotopically Labelled Citramalate

Strain DLF_Z0044 (“G” and “Z” valves) bearing plasmids pHCKan-cimA3.7 and
pCASCADE-g2z was grown in two stage shake flask cultures identically to the method
used for the YdbK assays, except that after the wash, cells were resuspended in
phosphate free media containing 10 g/ C» glucose as the sole carbon source. After
incubation for 24 hours, the supernatant containing Cr citramalate was collected by
centrifugation and sterilized by filtration (0.2micron). This supernatant was used diluted
100-fold into all samples and standards analyzed for citramalate production via mass

spectrometry.

3.4.6 Glucose and Organic Acid Quantification

Two methods were used to quantify citramalate including a UPLC-refractive
index (RI) method and a mass spectrometry method. The UPLC-RI method was
developed for the simultaneous quantification of glucose, citramalate, acetic acid,
pyruvate, citraconate, citrate and other organic acids including lactate, succinate,
fumarate, malate, mevalonate, and 3-HP. Chromatographic separation was performed
using a Rezex Fast Acid Analysis HPLC Column (100 x 7.8 mm, 9 um particle size;

CAT#: #1250100, Bio-Rad Laboratories, Inc., Hercules, CA) at 65 °C. 5 mM sulfuric acid
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was used as the isocratic eluent, with a flow rate of 0.5mL/min. Chromatography and
detection was accomplished using a Waters Acquity H-Class UPLC integrated with a
Waters 2414 Refractive Index (RI) detector (Waters Corp., Milford, MA. USA). Sample
injection volume was 10 pL. UPLC method development was carried out using standard
stock solutions of analytes. Peak integration and further analysis were performed using
MassLynx v4.1 software. The linear range used for glucose was 1-10 g/L. Samples were
diluted as needed to be within the accurate linear range. Dilution was performed using

ultrapure water.

3.4.7 Organic acid Quantification via RapidFire-gTOF-MS

Fermentation samples were centrifuged to remove cells. Broth was diluted 100
folds in water to a final volume of 20 pL. To this 2 uL of broth containing C= labeled
metabolites was added. The final sample was injected onto a HILIC (type H1)
RapidFire™ cartridge (Agilent Technologies, Santa Clara, CA). Injections were loaded
on the cartridge with 95% hexane, 5% isopropanol for 3000 ms after a 600ms aspiration,
at a flow rate of 1.0 mL/min. After loading, the cartridge was washed with isopropanol
for 2000ms, at a flow rate of 1.0 mL/min. Elution was carried out for 8000 ms with 50%
water/ 50% methanol with 0.2% acetic acid, at a flow rate of 1.0 mL/min. Column
equilibration was performed for 4000ms. The qTOF was tuned in the mass range of 50-
250 m/z in fragile ion, negative ESI mode. Settings during detection were as follows:
drying gas: 250C at a flow rate of 13L/minute, sheath gas: 400 C at a flow rate of

12L/minute, nebulizer pressure: 35 psi, Fragmenter voltage: 50 V, skimmer voltage: 65V,

100



nozzle voltage: 2000 V, capillary voltage: 3500V. The acquisition rate was 1

spectra/second.

3.4.8 alpha-Ketoglutarate Pool Quantification

Strains DLF_Z0025 and DLF_Z0043 bearing plasmid pCASCADE-g2 were grown
in two stage shake flask cultures identically to the method used for the YdbK assays,
except that after the harvest, cells were centrifuged, pellets rinsed and resuspended in
ice cold Methanol +0.2% formic acid to extract metabolites. The extract was clarified by
filtration (0.2 micron) and stored at -80°C prior to analysis by mass spectrometry. The
RapidFire-qTOF-MS method for organic acid quantification was also utilized for alpha-

Ketoglutarate, with C» labelled alpha-Ketoglutarate as an internal standard.

3.4.9 NADPH Quantification

The quantification of NADPH pools was measured using an NADPH Assay Kit
(AbCam, Cambridge, UK, Cat # ab186031), according to the manufacturer's instructions.
The culture, growth and expression under phosphate depletion were performed as
described above for pyruvate oxidoreductase activity assays, except that the cells were

lysed using the lysis buffer in the assay kit rather than by sonication.

3.4.10 sfGFP Reproter Quantification
Both of pCASCADE plasmids and pHCKan-ydbKp-sfGFP were transformed into

host strains with DAS+4 tags for the reporter quantification. 96 well plate based

microfermenations for sfGFP expression was performed using the same method as

101



described above. At harvest, ODsonm and sfGFP (excitation wavelength: 492 nm,
emission wavelength: 535 nm) were measured using a Tecan Infinite 200 plate reader in

black 96-well plates. The final RFU values were normalized by corresponding cell

biomass.

3.5 Supplemental Information
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Figure 22: The impact of combinations of silencing and/or proteolysis of GItA
and Zwf on citramalate production in minimal media microfermentations.
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Figure 23: Citramalate, biomass production, dissolved oxygen (pO:) and
glucose levels were measured for the control strain
(a) and the “G” valve strain (b) and the “GZ” valve strain (c) in fermentations

targeting biomass levels of 10gCDW/L. Duplicate runs, biomass levels are given in
gray and black circles, citramalate titers in green and light blue circles, glucose levels
in black and gray triangles and pO. in dark blue ovals. (d) Citramalate production and
biomass levels in fermentations targeting biomass levels of 25 gCDW/L. The average
of triplicate runs, biomass black circles, citramalate green circles, glucose gray
triangles. In panels a) and d) the pO. profile for only one replicate is shown for clarity.
Dashed line represents extrapolated growth due to missed samples.
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Figure 24: Chromosomal modifications enabling PTS-independent sugar
uptake.

(Left) An overview of the wild type ptsG and galP loci highlights key
promoters and regulation. Red boxes represent galSR binding sites controlling galP
expression (along with CRP). These sites extend into the 5’ of the galP gene. (Right)
Engineered loci enabling PTS-independent sugar uptake. The ptsG gene is replaced

with a codon optimized glucokinase (glk) allele driven by a constitutive artificial
proC promoter.(Davis, Rubin, and Sauer 2011) The nature galP allele is replaced with
a codon optimized allele removing all galRS binding sites. This galP gene is driven
by a constitutive HCE promoter. (Poo et al. 2002)
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4. Ethylene Glycol Production in E. coli
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4.1 Introduction

Ethylene glycol (EG), the simplest two-carbon polyol, can be utilized in polymer
synthesis as an intermediate or directly employed as an antifreeze. 11 The global
market size for ethylene glycol has reached ~30 million metric tons per year. 1%
Currently, chemical synthesis is still the primary route to ethylene glycol through 3
steps: steam cracking of petrol, ethylene oxidation, and thermal hydrolysis of ethylene
oxide.1>”1%0 This chemical synthesis leads to pollution and energy wasting. In recent
years, biosynthesis has been developed as an alternative approach. Biosynthetic routes
can be more environmentally friendly as well as less energy intensive.* While most
biosynthetic processes utilized glucose as a feedstock, xylose can be used as a substrate
for ethylene glycol production, and has more efficient production rate with certain
biosynthetic pathways.157161

According to the previous reports, the biosynthesis of ethylene glycol using
engineered E. coli has been realized through metabolic engineering.!®2 There are three
main ethylene glycol biosynthetic pathways.!®* The first, the Dahms pathway, relies on
D-xylonate as an intermediate.!¥”1%41% The second, the D-xylulose-1-phosphate-
dependent pathway, relies on human ketohexokinase and aldolase B. ' The last
pathway, the D-ribulose-dependent pathway, leverages xylulose as an intermediate.”
Most recently, Lee and colleagues have reported improved ethylene glycol biosynthesis
using an engineered Dahms pathway in E. coli, where xyIBC genes and glycolaldehyde

reductase(YghD) were overexpressed. ' The fed-batch culture of this work resulted in
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108.2 g/L of EG with xylose as the carbon source, with a yield of 0.36 g/g (0.87 mol/mol).
Although these titers were improved, this work required higher biomass level (ODeoonm =
112), leading to lower production rate per cellular biomass. Therefore, we applied the 2-
stage dynamic metabolic control strategy in the ethylene glycol biosynthesis. Our target
is to improve the specific biosynthesis of ethylene glycol enabling higher rates and titers,

withe lower biomass levels, which in theory enable better process yields.

4.2 Results & Discussion
4.2.1 Ethylene glycol biosynthesis pathway design

E. coli strains were used for the two-stage ethylene glycol production with xylose
as the sole carbon source, using an NADPH dependent pathway.2#1¢%1* To overexpress
the production pathway, we introduced the Dahms pathway through expressing the 4
pathway enzymes using an exogenous plasmid pSMART-EG-1. This construct contains
the xylose dehydrogenase (XylB), xylonolactonase (XyIC), xylonate dehydratase (XylD),
and glycoaldehyde reductase (YqhD) genes. As Figure 25 shows, xylose is oxidized to
xylonate by xylose dehydrogenase (XylB) and xylonolactonase (XyIC). Next, the
conversion of xylonate to 3-Deocy-pentulosonic acid is carried out by xylonate
dehydratase (XylD). Subsequently, the native endogenous enzymes in E. coli, namely 2-
keto-3-deoxy D-xylonate aldolase (YjhH) or 2-keto-3-deoxy D-xylonate aldolase (YagE)
can convert the 3-Deocy-pentulosonic acid to glycolaldehyde. Lastly, the NADPH-
dependent aldehyde reductase (YghD) is expressed to reduce the glycolaldehyde to the

final product ethylene glycol. 1716 According to the microfermentation results shown in
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Figure 26, this pathway indeed produced ethylene glycol with the titer of 1.14 g/L-
ODsoonm in the DLF_Z0025 control strain bearing plasmid pSMART-EG1. There was no
product without pPSMART-EGI in it (the first column). In addition, to explore whether
the overexpression of 2-keto-3-deoxy D-xylonate aldolase (YjhH) would improve the
production titer, we overexpressed it from a compatible plasmid: pCOLA-yjhH.
However, this strain didn’t grow in LB after transformation presumably due to toxicity

resulting from YjhH overexpression.

