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ABSTRACT

A biorefinery using sugars derived from lignocellulose is a sustainable route for chemical
synthesis. To compete with traditional chemical processes, microbes and bioprocesses must be
engineered for improved yield and productivity. Glucose is typically consumed by microbes
through glycolytic, pentose phosphate and Entner-Doudroff pathways. Enzymes are responsible
for catalyzing the many reactions, and traditionally, overexpression or deletion of genes coding
these enzymes has been used to direct carbon to desired pathways.

Another approach is to modify key enzymes in metabolism to redirect flow to target
pathways. Modulating activity offers a means to fine tune biochemical fluxes to match the
microbial needs for growth while optimizing product formation. In this work, two enzymes were
studied: Phosphofructokinase 1, which phosphorylates fructose-6-phosphate into fructose-1,6-
bisphosphate, and citrate synthase, which converts acetyl-CoA and oxaloacetate into citrate at the
start of the tricarboxylic acid cycle.

In a first research study, glycolytic flux was altered by constructing 22
phosphofructokinase (PfkA) variants which each contained single amino acid substitutions at

residues associated with mobile loops and adjacent to active site residues. These variants displayed



a wide range of growth phenotypes under batch or nitrogen-limited steady-state conditions. Strains
containing more severe substitutions showed decreased glucose uptake, decreased acetate
formation, decreased intracellular concentrations of glycolytic intermediates, and decreased
expression of the pta gene, despite identical growth rates.

In a second study, five citrate synthase (GItA) variants were examined for the formation of
an acetyl-CoA-derived product, 3-hydroxybutyrate. GItA variants showed five-fold greater yield
of 3-hydroxybutyrate compared to the strain with the wild-type enzyme in a glucose defined
medium under batch conditions. A repeated batch process using the GItA[A267T] variant led to
16 g/L 3-hydroxybutyrate with a yield of 0.16 g/g.

In a third study, modifications in both GItA and PfkA were compared for the production
of mevalonate, an acetyl-CoA-derived product. Several combined GItA and PfkA variants
increased the yield of mevalonate by 50% over the yield obtained by the wild-type strain.

These results demonstrate the benefit of modifying central metabolism at key biochemical

junctures to direct glucose into desirable biochemical products.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

Central carbon metabolism in heterotrophic bacteria involves how an input carbon source
is used by cells to make precursor molecules which are withdrawn to make new cells and
biochemical products (e.g., acetyl-CoA and oxaloacetate). Most carbon sources are metabolized
through glycolysis (Embden-Meyerhof-Parnas Pathway, or EMP), the Entner-Doudoroff
Pathway (EDP), the Pentose Phosphate Pathway (PPP), tricarboxylic acid (TCA) cycle, and
other pathways which are active under specific conditions (Holms, 1986; Sauer and Eikmanns,
2005; Wu et al., 2023). Carbon catabolizing routes in these central pathways contain about 30
metabolites which are either phosphorylated (e.g., glucose-6-phosphate or glucose-6P, ribose-5P)
or are carboxylic acids (e.g., pyruvic acid, citric acid) (Holms, 1986). In Escherichia coli, among
these metabolites, 12 precursors (e.g., glucose-6P, pyruvate, acetyl-CoA) serve as a branchpoint
exit for biomass forming pathways including amino acids, RNA/DNA nucleotides, lipids, cell
membrane (Noor et al., 2010). E. coli cells growing at their maximum growth rate (0.94 h%)
divert about 78% of glucose-6P towards the EMP (6.84 mmol/g biomass) and about 22% to the
PPP (Holms, 1986). Metabolites located at important junctions respond to changes in carbon
input or the environment (Holms, 1986), and are targets for metabolic engineering (Bailey,

1991).



1.1 MODIFYING THE CARBON FLUX WITH NUTRIENT-LIMITED GROWTH

A continuous process called a chemostat allows steady-state to be achieved under a specific
nutrient limitation. Such a process allows precise analysis of the metabolic fluxes which exist in
wild-type cells, and in response to pathway perturbations (i.e., due to gene knockouts). Cells
respond to changes in growth rate as determined by dilution rate by adjusting the partitioning
between glycolysis and the PPP using different nutrient limitation.

1.1.1 Glucose limitation

When glucose is limited, changing growth rate from 0.066 h to 0.375 h™ relative PPP flux
changes from 41% to 67% (Kayser et al., 2005). This redistribution was attributed to Cra-
dependent repression of key glycolysis genes including pfkA (phosphofructokinase isozyme 1)
with increased growth rate (Hardiman et al., 2007). Decreasing growth rate leads to repression of
the gnd gene coding 6-phosphogluconate dehydrogenase, the second enzyme of the PPP (Lemuth
et al., 2008). Whereas, limiting TCA cycle or respiratory chain at high dilution rates in glucose-
limited chemostats leads to flexible PPP and shift from cell-carbon limitation to energy carbon
limitation (Kayser et al., 2005).