4.2.2 Strain Design and Valve Engineering

To apply the dynamic metabolic control to remove the competitive pathway and
improve the production pathway flux, we deployed two directions: stoichiometric
valves and regulatory valve. We previously reported construction of the host strain
DLF_Z0025,2% Figure 25 illustrates the metabolic networks (XylA and UdhA) directly
correlated with ethylene glycol formation, highlighting the stoichiometric valves (gene:
xylA and udhA). These two valves are designed to decrease the direct competitive fluxes:
xylose isomerization by XylA (gene xylA) and NADPH consumption through UdhA
(gene udhA). In addition, we constructed a set of valves involved in regulatory
metabolites: including glucose-6-phosphate dehydrogenase (gene zwf)) involved in the
pentose phosphate pathway and enoyl-ACP reductase (gene fabl) in fatty acid synthesis
pathway. Together the zwf and fabl valves make up the regulatory strategy. To ensure
the maximum dynamic protein reduction, we used both CRISPR interference silencing

to block RNA transcription in E. coli,*>7® as well as controlled protein degradation
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(proteolysis) by appending a DAS4 tag at the C-terminal of the target protein'”°. After
the growth stage, the pPSMART-EG-1 expression, CRISPR silencing and proteolysis are
all triggered by phosphate depletion at the same time, cells will enter the stationary

production phase.?
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Figure 25: The production pathway for ethylene glycol biosynthesis.
Including 5 pathway enzymes, including xylose dehydrogenase (XylB),
xylonolactonase (XylC), xylonate dehydratase (XylD), endogenous enzymes 2-keto-3-
deoxy D-xylonate aldolase (YjhH) or 2-keto-3-deoxy D-xylonate aldolase (yagE), and
glycoaldehyde reductase (YqhD). Also, the enzymes correlated to the competitive
pathways were shown in red text, including the xylose isomerase (XylA) and soluble
transhydrogenase (UdhA). The green genes were expressed by the exogenous plasmid
PSMART-EG1.
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4.2.3 Microfermentation Results

According to the previously reported xylitol and citramalate biosynthesis
work,??¢ we realized that silencing had no detectable impact on activity levels for the
UdhA and XylA while proteolysis worked very well for UdhA, XylA, Fabl and Zwf
valves. For Fabl, the guide RNA spacer was not stable in this host, so we didn’t use this
construct in our final strains. 73

We tested the combinations shown in Figure 26 using 96-well plate
microfermentations. We found that most of the combinations didn’t perform better than
the control strain DLF_Z0025, especially when pCASCADE plasmids were used. The
best producer in these combinations was DLF_Z0025 with the proteolysis for UdhA and
XylA, which produced 2.06 g/L-ODeoonm (1.8-fold higher than the control strain) ethylene
glycol. When we looked into these data, we found the UdhA valve on its own could
increase the titer (~28% improvement) while there was no significant improvement for
the XylA valve alone. However, when used in combination these two resulted in an
additional 52% titer increase. We hypothesized that the UdhA and XylA valves are not
only involved in the NADPH production and xylose isomerization, but also impact the
xylose uptake process. Currently, we are working on the xylose uptake measurement
under different valves and trying to build a new model to explore the balancing between

NADPH consumption and xylose uptake rate.
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Figure 26: Specific Ethylene Glycol production (g/L-ODeoonm) in
microfermentation as a function of silencing and or proteolysis.
Abbreviations: Silencing: ev: empty vector, z: zwf promoter. Proteolysis: U:
udha_DAS+4, X: xylA-DAS+4, F: fabI-DAS+4, Z: zwf-DAS+4. All results were
obtained from triplicated microfermentation.

4.2.4 Bioreactor fermentation

Based on the results from the microfermentation, we tested the best ethylene
glycol producer DLF_Z0025UX in instrumented bioreactors. The bioreactor
fermentations were performed using minimal media as previously reported by
Menacho-Melgar et al. ® The target biomass levels were ~25 gCDW/L. As shown in
Figure 27, when the biomass reached the target level ODsoonm~60, the cell entered the
stationary production stage where the ethylene glycol biosynthesis pathway enzymes
would be turned on while metabolic pathways UdhA and XylA would be turned off.
The DLF_Z0025UX strain produced 60 g/L of ethylene glycol in 70 hours of production,
while the control strain (DLF_Z0025) only produced 20g/L using the same production

time (Figure 27). Therefore, there was a 3-fold improvement in the bioreactor. The
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ethylene glycol yield for strain DLF_Z0025UX was ~0.3g ethylene glycol /g xylose (~70%

of the theoretical yield).
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Figure 27: Ethylene glycol production in fed-batch fermentations in
instrumented bioreactors.
a) the control strain expressing xylose reductase (DLF_Z0025, pPSMART-EG1),
b) the “UX” valve strain (DLF_Z0025-udhA-DAS+4-xylA-DAS+4, pSMART-EG1).
Biomass (blue) and ethylene glycol (orange) are given as a function of time.
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4.3 Methods and Materials
4.3.1 Reagents and Media

All reagents and materials were purchased from Sigma Aldrich except for some
with extra statement. MOPS (3-(N-morpholino) propanesulfonic acid) was obtained
from BioBasic, Inc. (Amherst, NY). Crystalline xylose was obtained from Profood
International (Naperville, IL). Media SM10++, SM10 No Phosphate, and FGM25 were
prepared as previously reported.?#26062 However, glucose in the recipes should be
replaced by xylose at the same proportion (1g xylose for 1 g glucose) Low salt Luria
Broth Lennox formulation was used for routine strain culture and construction. Working
antibiotic concentrations were as follows: chloramphenicol: 35 ug/mL, kanamycin: 35
ug/mL, blasticidin: 100 pg/mL, ampicillin 50 pg/mL, gentamicin:50 ug/mL, zeocin: 100
ug/mL.

4.3.2 Strains & Plasmids

All the strains used in this project were constructed in the previous work.
pCASCADE plasmids were also developed before.? The pPSMART-EGL in this project
was constructed using the synthetic linear DNA (Gblocks™) were obtained from
Integrated DN A Technologies (IDT, Coralville, IA). This plasmid has a low phosphate
induced promoter. Sequences of gblock are shown in the Table 10. The plasmid
sequence was confirmed by agarose gel electrophoresis and PCR product

sequencing. In addition, as the guide RNA was easy to be lost, we checked the stability
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of guide RNA arrays through colony PCR prior to the fermentation or xylose uptake
test.2473