1.1.2 Nitrogen limitation

Nitrogen-limited growth generally results in a greater glycolytic flux compared to carbon-limited
growth. Higher catabolic fluxes through glycolysis at the expense of PPP flux were observed
under nitrogen limitation in E. coli MG1655 chemostat cultures (Sauer et al., 1999). Proteomics
study revealed that key enzymes of TCA cycle including citrate synthase (GItA), isocitrate lyase
(AceA), succinyl-CoA synthase (SucD), malic enzyme (MaeAB), and PEP carboxykinase
(PckA) showed 40% lower expression under ammonium limitation compared to glucose-limited

cultures (Hua et al., 2004, Folsom and Carlson, 2015). Unlike TCA cycle genes, greater levels of



key glycolysis enzymes (Pgi, TpiA (triose phosphate isomerase), and GpmA (glycerate
phosphoglycerate mutase)) and PPP enzymes (TktA, TktB (transketolase) and TalA, TalB
(transaldolase)) are observed in ammonium-limited cultures compared to glucose-limited
cultures at all growth rates (Hua et al., 2004, Folsom and Carlson, 2015). Also, ammonium-
limited cultures consume glucose at a higher rate than glucose-limited cultures at all dilution
rates (0.1-0.4 h'), and cells show lower biomass yields (g cells per g glucose) under nitrogen
limitation (Folsom and Carlson, 2015). For example, at 0.1 h%, the specific glucose uptake rate
was 8.4 mmol carbon g* h't under glucose-limited conditions, but 17.4 mmol carbon g h'tin
ammonium-limited chemostat cultures (Hua et al., 2003).
1.1.3 Phosphate limitation

Phosphate plays an important role in cellular energy management and growth. Growth
under phosphate limitation (P-limitation) allows excess carbon and nitrogen for the production of
industrial commaodities. Phosphate influences energy, central carbon metabolism, and stress
regulatory circuits (Schuhmacher et al., 2014). P-limitation also leads to uncoupling of anabolic
and catabolic reaction, causing low biomass yield compared to N- and C- limitation (Dauner et
al., 2001). Under P-limitation, organisms maintain high respiratory rates and high ADP
availability which increases phosphate uptake from environment. Since many metabolites are
phosphorylated, cells tend to regulate phosphate levels through dephosphorylation reactions. The
oxidation of one mole of glucose to pyruvate generates 2 moles of ATP via the EMP pathway,
but only 1.67 moles ATP via the PPP pathway, thus the latter pathway requires less phosphate
for carbon metabolism. Expression of genes such as pfkA and gltA is downregulated by 5x in the

later stages of P-limited batch E. coli cultures (van Bogelen et al., 1996). This decrease in pfkA



and gltA expression demonstrates that flux towards glycolysis and TCA cycle decreases at lower
growth rates in P-limited cultures (van Bogelen et al., 1996).
1.1.4 Comparison of glucose, nitrogen, and phosphate limitation to affect metabolic nodes

Variation in the limiting nutrient and growth rate can affect the carbon flux towards the
pathways involved in central carbon metabolism. Under glucose limitation, high growth rates
cause a diversion of carbon flux towards PPP due to repression of glycolytic enzymes and TCA
cycle while lower growth rates repress PPP genes (Kayser et al., 2005, Hardiman et al., 2007,
Lemuth et al., 2008). Nitrogen limitation increases glycolytic flux and represses TCA cycle with
no significant increase in carbon flux towards PPP at all growth rates (Hua et al., 2003). In
contrast to glucose limitation, P-limited cultures showed greater flux towards PPP at lower
growth rates but increasing growth rates exhibited no significant increase in PPP flux compared
to other limitations (Dauner et al., 2001).
1.2 ENZYMES: FUNCTION, KINETICS, ENGINEERING

In general, there are two genetic/enzymatic strategies to alter the flux distribution
between these central metabolic pathways: either increasing or reducing the expression or
activity of key enzymes at a branchpoint. Overexpressing genes from either pathway can
redirect carbon flux to that pathway. In E. coli and many other bacteria, glucose is transported
and phosphorylated mainly by the phosphoenol:pyruvate:sugar phosphotransferase (PTS) system
to glucose-6P that is catabolized (Erni, 1989). In absence of PTS system, E. coli uses
glucokinase to phosphorylate glucose and other glucose-containing disaccharides (Meyer et al.,
1997). Glucose-6P is later distributed between three pathways the glycolysis, PPP, and EDP
(Holms, 1986). In this section, enzymes involved in metabolic nodes of glycolysis and PPP will

be discussed.