Table 10: Sequence of the plasmid for ethylene glycol production construction

pSMART-EG1

GAAGATCCTTTGATCTITTTCTACGGGGTCTGACGCTCTATTCAACAAAG
CCGCCGTCCCGTCAAGTCAGCGTAAATGGGTAGGGGGCTTCAAATCGTCCGC
TCTGCCAGTGTTACAACCAATTAACAAATTCTGATTAGAAAAACTCATCGAG
CATCAAATGAAACTGCAATTTATTCATATCAGGATTATCAATACCATATTITT
GAAAAAGCCGTTTCTGTAATGAAGGAGAAAACTCACCGAGGCAGTTCCATAG
GATGGCAAGATCCTGGTATCGGTCTGCGATTCCGACTCGTCCAACATCAATAC
AACCTATTAATTTCCCCTCGTCAAAAATAAGGTTATCAAGTGAGAAATCACC
ATGAGTGACGACTGAATCCGGTGAGAATGGCAAAAGCTITATGCATTTCTITTCC
AGACTTGTTCAACAGGCCAGCCATTACGCTCGTCATCAAAATCACTCGCATC
AACCAAACCGTTATTCATTCGTGATTGCGCCTGAGCGAGACGAAATACGCGA
TCGCTGTTAAAAGGACAATTACAAACAGGAATCGAATGCAACCGGCGCAGG
AACACTGCCAGCGCATCAACAATATTTTCACCTGAATCAGGATATTCTTCTAA
TACCTGGAATGCTGTTTTCCCGGGGATCGCAGTGGTGAGTAACCATGCATCAT
CAGGAGTACGGATAAAATGCTTGATGGTCGGAAGAGGCATAAATTCCGTCAG
CCAGTTTAGTCTGACCATCTCATCTGTAACATCATTGGCAACGCTACCTTTGCC
ATGTTTCAGAAACAACTCTGGCGCATCGGGCTTCCCATACAATCGATAGATTG
TCGCACCTGATTGCCCGACATTATCGCGAGCCCATTTATACCCATATAAATCA
GCATCCATGTTGGAATTTAATCGCGGCCTCGAGCAAGACGTTTCCCGTTGAAT
ATGGCTCATAACACCCCTTGTATTACTGTTTATGTAAGCAGACAGTTTTATTGT
TCATGATGATATATTTTTATCTTGTGCAATGTAACATCAGAGATTTTGAGACAC
AACGTGGCTTTCCCCCGCCGCTCTAGAACTAGTGGATCCAAATAAAACGAAA
GGCTCAGTCGAAAGACTGGGCCTTTCGTTTITATCTGTTGTTTGTCGCATTATAC
GAGACGTCCAGGTTGGGATACCTGAAACAAAACCCATCGTACGGCCAAGGA
AGTCTCCAATAACTGTGATCCACCACAAGCGCCAGGGTTTTCCCAGTCACGA
CGTTGTAAAACGACGGCCAGTCATGCATAATCCGCACGCATCTGGAATAAGG
AAGTGCCATTCCGCCTGACCTGCCACGGAAATCAATAACCTGAAGATATGTG
CGACGAGCTTTITCATAAATCTGTCATAAATCTGACGCATAATGACGTCGCATT
AATGATCGCAACCTATTTATTGTGTAGGAGGATAATCTATGAGTAGCGCCATT
TACCCATCTCTGAAGGGAAAGCGTGTCGTGATTACCGGGGGTGGCTCGGGAA
TTGGGGCTGGTTTAACAGCTGGTTTCGCTCGTCAAGGTGCGGAAGTAATCTITC
TTGGATATTGCTGATGAGGACTCCCGTGCTCTTGAAGCGGAACTTGCCGGTAG
CCCTATCCCACCCGTATACAAGCGTTGTGATCTGATGAACCTGGAAGCTATCA
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AAGCCGTTTTCGCTGAGATTGGTGACGTTGATGTCTITGGTCAACAATGCGGGT
AACGACGACCGCCATAAGTTGGCGGACGTCACTGGAGCATATTGGGACGAG
CGTATTAATGTCAATCTGCGCCATATGTITGTTITGCACGCAGGCGGTGGCTCC
GGGCATGAAAAAACGCGGGGGAGGGGCAGTCATTAATTTITGGAAGCATCAG
CTGGCACCTTGGCTTGGAAGATCTTGTTTTATATGAAACTGCCAAGGCTGGGA
TTGAGGGGATGACTCGTGCTCTGGCACGTGAGTTGGGTCCAGACGACATTCG
CGTCACATGCGTTGTCCCCGGTAATGTCAAGACTAAACGCCAAGAGAAATGG
TATACCCCTGAGGGGGAAGCGCAGATTGTGGCCGCGCAATGCCTTAAAGGCC
GCATCGTACCAGAAAATGTITGCAGCGCTGGTTTTATTCTTAGCAAGCGATGAC
GCCAGTTTATGTACAGGGCATGAATACTGGATCGACGCCGGATGGCGCTGAT
AAGGATCTAGGAGGGAGATCATATGACCGCTCAAGTTACGTGTGTTTGGGAC
CITAAGGCGACACTGGGTGAAGGTCCGATCTGGCACGGCGATACCTTATGGT
TTGTCGATATTAAGCAGCGTAAAATCCACAACTACCACCCTGCGACTGGAGA
GCGTTTTTCGTTCGACGCGCCCGATCAAGTGACTTTTTTAGCACCGATTGTTGG
AGCGACTGGGTTTGTCGTCGGCTTGAAGACTGGCATTCATCGCTTTCACCCAG
CGACTGGTTTCTCGTTGTTGTTAGAAGTCGAGGATGCCGCATTGAATAACCGC
CCCAATGATGCTACTGTCGATGCCCAGGGTCGCCTTTGGTTCGGGACCATGCA
CGATGGAGAGGAAAACAACAGCGGGTCGCTGTATCGCATGGACCTGACAGG
AGTAGCCCGCATGGACCGTGACATTTGCATTACTAATGGTCCATGCGTTTCCC
CAGACGGTAAGACGTTITACCACACGGATACACTTGAGAAGACTATTTATGC
TTTCGACTTAGCCGAGGATGGACTGCTTTCAAACAAGCGTGTGTTCGTCCAAT
TTGCATTGGGAGATGATGTCTATCCCGATGGAAGTGTCGTAGATTCGGAGGG
ATACTTATGGACAGCCTTATGGGGCGGTTITGGAGCCGTCCGCTTTAGTCCTC
AAGGTGATGCCGTTACACGCATCGAGCTGCCTGCCCCTAACGTCACAAAACC
GTGCTITCGGTGGCCCTGATCTGAAAACCCTTTATTITACGACTGCTCGTAAGG
GGTTATCGGATGAAACCCTTGCCCAGTACCCACTGGCGGGGGGAGTGTTCGC
AGTGCCGGTTGATGTGGCGGGTCAACCTCAACATGAGGTACGCCTTGTCTAAT
AAGTGCGTAATTGTGCTGATCTCTTATATAGCTGCTCTCATTATCTCTCTACCC
TGAAGTGACTCTCTCACCTGTAAAAATAATATCTCACAGGCTITAATAGTTTCT
TAATACAAAGCCTGTAAAACGTCAGGATAACTTCTGTGTAGGAGGATAATCT
ATGTCGAACCGTACCCCGCGTCGTTTCCGTAGTCGTGATTGGTTTGACAATCC
GGATCACATCGACATGACAGCGCTGTACTTAGAGCGTTTCATGAACTATGGC
ATTACTCCGGAAGAATTACGCAGTGGCAAGCCCATTATCGGGATTGCGCAAA
CCGGCAGTGATATTAGTCCATGCAATCGCATTCACCTTGACTTAGTTCAGCGT
GTGCGTGACGGCATTCGTGATGCAGGCGGTATCCCAATGGAATTCCCGGTAC
ATCCTATCTTCGAAAACTGCCGCCGTCCCACAGCGGCGTTAGACCGTAATCTG
AGTTACCTGGGGCTTGTTGAGACGTTACATGGGTACCCTATTGACGCTGTTGT
ATTAACCACCGGTTGCGACAAAACAACGCCAGCTGGGATCATGGCAGCTACC
ACCGTCAACATTCCAGCGATCGTATTATCAGGGGGTCCAATGTTAGATGGCTG
GCACGAAAACGAGTTAGTTGGCTCCGGCACGGTCATTTGGCGCTCACGTCGT
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AAACTGGCAGCTGGGGAAATTACAGAAGAAGAATTCATTGACCGTGCTGCTT
CTTCCGCTCCAAGCGCAGGCCACTGCAACACGATGGGAACTGCGTCTACGAT
GAATGCAGTGGCTGAGGCTTTGGGCCTGTCTCTGACTGGGTGTGCAGCTATCC
CAGCGCCITATCGTGAACGCGGGCAGATGGCTTACAAGACGGGGCAGCGCAT
CGTTGACCTTGCGTATGACGACGTCAAGCCATTAGACATTITAACTAAGCAGG
CATTTGAAAACGCGATCGCGTITGGTCGCAGCCGCGGGTGGCAGTACGAATGC
GCAGCCCCATATCGTTGCGATGGCTCGTCATGCAGGGGTCGAAATCACAGCC
GACGATTGGCGCGCTGCATACGACATTCCATTAATTGTTAATATGCAGCCTGC
CGGCAAATACCTTGGGGAACGCTTTCACCGCGCTGGCGGCGCCCCTGCTGTC
CITTGGGAATTATTACAACAGGGGCGTTTGCACGGTGACGTTTTAACCGTAAC
AGGGAAGACCATGTCAGAGAATTTGCAGGGACGCGAAACCTCTGACCGCGA
AGTITATTTTTCCCTATCATGAGCCTCTTGCTGAGAAAGCAGGTTTCTTAGTTTIT
GAAAGGAAACCTTTTCGACTTCGCCATCATGAAATCATCCGTAATTGGCGAA
GAATTCCGTAAGCGCTATCTGAGTCAACCCGGTCAAGAAGGTGTGTITCGAAG
CCCGCGCTATTGTTTTTGATGGGTCAGATGATTATCACAAGCGTATTAACGAC
CCAGCACTGGAGATTGATGAACGTTGTATTTITAGTCATTCGTGGAGCTGGTCC
GATTGGATGGCCAGGATCTGCTGAAGTAGTGAATATGCAGCCTCCAGACCAC
CTGCTTAAGAAAGGTATTATGTCGCTGCCTACACTTGGTGACGGGCGTCAAAG
CGGGACAGCGGACTCACCATCGATTCTGAACGCTITCTCCGGAGAGTGCCATC
GGCGGAGGCCTTTCGTGGCTGCGTACGGGCGATACGATTCGTATTGACITAAA
TACAGGTCGCTGTGATGCTCTGGTTGATGAAGCGACGATTGCGGCTCGCAAG
CAAGACGGCATCCCAGCTGTGCCGGCAACAATGACTCCGTGGCAGGAGATTT
ACCGTGCCCATGCATCGCAACTTGACACAGGTGGCGTACTGGAATTTGCGGT
CAAGTATCAAGATTTGGCGGCCAAACTTCCGCGTCATAATCATTAAGGACCG
TGTTGACAATTAATCATCGGCATAGTATATCGGCATAGTATAATACGACAAG
GTGAGGAACTAAACCATGAACAACTITAATCTGCACACCCCAACCCGCATTC
TGTTTGGTAAAGGCGCAATCGCTGGTTITACGCGAACAAATTCCTCACGATGCT
CGCGTATTGATTACCTACGGCGGCGGCAGCGTGAAAAAAACCGGCGTTCTCG
ATCAAGTTCTGGATGCCCTGAAAGGCATGGACGTGCTGGAATTTGGCGGTATT
GAGCCAAACCCGGCTTATGAAACGCTGATGAACGCCGTGAAACTGGTTCGCG
AACAGAAAGTGACTTTCCTGCTGGCGGTTGGCGGCGGTTCTGTACTGGACGG
CACCAAATTTATCGCCGCAGCGGCTAACTATCCGGAAAATATCGATCCGTGG
CACATTCTGCAAACGGGCGGTAAAGAGATTAAAAGCGCCATCCCGATGGGCT
GTGTGCTGACGCTGCCAGCAACCGGTTCAGAATCCAACGCAGGCGCGGTGAT
CTCCCGTAAAACCACAGGCGACAAGCAGGCGTTCCATTCTGCCCATGTTCAG
CCGGTATTTGCCGTGCTCGATCCGGTTTATACCTACACCCTGCCGCCGCGTCA
GGTGGCTAACGGCGTAGTGGACGCCTTTGTACACACCGTGGAACAGTATGTT
ACCAAACCGGTTGATGCCAAAATTCAGGACCGTTTCGCAGAAGGCATTTTGC
TGACGCTAATCGAAGATGGTCCGAAAGCCCTGAAAGAGCCAGAAAACTACG
ATGTGCGCGCCAACGTCATGTGGGCGGCGACTCAGGCGCTGAACGGTTTGAT
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TGGCGCTGGCGTACCGCAGGACTGGGCAACGCATATGCTGGGCCACGAACTG
ACTGCGATGCACGGTCTGGATCACGCGCAAACACTGGCTATCGTCCTGCCTG
CACTGTGGAATGAAAAACGCGATACCAAGCGCGCTAAGCTGCTGCAATATGC
TGAACGCGTCTGGAACATCACTGAAGGTTCCGATGATGAGCGTATTGACGCC
GCGATTGCCGCAACCCGCAATTTCTTTGAGCAATTAGGCGTGCCGACCCACCT
CTCCGACTACGGTCTGGACGGCAGCTCCATCCCGGCITTGCTGAAAAAACTG
GAAGAGCACGGCATGACCCAACTGGGCGAAAATCATGACATTACGTTGGAT
GTCAGCCGCCGTATATACGAAGCCGCCCGCTAACAGGCTAGGTGGAGGCTCA
GTGATGATAAGTCTGCGATGGTGGATGCATGTGTCATGGTCATAGCTGTTTCC
TGTGTGAAATTGTTATCCGCTCAGAGGGCACAATCCTATTCCGCGCTATCCGA
CAATCTCCAAGACATTAGGTGGAGTTCAGTTCGGCGTATGGCATATGTCGCTG
GAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAG
GCCGCGTTGCTGGCGTTITTITCCATAGGCTCCGCCCCCCTGACGAGCATCACAA
AAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATA
CCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGC
CGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTC
ATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTG
GGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAA
CTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCA
GCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGT
TCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAAGAACAGTATTTGGTATC
TGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTITGATC
CGGCAAACAAACCACCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGCAGCAG
ATTACGCGCAGAAAAAAAGGATCTCAA