1.2.1 Pentose phosphate enzymes

Because entry into the oxidative PPP generates 2 mol NADPH/mol glucose-6P and
pentose sugar phosphates with a loss of carbon dioxide, the flux distribution between the EMP
and the PPP impacts availability of PPP products to perform reduced biosynthetic reactions and
anabolism of essential metabolites including amino acids and nucleotides (Wood, 1986; Romeo
and Snoep, 2005). Besides native metabolism, overexpression of enzymes in PPP has been used
to increase the production of NADPH-dependent biochemicals including 3-hydroxybutyrate
(Perez-Zabaleta et al., 2016), riboflavin (Lin et al., 2014), lycopene (Alper et al., 2005),
mevalonate (Li et al., 2021). This section describes the enzymes of interest in pentose phosphate
pathway.
1.2.1.1 Glucose-6-phosphate dehydrogenase and 6-Phosphogluconate dehydrogenase

Glucose-6P dehydrogenase [p-glucose-6-phosphate: nicotinamide adenine dinucleotide
phosphate (NADP) oxidoreductase, EC 1.1.1.49, encoded by zwf] catalyzes the first step for
entry in PPP and oxidizes glucose-6P to generate 6-phosphogluconate, a mole of NADPH and a
mole of CO> (Scott and Cohen, 1953). Sequentially, 6-phosphogluconate is oxidized by 6-
phosphogluconate dehydrogenase (6PGDH, EC:1.1.1.44, encoded by gnd gene) in the central
carbon metabolism (Berg et al., 2002, 5" edition). The sequential reaction catalyzed by these
enzymes is below:

Glucose-6P + 2 NADP* + 2 H,0 - ribose-5P + 2 NADPH + 2 H* + CO»

These two enzymes are source of NADPH in PPP therefore, overexpression of zwf or gnd
increases the intracellular NADPH/NADP ratio by 3-6x compared to wild-type E. coli (Lim et
al., 2002). Overexpression of zwf does not significantly change glucose uptake rate or specific

growth rate in E. coli under batch conditions with glucose as the sole carbon source (Nicolas et



al., 2007). Overexpression of zwf, gnd (expressing 6-phosphogluconate dehydrogenase), ppnK
(expressing NAD kinase), pntAB, or sthA improved the NADPH-dependent formation of the
antibiotic bacitracin in Bacillus licheniformis. The strain overexpressing zwf exhibited the
greatest increase of bacitracin (12%) compared to the wild type (Zhu et al., 2019). In a Azwf
strain, malic enzyme contributes about 6% of the NADPH needed for biosynthesis, whereas
overexpression of zwf eliminates the malic enzyme contribution to NADPH generation, similar
to the negligible contribution in a wild-type strain (Nicolas et al., 2007). Overexpressing zwf or
suppressing pfkA through CRISPRi improved mevalonate production through EP-bifido pathway
in recombinant E. coli. The EP-bifido pathway is combination of the EMP, the PPP, and a bifido
shunt to reduce carbon dioxide loss and produce more acetyl-CoA from glucose (Li et al., 2021).

Overexpression of zwf and 3-hydroxybutyrate producing genes from Halomonas
boliviensis in recombinant E. coli improved 3-hydroxybutyric acid (3-HB) production from 0.5
g/L to 1 g/L. Further, N-limited fed-batch cultures overexpressing zwf produced 12.7 g/L 3-HB
in 30 h. N-limitation was used to control the growth rate and restrict the TCA cycle by the
accumulation of NADH, which inhibits citrate synthase and leads to acetyl-CoA accumulation.
Acetyl CoA is a primary metabolite towards 3-HB production thus increased acetyl-CoA pools
can improve 3-HB (Perez-Zabaleta et al., 2016).

Overexpression of zwf in a y-poly glutamic acid (y-PGA)-producing Bacillus lichenformis
strain generated 9.13 g/L y-PGA, 35% higher than control strain. Overexpression of zwf also
displayed lower growth and glucose uptake rates while limiting production of byproducts acetoin
and 2,3 butanediol (Cai et al., 2017). E. coli containing riboflavin-producing genes and

overexpressing zwf, gnd (from Corynebacterium glutamicum), pgl, and acs (encoding acetyl



CoA synthase) and deleting pgi and ED pathway genes generated 582.2 mg/L, twice as great as
the control strain (Lin et al., 2014).
1.2.2 Glycolytic enzymes

Flux distribution and cell physiology are affected by knocking out key genes at the
beginning of either the EMP or PPP. This section discusses key enzymes in upper glycolysis.
1.2.2.1 Phosphoglucose isomerase

Phosphoglucose isomerase (EC 5.3.1.9, encoded by pgi) catalyzes the reversible
isomerization of glucose-6P to fructose-6P and both hexose phosphates exists in mixtures called
as “Embden ester” at an equilibrium (Mann and Lutwak-Mann, 1944). Km values for substrates
glucose-6P and fructose-6P are 1.02 mM and 0.08 mM, respectively, while phosphoenolpyruvate
serves as an inhibitor (Ki 0.26 mM) (Ogawa et al., 2007). Because Pgi catalyzes a reversible
reaction, maximum velocities are the same in both directions (Kahana et al., 1960).