4.3.3 Microfermentation & Bioreactor Fermentations

Microfementation process has been reported in our previous works.?#266062 Strain
stocks were cultured in LB for overnight. At day 2, 5 mL of each strain was inoculated
into 145mL SM10++ media in 96 well plates, triplication was required for each strain.
Next, strains would grow overnight for 16 hours at 37 °C in 300rpm shaker. At day 3, all
the cells in 96-well plate were harvested by centrifugation at 3500rpm, then SM10 no-

phosphate media was used to wash and resuspend the cell to a target biomass levels
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(ODsoonm = 1). Then, all the plate was put in a 37°C shaker for 24 hours. After 24 hours, all
samples would be collected for the ethylene glycol titer test. For bioreactor
fermentation, seed cultures and bioreactor fermentations have been described in

Menacho-Melgar et al.®®

4.3.4 Xylose and Ethylene Glycol Quantification

The quantification method for ethylene glycol and xylose has been described in
previous work.? In short, to separate the xylose, ethylene glycol and other
intermediates, we employed a Rezex ROA-Organic Acid H- (8%) Analysis HPLC
Column (Cat #: #00H-0138-K0, Phenomenex, Inc., Torrance, CA, 300 x 7.8 mme;) and H-
Class UPLC (Waters Acquity) with a 2414 Refractive Index (RI) detector (Waters Corp.,
Milford, MA. USA). MassLynx v4.1 software was employed for all the product and

substrate analyses. The injection volume of samples and standards was 10 pL.
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5. 2-Stage Microfermentation Method Development
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5.1 Introduction

The past decade has seen significant advances in synthetic biology, in particular
advances in our ability to write DNA and edit genomes.!”72 It has never been easier to
engineer living systems. Advances in synthetic biology in combination with advances in
protein and enzyme engineering, expression and purification and metabolic
engineering, have enabled numerous advanced cell factories for the production of
proteins as well as metabolites or chemicals.'”>”> Among these cell factories, E. coli
remains a workhorse microbe for the production of numerous products including both
proteins (including therapeutics) and small molecules.173176178 E_ ¢oli is well-studied and
has well developed high cell density culturing techniques, as well as established
genome, metabolic and protein engineering tools.!7%18

Advanced tools for genetic manipulation have made it easier to generate a wide
diversity of strain designs, necessitating advances in higher throughput methods for
testing or evaluating these designs.'®! This need has led to the development of numerous
“scale” down systems to enable strain evaluation or process development at smaller
scales in higher throughput.'$>1% While many of these “microbioreactor” systems offer
significant advances when compared to traditional shake flask or microtiter plate
cultivation methods, they are not readily accessible as they can be expensive and require
significant adaptation to a given set of microbial strain variants and/or target
product. We have recently reported the development of a methodology enabling

standardized 2-stage production of both proteins and small molecules.?#?19! This
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approach leverages engineered strains of E. coli, and standardized (product
independent) methods for 2-stage production in instrumented bioreactors as well as
microtiter plates. Importantly, to date this methodology enables predictability across
scales from microtiter plates to instrumented reactors.?>% This is important if you wish
to scale up a strain or strain variant identified using the microfermentation protocol.

Importantly, as illustrated in Figure 28, we have developed two
microfermenation protocols for the rapid and standardized evaluation of E. coli cell
factories. Both of these 2-stage protocols rely on phosphate depletion to stop cell growth
and induce a production stage. The first, Figure 28a, is enabled by autoinduction media
enabling a “hands off” protocol.®*! The second, Figure 28b, is based on an initial
growth stage, followed by washing cells to induce the production phase.?#¢2 This
protocol requires more “hands on” time but allows for the normalization of cell
numbers/biomass levels and more control over the initial media. Both protocols also
leverage the System Duetz plate cover sealing system for microtiter plate cultivations.
This system (available from Enzyscreen) leverages reusable plate covers and clamps to
enable adequate culture aeration, while minimizing evaporation.

We have developed these 2-stage microfermentation protocols in order to enable
the high throughput and reproducible evaluation of microbial strains, specifically E. coli.
2453,59,606275191,192 While the specific protocols described herein have been optimized for 2-
stage production of either proteins or metabolites upon phosphate depletion, the

approach and methodology are readily adaptable to additional induction systems and
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microbial species. We have included, as discussed below, key considerations and results
obtained during the development of the protocol, which provide i) crucial background,
ii) the impact of key variables and iii) key limitations for anyone seeking to not only

reproduce this specific method, but also looking to extend and/or adapt it.

5.2 Protocol Development
5.2.1 Boundary Conditions for Small Scale Batch Cultivation

To begin, it is critical to consider the essential aspects of developing any
microbial process, whether in a larger scale shake flask, instrumented bioreactor, or high
throughput system such as microtiter plates. Essentially, microbial cultures need several
things, a media providing a carbon source and other key nutrients for growth, pH
control (such as by buffering), and adequate aeration and oxygenation (in the case of an
aerobic culture).’>1% Larger intensified processes, such as those in bioreactors, enable
feeding of nutrients, air and titrants, providing real time control over oxygen and pH
levels.'> As discussed, there have been numerous systems developed for high
throughput cultivation that try to mimic fed batch control available in larger
bioreactors.!821901% , These systems are often complex, very expensive and require
significant troubleshooting such as PID tuning for a given application.!831%

When using inexpensive, standard microtiter plates, researchers are often forced
to consider batch cultivation, in which all nutrients and buffers must be included at the
start of the culture. Therefore, it is critical to balance the expected (or targeted) microbial

growth rates, product formation rates as well as final biomass and product levels with
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the “batch capacity” of the media. For example, you must have enough feedstock (in our
case glucose) to achieve a given biomass level. Additionally, if you hope to achieve a
certain level of a small molecule you need to make sure the culture can accommodate
this. For example, if you are expecting significant final titers of an organic acid you need
to have not only enough glucose to support this production, but also enough buffering
to maintain pH while the acid is accumulating. If the small molecule produced is an
amino acid, buffering is less important, but having enough ammonia (a precursor to
amino acids) to support a target product level is critical.

As a result of these constraints, we recommend higher cell density cultures when
the product is an intracellular protein (enabling higher product levels for subsequent
analysis). The autoinduction protocol (Figure 28a) results in relatively high biomass
levels (particularly for microtiter plates) and is ideal for protein expression. We
recommend targeting lower cell densities when the product is a small molecule which
may accumulate to higher titers. For very productive cells, a significant amount of batch
glucose is needed to make the product leaving proportionally less glucose consumption
for biomass production. The 2-stage wash microfermentation protocol (Figure 28b),
which normalizes cell numbers can be used, not only to control biomass levels, but also
to enable better control over the media environment during the productive stationary
phase. As metabolism can be sensitive to media components, this is an advantage in
metabolic engineering studies. This is not to say that the autoinduction protocol cannot

be leveraged in metabolic engineering programs, but we have recently demonstrated
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that for small molecules, performance of the 2-stage wash protocol in microtiter plates is
predictive of performance in larger minimal media bioreactors, again a least for a subset

of our engineered E. coli. %
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Figure 28: An overview of the 2-stage microfermentation protocols.

a) An overview of the 2-stage autoinduction microfermentation protocol. (i)
Overnight (16 hr) cultures in LB (Lennox formulation) are used to (ii) inoculate a new
microtiter plate containing rich Autoinduction Broth (AB or AB2). (iii) A time course
of the autoinduction culture. Cells (biomass) grow and consume phosphate, which is

depleted upon entry into stationary phase. Upon phosphate depletion, low phosphate
inducible promoters are activated leading to expression of a target protein or
metabolic pathway of interest, which in turn leads to accumulation of the target
protein or metabolite. (v) After production cells or supernatants are harvested by
centrifugation. b) An overview of the 2-stage wash microfermentation protocol. (i)
Again overnight (16 hr) cultures in LB (Lennox formulation) are used to (ii) inoculate
a new microtiter plate, in this case containing SM10++ media. SM10++ is a minimal
media supplemented with yeast extract and casamino acids in order to reduce the lag
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of cell growth in LB. (iii) A time course of the SM10 ++ culture. Cells (biomass) grow
and consume phosphate, which is not depleted. (iv) Cells are grown to mid-
exponential phase (ODéoonm 5-10), which is usually ~ 16 hrs. (v) Cells are harvested by
centrifugation washed with SM10 No phosphate media to remove phosphate and
normalized to a target optical density (usually ODeoonm ~ 1), which begins the
phosphate depleted production phase. (vi) A time course of the SM10 No phosphate
culture. Cells usually undergo ~ 1 doubling, coincident with induction of low
phosphate inducible promoters leading to expression of a target protein or metabolic
pathway of interest, which in turn leads to accumulation of the target protein or
metabolite. (v) After production cells or supernatants are harvested by centrifugation.

5.2.2 Aeration & Oxygen Transfer

Optimal oxygen transfer is essential for aerobic growth and production. A well-
mixed culture is necessary for efficient oxygen supply. Optimal aeration in microtiter
plates requires consideration of shaking speed as well as the orbital radius of the
shaker.!%#1% We use shakers from Kuhner such as Model Climo-Shaker ISF4-X. It should
be noted that many shakers have shaking orbits smaller than 50 mm (or different orbits).
Plate fill volumes or speeds may need to be changed experimentally to ensure adequate
aeration if using a different incubator. We would refer the reader to Enzyscreen’s
website for options that can provide an adequate OTR
(https://www.enzyscreen.com/oxygen_transfer_rates.htm) to identify alternative
conditions that can meet OTR targets, when using a different orbit. Square well plate
may also be used to increase OTRs to the needed levels. Alternatively, to supply
anaerobic conditions, we recommend using aluminum foil or other adhesive films (such

as AlumaSeal CS Sealing Films from EXCEL scientific Catalog# FSC-25) to seal the wells
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enabling anaerobic growth and/or production. Also, we can choose to conduct the whole

fermentation process in an anaerobic hood.

5.2.3 Evaporation in Microtiter Plates

As mentioned, these protocols rely on the microtiter plate covers and clamps (the
Duetz System) from Enzyscreen. The covers have been designed to enable adequate
aeration and oxygen transfer while minimizing the impact of evaporation, particularly at
high shaking speeds.!” Despite the dramatic improvements observed using the Duetz
System™, evaporation is still observed, and we have measured this using standard flat
bottom, 96 well plates. Briefly, we used the dye bromophenol blue to measure
evaporation rates in simulated microfermentations. Simulated microfermentation were
performed using microtiter plates filled with media (150 ul) without cells, initially
containing 10 mg/L of bromophenol blue. These plates were incubated at 37°C with plate
covers, shaking at 300 rpm at a 50 mm orbit. The dye is concentrated in response to
evaporation. At time intervals the concentration of bromophenol blue was measured via
absorbance at 590 nm, and the volume change (percent evaporation/loss) was calculated.
This methodology and the associated results are given in Figure 29. As shown in Figure
29b-c, there is significantly greater evaporation rate from wells on the edge of the
microtiter plate, which is well known challenge when using microliter plate.’” While
this can be affected by how well the plate covers are clamped, we recommend not using
the wells on the outer plate edge. Additionally, as shown in Figure 29d the degree of

evaporation increases with the time, as would be expected. After 12 hours, on average
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the plate had 4.6% volume loss, after 24 hours, 11.6% volume loss, after 36 hours, 19.4%
volume loss, and after 48 hours, a 28.6% volume loss. This should be taken into account
particularly when comparing measurements from different time points, where an
increased product concentration would be expected based upon evaporation

alone. Alternatively, to avoid the evaporation issue in microfermentation, we can run

experiment in a 100% relative humidity environment.
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Figure 29: Evaporation in Microfermentations.




a) An overview of the methodology used to measure evaporation in a
simulated culture. (i) Bromophenol blue was added to media, which was used to fill
96 well plates. (ii) The relative concentration of bromophenol blue was measured (via
absorbance) as a function of time throughout a simulated microfermentation. (iii) Due
to symmetry, quadrants of each plate were treated as replicates and (iv) averaged to
yield a percent evaporation as a function of well position in a quadrant. b) Average
percent evaporation after 48 hrs of a simulated culture as a function of well position.
c) Statistical differences in evaporation as a function of position, compared to the
center well. d) A time course of evaporation for 96 well simulated
microfermentations. These data exclude the out edge of the the microtiter plate. n =
360 for each time point.

5.2.4 Batch Media Development

Media is another critical consideration when performing high throughput
microbial cultivations. As discussed above, batch media needs to be developed to
provide enough feedstock and nutrients to balance biomass growth and production
without requiring toxic levels. We have previously reported the approach in detail for
the development of the phosphate limited autoinduction media (AB and AB2) used in
the 2-stage autoinduction protocol (Figure 28a) and refer the reader to these primary
sources for further information.®®!°* AB and AB2 can be used somewhat interchangeably
with respect to 2-stage protein expression, as AB2 is a streamlined and simplified
version of AB. These two media have different levels of many components including
trace metals which should be considered when producing metabolic products.

While we have previously reported “optimal” media used for the 2-stage wash
microfermentation protocol (Figure 28b) namely SM10++ and SM10 No Phosphate, it is
important to share some details of how these media were chosen, to enable the more
rapid adaptation of this protocol. SM10 (Shake Flask Media 10, enabling biomass levels
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of 10gCDW/L) is almost identical to a minimal media developed for use in instrumented
bioreactors as reported by Menacho-Melgar et al.®® ie FGM10 (Fermentation Growth
Media 10, enabling biomass levels of 10gCDW/). The FGM10 media formulation is
similar to many previously used minimal mineral salts media containing ammonium
salts, phosphate, trace metals and glucose.®*2%201 One of the primary differences between
FGM10 media and SM10 media is that SM10 media contains a buffer (in this case MOPS,
3-morpholinopropane-1-sulfonic acid) to control pH. Both of these media are formulated
to enable E. coli biomass levels of ~8-10 gCDW/L (ODu.. 25-30), at which point
phosphate, the limiting nutrient, is exhausted.

Unfortunately, most strains of E. coli propagated in routine complex media, such
as Luria Broth, require a significant adaptation period to enable rapid growth in these
minimal defined media.?02203 As a result, the direct transfer of starter cultures from
complex rich media to defined media, oftentimes leads to a rapid growth period where
nutrients remaining in the inocula are exhausted followed by a lag phase. The lag time
(needed for media adaptation) can be significant, unpredictable and vary between
strains and replicate cultures.??42% In bioreactor studies, seed cultures can be performed
in minimal media to allow stains to adapt prior to inoculating reactors, however this
approach is not amenable to routine high throughput experimentation. Another
approach is the use of a “Bridging Seed Media” which enables predictable and rapid
growth while conditioning the cells to a nutrient composition closer to the defined

minimal media. In order to implement this approach, we developed SM10++ media
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which is SM10 media with the addition of small amounts of casamino acids as well as
yeast extract. The impact of these nutrients on the growth of cultures directly inoculated
from LB starter cultures is shown in Figure 30a-b. Briefly, 5mL, LB Lennox starter
cultures were used to inoculate wells of a BioLector ™ plate (enabling real time growth
monitoring) containing various media. While inoculation directly into defined minimal
SM10 media results in a prolonged lag phase, the addition of casamino acids and yeast
extract alone and in combination to reduce the lag time. SM10 ++ (“+” 2.5g/L casamino
acids and “+” 2.5g/L yeast extract) was chosen as our bridging seed media due to a
higher growth rate and final optical density. In this media background, the batch
glucose and buffer concentrations were then also optimized as illustrated in Figure 30c-f.
The goal was to maximize the batch sugar as well as buffer capacity without greatly
impacting growth rates or lag times. For the current media formulations 200mM MOPS

and 45g/L glucose were chosen.
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Figure 30: Initial SM10++ Media Development.