Pgi is the first step of glycolysis, and Pgi mutants have been studied for their effect on
cell growth on different substrates (Fraenkel and Levisohn, 1967; Kabir and Shimizu, 2003) and
cell physiology (Hua et al., 2003). For a Apgi strain, excess NADPH generated through PPP (2
mol/mol glucose) causes 13% of glucose through the EDP, a pathway which generates only 1
mol NADPH/mol glucose (Hua et al., 2003). Decreasing the expression of the pgi gene
compared to the wild-type activates the glyoxylate shunt, suggesting that E. coli with lower pgi
expression uses the glyoxylate shunt instead of PEP carboxylase for the anaplerotic generation of
oxaloacetate (Usui et al., 2012). However, carbon flux into the glyoxylate shunt reduces
significantly to 20% in a Apgi strain compared to cells merely with a low expression of pgi
(40%) (Usui et al., 2012). Cells also respond to a pgi knockout by reducing flux through

NADPH-generating enzymes such as isocitrate dehydrogenase (Usui et al., 2012). Not quite as



severe as a ApfkA deletion, a Apgi knockout impairs growth by 70-80% because of the limited
capacity of the PPP and the excess NADPH (Canonaco et al., 2001; Long et al., 2018). Evolution
studies using E. coli Apgi conducted for 50 days in continuous cultures led to mutations in
transhydrogenases, stress response enzymes, and the crr gene coding the cytosolic subunit of
enzyme Il in the PTS glucose transport system (Long et al., 2018). Also, a Apgi strain evolves to
increase flux into the EDP and then towards non-oxidative PPP. Mutations occur in
transhydrogenase and isocitrate lyase which alter their specificity from NADPH to NADH
generation (McCloskey et al., 2018). These results demonstrate the evolutionary pressure for a
Apgi strain to improve its growth and NADPH oxidation (Long et al., 2018). Introduction of
NADPH utilizing pathway like poly(hydroxybutyrate) does improve the cell growth by 18% in a
Apgi strain (Kabir and Shimizu, 2003).

Although a pgi deletion decreases growth of E. coli on glucose, a Apgi strain grows well
on alternative carbon sources and mixtures of carbon sources with glucose (Ahn et al., 2011).
Deletions in mgsA (coding methylglyoxal synthase), pgi, and ptsG (coding Enzyme IICB of the
PEP-dependent sugar phosphotransferase system) enable E. coli to consume multiple sugars
simultaneously but glucose at a lower rate (Yao et al., 2011). Catabolite repression relaxes in
these gene knockout strains because the transcript levels of crp (encoding cAMP-activated global
transcriptional regulator CRP) increases and inactivates ptsG (Yao et al., 2011). A Apgi strain
grows 2x faster on a fructose-glucose medium than on a glucose-only medium (Ahn et al., 2011).
1.2.2.2 Phosphofructokinase

6-Phosphofructokinase (EC 2.7.1.11, Pfk, encoded by pfkA and pfkB) catalyzes the
irreversible phosphorylation of fructose-6P to fructose-16P; (Blangy et al., 1968). Pfk exists as

two isoenzymes: an allosteric PfkA that accounts for 90% of the activity and non-allosteric PfkB



(Robinson and Fraenkel, 1978; Kotlarz and Buc, 1977; Babul, 1978). PfkA is allosterically
inhibited by phosphoenolpyruvate (PEP), shows cooperativity with fructose-6P and hyberbolic
kinetics with ATP (Blangy et al., 1968). Monophosphonucleosides (AMP), fructose-6P,
diphosphonucleosides (ADP, GDP) are the activators of PfkA (Atkinson and Walton, 1965).

Deletion of pfkA or pfkB coding phosphofructokinase genes directs carbon flux towards
the PPP (Siedler et al., 2011, Wang et al., 2013). A ApfkA strain still shows 20-30% of residual
phosphofructose kinase activity due to the isoenzyme coded by the pfkB gene (Siedler et al.,
2011, Siedler et al., 2012). As a consequence of a pfkA deletion and the resulting limited
availability of phosphoenolpyruvate (PEP), glucose uptake rate slows by 64-75% (Siedler et al.,
2012). Also, deletion of pfkA directs 62% of carbon towards PPP compared to 11% in the wild-
type strain (Hollinshead et al., 2016). The double mutant ApfkA ApfkB fails to grow on glucose
because neither the EDP nor the PPP can exclusively support cell growth (Fischer and Sauer,
2003; Lovingshimer et al., 2006; Wang et al., 2013).