Growth curves (a) and maximal growth rates (b) of strain DLFS_0025 with
plasmids pHCKan-yibDp-GFPuv in SM10 media and SM10 media with the complex
additives casamino acids (CA) and yeast extract (YE) alone and in combination.
Growth curves (b) and maximal growth rates (c) of strain DLFS_0025 with plasmids
pHCKan-yibDp-GFPuv in SM10++ media (with both CA and YE) with varying
concentrations of MOPS buffer. Growth curves (e) and maximal growth rates (f) of
strain DLFS_0025 with plasmids pHCKan-yibDp-GFPuv in SM10++ media (with both
CA and YES) with varying concentrations of batch glucose. All growth curves were
measured using a BioLector ™ (n=3). Abbreviations: CA - casamino acids, YE - yeast
extract.
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Figure 31: Autoinduced 2-stage microfermentatations for GFP and Biomass
Levels throughout the Autoinduction Protocol.
Biomass a) and GFPuv levels b) over time in AB2 media in microfermentations. (n=96)

5.2.5 Key Process Variables

While the above discussion has focused on some key variables to consider in
developing and performing microfermentations, other process variables can also impact
performance. In the case of the autoinduction protocol (Figure 28a), there is minimal
user intervention and the only real parameter that is varied is the time at which the
cultures are harvested and analyzed. Results for 2-stage auto-induced

microfermentations utilizing AB2 media are given in Figure 31. These results were
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obtained using Protocol 1. Specifically, GFPuv was expressed via a plasmid (pHCKan-
GFPuv, Addgene #127078) under the control of the robust yibDp gene promoter.®> These
results are typical of an expected expression time course leveraging induction by
phosphate depletion in E. coli DLF_R004 (used to generate these results) and its
derivatives. Based on these results we recommend a 24 hours protocol from inoculation
to harvest, as prolonging the culture does not improve protein titers. Prolonged auto
induced cultures may be worth evaluating if adapting this protocol to small molecule
production. Similarly, we recommend a 24 hour “production phase” when using the 2-
stage wash protocol (Figure 28b). This is based on typical results such as those given in
Figure 32. These results were obtained using Protocol 2, leveraging strain DLFS_0025

bearing plasmid pHCKan-GFPuv.
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Figure 33: Impact of key protocol variables on output of the wash based two-
stage microfermentatations.
a) The impact of the time in the growth phase (SM10++ culture, Protocol 2, Day
2) on final specific GFPuv expression levels at harvest. The impact of the normalized
cell concentrations (optical densities) on b) final GFPuv expression levels and specific
production at harvest as well as c) final cell concentrations (biomass levels). d) The
impact of the length of time cells are kept out of the incubator during the
normalization step on final specific GFPuv expression levels at harvest. In these
studies, the phosphate free production phase was kept constant at 24 hours.

Additional specific details for the 2-stage wash protocol are also based on results
given in Figure 33. The optimal incubation time in the SM10++ growth phase is 16 hours
(Figure 33a), which also conveniently enables inoculation at 5pm followed by harvest
and washing the next morning at 9 am. As demonstrated in Figure 33b, changes in the
biomass level used in the “production phase” will impact the final titer, however the
specific production (titer/biomass level) is insensitive to these levels. As a result, we
routinely measure optical densities at the end of the production phase and calculate
specific production levels (g product/gram of biomass) or specific production rate (g
product/gram of biomass - time). This reduces the requirement for a very accurate
normalization step, which can be difficult in practice. It is also noteworthy, as illustrated
in Figure 33c, that the cells do undergo one doubling (almost exactly) after washing to
remove phosphate. Lastly, when performing the 2-stage wash protocol with numerous
microliters plates the time taken to wash and normalize is not insignificant and can take
1-2 hours if performing large screens. As a result, we evaluated the impact of the time
cultures are held out of the incubator (at room temperature, without shaking) on final

results. As can be seen in Figure 33d, reduced performance is observed only after
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holding the cultures over 2 hours out of the incubator. As a result, we recommend using
a manageable number of plates to meet this constraint. Processing 10-20 microtiter plates
should be manageable in 2 hours, if more plates are required, these protocols are
amenable to automation on liquid handling robots.

While the current 2-stage wash protocol, as presented, has an optimal SM10++
“growth phase” of 16 hours (Figure 33a), the length of the growth phase is not as critical
as the stage of growth of the cells just prior to the wash step. Ideally, cells should be in
mid exponential growth, just prior to wash, which in SM10++ media correlates with a
culture ODuu.from 5 to 15. Wells/cultures with low optical densities may still be in the
lag phase, which can negatively affect performance in the production phase. If the
wells/cultures have higher optical densities, they may well be entering stationary phase
prior to the wash which can also negatively affect performance in the production phase.
Of course, it would be media dependent if adapting the protocol to another strain or
media formulation. We recommend checking the optical density of cultures prior to the
wash step and shortening or extending the growth phase as needed to ensure cultures
are in mid exponential growth. Certain strains or strain variants may require a longer
growth phase to reach mid exponential phase. We often encounter this when using

strains with multiple plasmids requiring selection with multiple antibiotics.
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5.3 Discussion
5.3.1 Applications

As discussed above these protocols can be leveraged to evaluate strains
engineered to produce a wide variety of products from proteins and enzymes to small
molecule chemicals. This approach can also be readily extended to enable expression of
mutant protein libraries, where using strains additionally engineered for

autolysis, enable rapid generation of cell lysates for subsequent screening.>

5.3.2 Comparison with other Methods

These protocols, as well as adaptations, offer a consistent approach to the
standardized evaluation of microbial strains in batch cultures in microtiter plates. They
offer a well outlined alternative to more complicated and expensive microbioreactor
systems, and rely on inexpensive media, and consumables. The most expensive
materials are the System Duetz, plate covers and clamps. This approach is readily
scalable to experiments containing 10-20 microtiter plates enabling much higher
throughput evaluations when compared to shake flasks, as well as most commercial and
custom microbioreactor systems. Using standard laboratory automation (liquid

handlers), the throughput can be greatly increased.
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5.3.3 Needed Expertise

There is no specialized expertise required to implement this protocol. Anyone
with basic skills in microbiology and stem line technique should be able to successfully

execute experiments utilizing these methods.

5.3.4 Advantages

2-stage production has the potential to improve the performance, robustness and
scalability of bioprocesses.?>¢>1%! In addition and more specifically, dynamic metabolic
control in the context of 2-stage production, enables optimization strategies that are not
compatible with cellular growth, for example deletion of essential genes.>#11820° These
microfermentation protocols also enable a high degree of automation, which in turn
enables higher throughput strain evaluations at much lower costs than many

commercial microbioreactor systems.

5.3.5 Limitations

These protocols, as detailed, have developed based on E. coli, and the use of
specifically engineered strains. The media components and culture/production
environment have to be adjusted when applied to other microbial production hosts. We
hope the approach to protocol development as discussed above, will enable adaptation
of these methods to additional systems, including those with different microbial hosts,
different induction systems (beyond phosphate limitation) and even 2-stage processes

wherein the second stage is also a growth stage.
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The microbial strain utilized for high throughput evaluation is also of critical
importance. The E. coli strains presented in this protocol have been significantly
engineered.?*>7 Importantly, and somewhat uniquely these strains i) enable tightly
controlled induction of promoters activated by phosphate depletion and ii) have no
observable overflow metabolism in media with excess batch glucose.® These traits
enable reproducible 2-stage microfermentations. Firstly, tightly controlled expression is
critical, if strains have significant leaky expression, this can affect lag times and growth
rates leading to significant growth differences between strain variants being evaluated.
This is not insurmountable but needs to be considered with the respect to the type of
data being collected and how it is analyzed.

Overflow metabolism is a significant challenge in many strains of E. coli. As
mentioned above, higher batch glucose levels enable higher biomass levels, as well as
consequently high protein and small molecule titers. However, many strains of E. coli
produce overflow metabolites such as acetate when grown at high glucose levels.
Acetate can accumulate, cause toxicity and affect production.?'? One of the benefits of fed
batch fermentations is the ability to keep residual glucose levels low to avoid acetate or
overflow metabolite accumulation.?? Significant effort has been made to develop slow or
times release glucose formulations to effectively mimic fed batch conditions in small
scale batch cultures.?"-2> To simplify batch microfermentations, strains with minimal
overflow metabolism are ideal. If these protocols are adapted to other E. coli strains or

microbial species, overflow metabolism should be considered when defining batch
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media, and establishing target biomass levels. Lower biomass levels can be achieved
with lower batch glucose levels and should be considered if adapting to other strains of
E. coli.

It is also worth noting that the data presented herein as well as previously
reported results, leveraged promoters induced upon phosphate depletion that are,
importantly, also robust. Expression levels are consistent across production scales and

media formulations.5?