Growth of ApfkA strains on glucose as the sole carbon source results in partial cyclization
of carbon through the PPP because negative net flux was observed from glucose-6P to fructose-
6P catalyzed by a reversible enzyme Pgi (Siedler et al., 2012). That is, fructose-6P generated
from PPP partially is converted to glucose-6P. Also, flux towards triose-3P increases to divert a
limited carbon from PPP towards lower glycolysis in absence of phosphofructokinase A (Siedler
etal., 2012).

Despite catabolite repression which typically inhibits microbes such as E. coli from
consuming multiple sugars simultaneously such as xylose in the presence of glucose (Magasanik,
1961, Desai and Rao, 2010), a ApfkA strain metabolizes glucose and xylose simultaneously and

also exhibits 2x the growth rate in this mixture compared to a glucose-only medium. Thus,



deleting the pfkA gene mitigates catabolite repression in E. coli (Hollinshead et al., 2016). The
EMP enzymes phosphofructokinase and pyruvate kinase regulate gluconeogenesis under glucose
excess, and a wild-type E. coli does not consume non-sugar metabolite such as acetate
(Hollinshead et al., 2016). However, a ApfkA strain can co-metabolize acetate and glucose to
compensate for the low EMP flux, leading to gluconeogenesis for utilization of non-sugar
substrates by E. coli (Hollinshead et al., 2016). Unlike xylose, the presence of acetate in a
glucose defined medium does not increase the growth rate of a ApfkA strain (Hollinshead et al.,
2016). Deletion of pfkA in a 1,3-diaminopropane (1,3-DAP)-producing E. coli strain
(overexpressing ppc and aspC) improved the titers of 1,3-DAP from 0.2 g/L to 1.4 g/L. Fed-
batch fermentation using this strain produced 13 g/L 1,3-DAP (Chae et al., 2015).

The reduction of B-keto ester methyl acetoacetate to the chiral hydroxy ester (R)-methyl
3-hydroxybutyrate (MHB) is catalyzed via a biotransformation by an R-specific alcohol
dehydrogenase (Siedler et al., 2011). Deletion of pfkA increased the yield to 4.78 mol MHB/mol
glucose (Siedler et al., 2012). The reduction of 2-chloroacrylate to 2-chloropropionic acid is
mediated by NADPH-dependent 2-haloacrylate reductase from the soil bacterium Burkholderia
in a one-step bioconversion process (Wang et al., 2013). E. coli with a pfkA knockout and
overexpressing NADPH-dependent GAP dehydrogenase improved 2-chloropropionic acid yield
from 0.1 to 0.6 mol/mol glucose (Wang et al., 2013).

In contrast to a ApfkA strain, a ApfkB strain grows well on glucose as the sole carbon
source (Wang et al., 2013). In some bacteria such as Corynebacterium glutamicum growing on
glucose the deletion of pfkB1 increases glycolytic flux by 10% compared to wild-type C.
glutamicum (Hasegawa et al., 2016). Interestingly, addition of fructose increases glucose

consumption rate by 2x in C. glutamicum ApfkB (Hasegawa et al., 2016).
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1.2.3 TCA cycle
1.2.3.1 Isocitrate dehydrogenase

Isocitrate dehydrogenase (IDH) [Ds-threo-isocitrate NAD(P)* oxidoreductase
(decarboxylating), EC 1.1.1.42] is an NADP*-dependent dehydrogenase, a key enzyme at the
branch point of TCA cycle and glyoxylate shunt (Lee et al., 1995). IDH catalyzes the
decarboxylation reaction to generate NADPH:

isocitrate+ NADP* = a-ketoglutarate + NADPH + CO;

IDH is a major NADPH contributor in wild-type E. coli cultivated under aerobic batch
(2.3 mmol g* h'?) (Sauer et al., 2004), C-limited (1.2 mmol g** h'?) and N-limited (approx. 2.3
mmol g h'!) (Hua et al., 2003) cultures. Carbon flux towards IDH reaction decreases by 78% in
a Azwf strain cultivated under N-limited conditions but remains similar under glucose limitation
compared to wild-type (Hua et al., 2003). However, a Apgi strain showed a 70% decrease in
carbon flux in IDH reaction compared to wild-type in glucose-limited cultures (D of 0.1h™) (Hua
et al., 2003). Overexpression of IDH increased the production of NADPH-requiring GDP-p-
fucose concentration to 5.8 mg/L, 31% higher than the wild-type E. coli strain (Lee et al., 2011).
1.2.3.2 Malic enzyme

NADP~*-dependent malic enzyme (EC 1.1.1.40, encoded by maeB gene) catalyzes the
oxidative decarboxylation of malate to pyruvate and CO2 in the presence of Mg?* metal (Bologna
et al., 2007). Malic enzyme facilitates the conversion of C3 to C4 metabolites, thus
overexpression of maeB increased the production of C4 metabolites 2% in E. coli under anaerobic
conditions (Kwon et al., 2007). Levels of C4 metabolites such as succinic acid can be increased

with overexpressing maeB (Shin et al., 2007).
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1.2.4 Acetyl-CoA forming enzymes/degradation pathways
1.2.4.1 Acetyl-CoA synthase

Acetyl-CoA synthase (ACS, EC 6.2.1.1, encoded by acs) catalyzes an ATP-dependent
irreversible conversion of acetate to acetyl-CoA via intermediate acetyl phosphate (Berg 1956).
In E. coli, cells secrete acetate while growing aerobically in presence of excess glucose (Eiteman
and Altman, 2006). Acetate is assimilated through ACS induction due to various metabolic
factors including high cyclic AMP levels, stationary phase, transcription factors IcIR and FadR
(regulate glyoxylate shunt), absence of catabolite repression, oxygen regulator FNR, and
decrease in acetyl-CoA pools (Kumari et al., 2000). ACS has a Kiu of 0.2 mM for acetate (Brown
etal., 1977). Cells growing at higher growth rate are unable to assimilate acetate due to
repression of ACS activity by catabolite repression in presence of glucose leading to overflow
metabolism (Eiteman and Altman, 2006; Valgepea et al., 2010).

A reductive acetyl-CoA pathway known as the Wood-Ljungdahl pathway is used by
anaerobes such as sulfate reducers, methanogens, and acetogens to convert CO or CO; to
biomass. The conversion is catalyzed by a bifunctional nickel-iron-sulfur enzyme called carbon
monoxide dehydrogenase/acetyl-CoA synthase (CODH/ACS) where CODH reduces CO to CO
and the latter facilitates condensation of CO, a methyl group, and CoA for acetyl-CoA formation
(Seravalli et al., 2002).

ACS is responsible for acetate assimilation which leads to a greater interest in modifying
ACS enzyme or acs allele to control acetate consumption via genetic and protein engineering.
Deletion of acs gene leads to poor growth of E. coli cells on acetate as a sole carbon source and
eliminates conversion of acetate to acetyl-CoA for biomass and energy generation (Kumari et al.,

2000). Ovrexpression of ACS has been studied to increase acetyl-CoA pools (Zhang et al., 2019;
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Wegner et al., 2021), decrease acetate accumulation (Lin et al., 2006), or increase acetate
consumption (Ding et al., 2015; Novak et al., 2018; Song et al., 2018). Protein engineering using
site-directed mutagenesis of ACS broadens the substrate range of the enzyme (Sofeo et al.,
2019). High concentration of acetyl-CoA inhibits ACS therefore replacing E. coli ACS with a
feedback insensitive acetyl-CoA synthase from Salmonella faecalis improves availability of
acetyl-CoA for acetyl-CoA-derived products (Wegner et al., 2021).
1.2.4.2 Pyruvate dehydrogenase complex

Pyruvate dehydrogenase complex includes 24 units of pyruvate dehydrogenase (E1, EC
1.2.4.1, encoded by aceE), 24 units of dihydrolipoamide acetyltransferase (E2, EC 2.3.1.12,
encoded by aceF), and 12 units lipoamide dehydrogenase (E3, EC 1.6.4.3, encoded by IpdA) in
E. coli (Arjunan et al., 2002). The complex catalyzes oxidative decarboxylation of 3-carbon
pyruvate to acetyl CoA catalyzing the following overall reaction (Koike et al., 1960, Arjunan et
al., 2002):

Pyruvate + CoA + NAD" - acetyl-CoA + NADH + CO>

The PDH complex is expressed under a single operon and regulated by PdhR transcription factor
(Quail et al., 1994), substrate (pyruvate, CoA), the cofactor thiamine diphosphate (Hennig et al.,
1997), NAD/NADH (Hansen and Henning, 1966), Mg?* (Arjunan et al., 2002), and products
(Schwartz and Reed, 1970). High NADH/NAD ratio inhibits the lipoamide dehydrogenase
component of the complex especially when switching from aerobic to anaerobic conditions
(Hansen and Henning, 1966; Shen and Atkinson, 1970). While not as strong an inhibitor as
NADH, acetyl-CoA/CoA ratio above 0.8 inhibits the complex by 57% (Hansen and Henning,
1966). Elevated glycolytic intermediates like fructose-16P2 also enhances the rate of conversion

of pyruvate to acetyl-CoA (Shen and Atkinson, 1970). Accumulation of acetyl-CoA inhibits the
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first component pyruvate dehydrogenase of PDH complex (Shen and Atkinson, 1970; Schwartz
and Reed, 1970). Binding of pyruvate to the active loop (residues 401-413) in E1 component
(AceE) initiates communication between E1-E2 subunits of the PDH complex (Kale et al., 2007).
The rate limiting enzyme AceE has a kcat of 38 s and Km of 0.26 mM for pyruvate (Kale et al.,
2007).