5.3.6 Experimental Design

These protocols, as well as any adaptations, will often comprise the evaluation or
testing part of a design, build, test, learn (DBTL) cycle.?6?1” As a result, critical aspects of
the final experimental design need to account for other components of these cycles.
However, we do recommend running standard internal process controls on each
microtiter plate. These controls for example could include a strain expressing GFP or
mCherry (or another easily measured product). This enables tracking of “process”
performance between plates over time. A control chart can then be developed, and
plates whose internal controls fall outside of an acceptable range can be repeated. This is

best practice with any high throughput evaluation.?’
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5.4 Methods and Materials

5.4.1 Reagents and Media

Table 11: Materials used in the microfermentation process

Name Supplier Catalog/Item
Number
Ammonium sulfate Biobasic ADBO0060
Citric Acid Alfa Aesar 36664
Ferrous sulfate heptahydrate Sigma 15422-250G
Potassium phosphate dibasic Sigma P3786-1KG
Potassium phosphate monobasic Sigma P5655-1KG
CaSO.2H:O Alfa Aesar 36700
ZnSO-H:O Sigma 307491-100G
MnSO.-H.O Alfa Aesar 33341
CuSO:-5H:0O Alfa Aesar 14178
CoSO-7H:0 Acros Organics AC213105000
MoNa204*2H20 Alfa Aesar 12214
Potassium 3-(N-morpholino) propane Biobasic MB0360
sulfonic acid (MOPS)
H3BO3 Spectrum B1125
Thiamine Hydrochloride Sigma T4625-25G
Magnesium sulfate heptahydrate Sigma 230391-1KG

5.4.2 Consumables & Strains

1.

E. coli strain DLF_R004, Roke Biotechnologies, LLC., Catalog # RSA-002. ¢




Genotype: F-, A-, A(araD-araB)567, lacZ4787(del)(::rrnB-3) , rph-1, A(rhaD-rhaB)568,
hsdR51, AackA-pta, ApoxB, ApflB, AldhA, AadhE, AicIR, AarcA AompT yibDp-AR-
nucA:apmR

E. coli strain DLES _0025. 7

Genotype: F-, A-, A(araD-araB)567, lacZ4787(del)(::rrnB-3) , rph-1, A(rhaD-rhaB)568,
hsdR514, AackA-pta, ApoxB, ApflB, AldhA, AadhE, AicIR, AarcA, AsspB::frt, Acas3::
ugpBp-sspB-yibDp-casA

Plasmid pHCKan-GFPuv, Addgene #127078

Sterile Flat Bottom 96 well plates, Genesee Scientific, Catalog # 25-104

Sterile U Bottom 96 well plates, Genesee Scientific, Catalog # 25-224

System Duetz Covers: Enzyscreen, Part #CR1596

System Duetz Clamps: Enzyscreen, Part #CR1800

Multi-Channel Pipette(s) capable of transferring volumes from 10-200 uL

Black-walled 96-well plates for measuring Fluorescence (655087, Greiner Bio-One)

10. High mass transfer FlowerPlate (Cat #MTP-48-B; m2p-labs)

11. Sterile Syringe Filters, Genesee Scientific, Catalog # 25-244

12. Sterile Vacuum-Driven Filter, Genesee Scientific, Catalog # 25-233

5.4.3 Equipment

Shaking incubator capable of temperatures of 37 degrees Celius, shaking speeds of

300 rpm and a shaking orbit of 50 mm. Example: Kuhner: Climo-Shaker ISF4-X
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A centrifuge capable of handling microtiter plates at g forces of 3500rpm (2900 rcf).
Example: Thermo Sorvall Legend XTR Refrigerated Centrifuge

Microtiter Absorbance Plate Reader: Tecan Infinite 200 or Molecular Devices
Example: Spectramax Plus 384 Benchtop Cuvette Plate Spectrophotometer
Microtiter Fluorescence Plate Reader: Example: Tecan Infinite 200

Fermentation monitoring system. Example: M2P labs: BioLector® I, 48 Parallel

Microbioreactors.

5.4.4 Media Components

1.

2.

LB Lennox Formulation:

10 g/L tryptone, 5 g/L yeast extract, and 5g/L sodium chloride per liter.

AB2 Medja:

For a detailed preparation process refer to Menacho-Melgar et al . 1 Components: 6.2
g/L yeast extract, 3.5 g/L casamino acids, 5.4 g/L. ammonium sulfate anhydrous
and 41.8 g/L Bis-Tris, 45g/1 glucose. pH is adjusted to 6.8.

Table 12: SM10 ++ media components (pH 6.8)

Ingredient Concentration Stock Volu(rpneLl)n 1L Final Concentration
Ammonium-Citrate 90 10 X FGM10 Salt 1 X
90 g Ammonium Sulfate, 2.5 100.0 9 g Ammonium Sulfate, 0.25
Salts, pH 7.5 . -
g Citrate) g Citrate)
R tail 500 mM 10.0 5.00 mM
Trace Metals 500 X 4.0 2 X
Fe (1) Sulfate 40 mM 4.0 0.16 mM
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MgSO4 2M 1.25 2.50 mM
CaS0O4 10 mM 6.25 0.06 MM
Glucose 500 g/L 90.0 45 .0g/L
MOPS 1M 200.0 200 mM
Thiamine-HCl 50 g/L 0.2 0.01 g/L
Yeast Extract 100 g/L 25.0 25¢9/L
Casamino Acids 100 g/L 25.0 25¢g/L

Table 13: SM10 No-phosphate media components (pH 6.8)

VolumeinlL

Final

Ingredient Concentration Stock (mL) Concentration
ATmONUMCITe |\ Sutate, 25 000 | sufe 025y
’ Citrate) Citrate)
Trace Metals 500 X 4.0 2X

Fe (1) Sulfate 40 mM 4.0 0.16 mM
MgSO4 2M 1.25 2.50 mM
CaSO4 10 mM 6.25 0.06 mM
Glucose 500 g/L 90.0 45 .0g/L
MOPS 1M 200.0 200 mM
Thiamine-HCI 50 g/L 0.2 0.01 g/L

5.4.5 Protocols

Protocol 1: Two-stage autoinduction microfermentation protocol.

Day 1 (Starter Cultures):

Timing: ~ 10 min per microtiter plate
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1. Start LB cultures in sterile flat bottom 96 well microtiter plates. The fill volume for
each well should be 150 uL of LB, Lennox formulation plus 35 ug/mL kanamycin, or
alternative antibiotics as appropriate. Single colonies, previously LB cultures or
cryostocks can be used for inoculation. When using prior cultures or cryostocks we
recommend inoculating 145 uL of media with 5ul of culture/cryostock. Preferably, do
not utilize wells on the outer edge of the plate.

2. Cover the 96 well plates with sterilized plate covers from Enzyscreen and secure in a
shaking incubator with appropriate clamps.

3. Incubate at 37°C for 16 hours, shaking at 300 rpm, with a 50 mm shaking orbit.

Day 2 (Autoinduction Cultures):

Timing: ~ 10 min per microtiter plate

4. TFor each LB starter plate, fill a fresh sterile flat bottom 96 well microtiter plate with
145 uL of AB2 media plus appropriate antibiotics. AB Media may be used in lieu of
AB2.

5. Inoculate the AB2 plates with 5ul of the LB starter cultures.

6. Cover the new AB2 with a fresh sterile plate cover and secure in a shaking incubator
with appropriate clamps.

7. Incubate at 37 °C for 24 hrs, shaking at 300 rpm, with a 50 mm shaking orbit.

Day 3 (Harvest):

Timing: ~ 30 min per microtiter plate
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8.

10.

11.

12.

13.

For each AB2 culture plate, obtain 1 new flat bottom 96 well plate, 1 black-walled 96-
well plate and 1 U-bottom 96 well plate.
Fill the wells of one flat bottom 96 well plate with 190 uL of deionized water (OD
plate).
To each well of the OD plate, transfer 10 ul of AB2 culture from the AB2 culture plate
to generate a 20-fold diluted culture for measuring optical densities.
Measure the optical density of the OD plate at 600 nm using an Absorbance Plate
Reader.
Calculate the harvest optical densities for each well by correcting the raw readings,
according to Equation 1. The path length correction factor should be measured for
each plate type and plate reader. Using the equipment and plates listed in the
protocol the path length correction is 1.6

Harvest Optical Density (ODsoonm) = Measured ODsoonm x 20 x 1.6
The 20X diluted sample, or further diluted samples, can also be used directly for
final analyses requiring suspended cells, such as relative fluorescence of GFP. In
these studies, for GFPuv, fluorescence measurement was performed using the black-
walled 96-well plates. The diluted samples were excited at 412 nm (bandwidth
10nm) and then we measured the emission at 530 nm (bandwidth=10nm). And the
gain was set at 60. The corresponding coefficient between the GFPuv fluorescence

units and the mass of GFPuv is 3.24 €9, meaning 1 g of GFPuv will be corresponded
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14.

15.

16.

17.

to 3.24 e9 relative fluorescent units.®® Then the relative GFP production will be
normalized by the cell biomass (ODeoonm x 0.35).

Normalized GFP Production = Measured Fluorescence x 20 + 3.24 €9 + (Harvest

Optical Density (ODsoonm) * 0.35)

Transfer ther remainder of the AB2 culture (~ 75 uL) from each well to the U bottom
96 well plate. Due to evaporation, the final volume of the AB2 cultures will be ~
130uL, and after taking 20 uL to measure the optical density, we recommend
transferring 75 uL.
Centrifuge the U-bottom 96 well plates at 3500 rcf for 10 minutes.
After centrifugation, carefully transfer the supernatant from each well to the second
fresh flat bottom 96 well plate. Be careful not to disturb the pellet. If the pellet is to be
discarded, we recommend transferring 60 uL. If the pellet is to be analyzed, we
recommend carefully aspirating as much supernatant as possible.