To control the flux at pyruvate node, the AceE enzyme is generally targeted to modulate
PDH complex (Zhu et al., 2008, Moxley and Eiteman, 2021, Ziegler et al., 2021). Pyruvate
accumulation improves by limiting/eliminating conversion of pyruvate to acetyl-CoA (Zhu et al.,
2008; Moxley and Eiteman, 2021). Deletion of aceE gene completely eliminates the activity and
leads to acetate/acetyl-CoA auxotrophy (Tomar et al., 2003; Zeli¢ et al., 2003; Maleki et al.,
2018). Modulating the enzyme activity through RNA silencing (Nakashima et al., 2014), protein
engineering (Moxley and Eiteman, 2021), and CRISPR interference (Ziegler et al., 2021)
increases the pyruvate yield without growth requirement on acetate.

The E3 component (Lpd) of PDH complex is inhibited by high concentrations of NADH
(Shen and Atkinson, 1970), therefore replacing NADH sensitive AceE with a thermophilic
bypass PDH enzyme system consisting pyruvate decarboxylase (from Acetobacter pastuerianus)
and CoA-acylating aldehyde dehydrogenase (from Thermus thermophilus) lead to 65 % acetyl-
CoA molar yield in a biotransformation reaction (Krutsakorn et al., 2013). Modifying active
residues of Lpd component using site directed mutagenesis lowers the NADH sensitivity of the
PDH complex (Sun et al., 2012; Wang et al., 2018) and restores the cell growth under anaerobic

conditions (Sun et al., 2012).
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1.2.43 PTA-ACKA

Conversion of acetyl-CoA to acetate is performed through a sequence of two reactions:
phosphorylation of acetyl-CoA to acetyl-phosphate by phosphate acetyltransferase (PTA, EC
2.3.1.8, encoded by pta) (Shimizu et al., 1969) and dephosphorylation of acetyl-P to acetate by
acetate kinase (ACKA, EC 2.7.2.1) (Fox and Roseman, 1986). These cascade reactions are
reversible where net production/utilization of acetate is thermodynamically controlled by the
extracellular concentration of acetate (Enjalbert et al., 2017). PTA has a Km of 0.045 mM and
kcat of 29.6 st for acetyl-CoA as a substrate while acetyl-CoA-forming reaction has a kcar of
227 st and Kwm of 0.9 mM for acetyl-P (Campos-Bermudez et al., 2010). ACKA has
approximately 40x affinity for acetyl-P (Km of 0.16 mM) than acetate (Km of 7 mM) (Fox and
Roseman, 1986) and 2x greater catalytic activity towards acetate formation (Tang et al., 2014).

Deletion of ackA, pta, or ackA-pta in E. coli cells slightly decreases growth rate and
reduces acetate formation under aerobic conditions, while these deletions reduce growth rate by
34-62% and increase lactate formation under anaerobic conditions compared to the wild-type
(Schutze et al., 2020). Gene deletions of Pta-AckA pathway have been attempted to improve
acetyl-CoA derived products (Centeno-Leija et al., 2014; Parimi et al., 2017; Wu et al., 2020;
Atsumi et al., 2008) or study microbial physiology (Dittrich et al., 2005; Schiitze et al., 2020).
1.2.4.4 Pyruvate oxidase

Pyruvate oxidase (POXB, EC 1.2.5.1, encoded by poxB) catalyzes the oxidative
decarboxylation of pyruvate to acetyl-P and CO- in the presence of cofactors thiamine
pyrophosphate (TPP) and flavin adenine dinucleotide (Cunningham and Hager, 1971). Binding
of POXB to the phospholipid bilayer activates the enzyme and increases its affinity towards

pyruvate and TPP (Chang and Cronan, 1984). Reduction of enzyme-bound flavin on the
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peripheral membrane leads to binding of C terminus and transferring 2 electrons to ubiquinone 8,
a mobile carrier of electron transport chain (Neumann et al., 2008). Absence of PDH complex or
presence of fatty acids activates PoxB for acetyl-CoA production for biomass and metabolites
formation (Fleischer et al., 1961), therefore PDH mutants require acetate supplementation for
growth (Parimi et al., 2017). Activation of POXB to consume pyruvate causes the energy
deficiency of 16 kcal per mole of pyruvate to yield acetyl-CoA because of ATP consumption
from acetate to acetyl-CoA reaction by PTA (Cunningham and Hager, 1971). Presence of high
pyruvate levels also activates POXB through POXB binding to membrane and increasing Kcat
by 30-fold and decreasing Km for pyruvate by 8-fold (Neumann et al., 2008).