The supernatant and cell pellets are now ready for subsequent analyses.

Protocol 2: Two-stage wash microfermentation protocol.

Day 1 (Starter Cultures):

Timing: ~ 10 min per microtiter plate

1.

Start LB cultures in sterile flat bottom 96 well microtiter plates. The fill volume for
each well should be 150 L of LB, Lennox formulation plus 35 ug/mL kanamycin, or
alternative antibiotics as appropriate. Single colonies, previously LB cultures or

cryostocks can be used for inoculation. When using prior cultures or cryostocks we
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recommend inoculating 145 uL of media with 5ul of culture/cryostock. Preferably, do
not utilize wells on the outer edge of the plate.

2. Cover the 96 well plates with sterilized plate covers from Enzyscreen and secure in a
shaking incubator with appropriate clamps.

3. Incubate at 37 °C for 16 hrs, shaking at 300 rpm, with a 50 mm shaking orbit.

Day 2 (SM10++ Growth Cultures):

Timing: ~ 10 min per microtiter plate

4. TFor each LB starter plate, fill a fresh sterile flat bottom 96 well microtiter plate with
145 uL of SM10++ media plus appropriate antibiotics.

5. Inoculate the SM10++ plates with 5ul of the LB starter cultures.

6. Cover the new SM10++ with a fresh sterile plate cover and secure in a shaking
incubator with appropriate clamps.

7. Incubate at 37 °C for 16 hrs, shaking at 300 rpm, with a 50 mm shaking orbit.

Day 3 (Wash and Normalization):

Timing: ~ 30 min per microtiter plate

8. For each SM10++ culture plate, obtain 2 new flat bottom 96 well plates and 1 U-

bottom 96 well plate.

9. Fill the wells of one flat bottom 96 well plate with 190 uL of deionized water (OD
plate).
10. To each well of the OD plate, transfer 10 ul of SM10++ culture from the SM10++

culture plate to generate a 20-fold diluted culture for measuring optical densities.
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11. Measure the optical density of the OD plate at 600 nm using an Absorbance Plate
Reader.

12. Calculate the harvest optical densities for each well by correcting the raw readings,
according to Equation 1. The path length correction factor should be measured for
each plate type and plate reader. Using he equipment and plates listed in the
protocol the path length correction is 1.6

Growth Phase Optical Density (ODsoonm) = Measured ODsoonm X 20 x 1.6
CRITICAL: For each 96 well plate optical densities should range between 5-15. Wells
outside this range should be noted during subsequent analysis.

13. Transfer the remainder of the SM10++ culture (~ 120 uL) from each well to the U
bottom 96 well plate. Due to evaporation, the final volume of the AB2 cultures will
be ~ 130 uL, and after taking 10 uL to measure the optical density, we recommend
transferring 120 uL.

14. Centrifuge the U-bottom 96 well plates at 3500rpm (2900 rcf) for 10 minutes.

15. After centrifugation, carefully aspirate and discard all of the supernatant from each
well. Be careful not to disturb the pellet.

CRITICAL: It is important to remove all supernatant and remaining phosphate, even
if some cells are lost.

16. To each well add 140 uL of SM10 No Phosphate Media and resuspend the pellets in
the SM10 No Phosphate Media by pipetting up and down. Centrifuge the U-bottom

96 well plates again at 3500 rpm (2900 rcf) for 10 minutes.
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17. Take 90 uL of supernatant out and there will be about 50 uL left in each well. Then
mix the left pellet and supernatant by pipetting up and down.

18. Measure the ODsoonm of the concentrated cells using the same way as above, 20 x
dilution and then plate reader.

19. Calculate the volume needed for the target normalized OD in a total 150 uL volume.
20. In the case of GFPuv, fill the wells of the second flat bottom 96 well plate with 133 uL
of SM10 No Phosphate Media, plus appropriate antibiotics. Then transfer 17 uL of

resuspended culture to the appropriate wells

21. Cover the new SM10 No Phosphate Plate with a fresh sterile plate cover and secure
in a shaking incubator with appropriate clamps.

22. Incubate at 37 °C for 24 hrs, shaking at 300 rpm, with a 50 mm shaking orbit.

Day 4 (Harvest):

Timing: ~ 30 min per microtiter plate

23. For each SM10 No Phosphate culture plate, obtain 1 new flat bottom 96 well plate, 1
black-walled 96-well plate and 1 U-bottom 96 well plate.

24. Fill the wells of one flat bottom 96 well plate with 190 uL of deionized water (OD
plate).

25. To each well of the OD plate, transfer 10 ul of SM10 No Phosphate culture from the
SM10 No Phosphate culture plate to generate a 20-fold diluted culture for measuring

optical densities.

153



26. Measure the optical density of the OD plate at 600 nm using an Absorbance Plate
Reader.

27. Calculate the harvest optical densities for each well by correcting the raw readings,
according to Equation 1. The path length correction factor should be measured for
each plate type and plate reader. Using he equipment and plates listed in the
protocol the path length correction is 1.6:

Harvest Optical Density (ODsoonm) = Measured ODsoonm x 20 x 1.6
CRITICAL: When comparing variants/well, product titers should be normalized by
the Harvest Optical Density for each well.

28. The 20X diluted sample, or further diluted samples, can also be used directly for
final analyses requiring suspended cells, such as relative fluorescence of GFP. In
these studies, for GFPuv, fluorescence measurement was performed using the black-
walled 96-well plates.

Normalized GFP Production = Measured Fluorescence x 20 + 3.24e9 + (Harvest

Optical Density (ODsoonm) * 0.35)

29. Transfer ther remainder of the SM10 No Phosphate culture (~ 75 uL) from each well
to the U bottom 96 well plate. Due to evaporation, the final volume of the AB2
cultures will be ~ 100 uL, and after taking 20 uL to measure the optical density, we
recommend transferring 75 uL.

30. Centrifuge the U-bottom 96 well plates at 3500 rpm (2900 rcf) for 10 minutes.
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31. After centrifugation, carefully transfer the supernatant from each well to the second
fresh flat bottom 96 well plate. Be careful not to disturb the pellet. If the pellet is to be
discarded, we recommend transferring 60 uL. If the pellet is to be analyzed, we
recommend carefully aspirating as much supernatant as possible.

32. The supernatant and cell pellets are now ready for subsequent analyses.
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6. Conclusions

To improve the biosynthesis of small molecule chemicals, we applied 2-stage
dynamic metabolic control in engineered E. coli. The dynamic “removal” of target
metabolic pathways is realized through the combined use of CRISPR interference and
controlled protein degradation. In this work, I reported the development and use of a
standardized 96-well plate based 2-stage microfermentation protocol, which led to
exciting production results. The production of some small molecule chemicals was
improved significantly. Specifically: 1) Improved xylitol biosynthesis with titers of ~200
g/L from xylose at 86% of theoretical yield. This is the highest titer and yield of xylitol
production to date in E. coli representing an industrially relevant performance. 2)
Improved citramalic acid production with titers of ~126 g/L. Again, this is the highest
titer demonstrated to date in E. coli representing an industrially relevant performance. 3)
The production of ethylene glycol was improved to ~60 g/L from 20 g/L through the
implementation of a stoichiometric valve strategy.

Although the performances we have achieved are exciting, the more novel and
impactful results of my work are the fundamental insights into deregulation as a critical
approach in two-stage dynamic control and novel pathways in stationary phase
metabolism in E. coli. As described, reductions in enoyl-ACP reductase (Fabl) and
glucose-6-phosphate dehydrogenase (Zwf) levels synergistically improve the stationary
NADPH fluxes, requiring flux through a previously unknown pathway. This metabolic

approach to improve NADPH fluxes, is expected to be useful in the synthesis of a wide
156



variety of products. As the metabolic network enabling high NADPH fluxes requires a
low NADPH pool, this work also highlights the novel and critical potential of
deregulating metabolism in improving production.

In addition, NADPH flux was found to require the Pfo/ydbK gene, indicating a
new role for this enzyme in stationary phase metabolism. This new understanding is
supported by the role enzyme we identified in stationary phase acetyl-CoA synthesis
and citramalate production. The role of the pyruvate-ferredoxin oxidoreductase
(Pfo/ydbK) in “central” metabolism in stationary phase E. coli, is a novel finding.
Significant future work is needed to identify the biochemical mechanisms underlying
this result, as Pfo is an oxygen sensitive enzyme, which is inconsistent with our current
results.

Deregulating metabolism in stationary phase was demonstrated to play an
important role in optimal network fluxes. Understanding how different unpredicted
valves work to deregulate metabolism can lead to a more complete mechanistic
understanding of E. coli metabolism. While my work has focused on understanding the
mechanisms underlying some valves, there remain poor-studied mechanisms for other
valves and valve combinations. In the future work, strains will be screened by two-stage
microfermentation with different valves and valve combinations for a wider variety of
small molecule biosynthesis. Though currently identified valves could be generally
helpful in the production, there will still be some differences for each target product due

to distinct requirements of cofactors, pathway enzymes and intermediates. As a result,
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through analyzing and assessing plenty of valves/pathways, more deregulation

mechanisms will be discovered in E. coli metabolism.
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