A poxB deletion has been used to decrease the acetate production from pyruvate to
manipulate pyruvate node to induce physiological changes (Dittrich et al., 2005; Valgepea et al.,
2010) and increase Yyields of pyruvate-derived products (Moxley et al., 2023, Parimi et al., 2017,
Wau et al., 2020).
1.2.4.5 Acetyl-CoA transferase

Acetyl-CoA transferase (EC 2.3.1.16, encoded by atoB) catalyzes reversible reaction of
acetyl-CoA to acetoacetyl-CoA (Feigenbaum and Schulz, 1975). The enzyme shows specificity
to acetoacetyl-CoA and induced in presence of acetate (Duncombe and Frerman, 1976). The
tetrameric enzyme AtoB has a Km 0of 0.017 mM and kcar of 220 s for acetoacetyl-CoA
substrate reaction while for substrate acetyl-CoA, a Km of 0.138 mM and kcar of 6.5 s which
shows greater specificity of enzyme towards acetoacetyl-CoA degradation (Ithayaraja et al.,
2016).

Overexpression of atoB has been used to increase acetyl-CoA based products including

mevalonate (Satowa et al., 2020), propane (Menon et al., 2015), and butanol (Kim et al., 2015).
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1.2.4.6 Acetyl-CoA carboxylase

Acetyl-CoA carboxylase complex in E. coli is composed of three catalytic subunits
acetyl-CoA carboxytransferase a unit (AccA), carboxytransferase p unit (AccD), and biotin
carboxylase (AccC) plus a carrier protein (AccB) (Bilder et al., 2006). Enzyme acetyl-CoA
carboxytransferase (EC 2.1.3.15) comprising both units (AccA-AccD) decarboxylates acetyl-
CoA to malonyl-CoA, second reaction of Acetyl-CoA carboxylase complex in the fatty acid
synthesis cycle (Bilder et al., 2006) as well as last step of aerobic B-oxidation (Campbell et al.,
2003). Enzyme is inhibited by acylated derivatives of acyl-carrier protein (ACP) having chain
lengths of C6-C20 atoms (Davis and Cronan, 2001). Also, overexpression of thioesterases leads
to cleavage of acyl-ACPs to fatty acids and can relieve the inhibition of fatty acid synthesis
(Jiang and Cronan, 1994). For this enzyme, Km apparent for acetyl-CoA is 0.018 mM (Soriano et
al., 2006) and malonyl-CoA is 0.04 mM while kcar is 211 min™ (Meades et al., 2010).

Overexpression of ACC increases the malonyl-CoA levels involved in fatty acid
biosynthesis (Davis et al., 2000) and malonyl-CoA derived product such as 3-hydroxypropionic
acid (Wang et al., 2022).
1.2.4.7 Citrate synthase

Citrate synthase (EC 2.3.3.1, encoded by gltA) catalyzes the aldol-Claisen condensation
of acetyl-CoA and oxaloacetate for citrate formation (Weigand and Remington, 1986). Citrate
synthase diverts more than 60% of acetyl-CoA towards TCA cycle (Zhao et al., 2004) and is a
key metabolic node in central metabolism into the TCA cycle for biomass, organic acids and
precursor synthesis (Weitzman 1966; Danson and Weitzman, 1973). In Gram-type negative
bacteria like E. coli citrate synthase exists as a type Il hexameric form that is allosterically

regulated by NADH under aerobic conditions (Duckworth and Tong, 1976; Weitzman and
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Dunmore, 1969). Loss of ability to form hexamers diminishes allosteric inhibition by NADH
(Stokell et al., 2003), and causes the Type Il citrate synthase to exist in dimeric form similar to
type | citrate synthase found in Gram-type positive microbes (Eikmanns et al., 1994; Jin and
Sonenshein, 1996) and eukaryotes (Sievers et al., 1997; Eikmanns et al., 1994; Grossebiiter and
Gorisch, 1985; Weigand and Remington, 1986). Type Il citrate synthase is comprised of 430
amino acids and has molecular weight of about 48 kDa, 280 kDa in hexameric form (Tong and
Duckworth, 1975; Anderson and Duckworth, 1988; Sievers et al., 1997). The metabolite a-
ketoglutarate competitively inhibits the enzyme (Anderson and Duckworth, 1988) which was
previously considered to be allosteric inhibition (Weitzman and Dunmore, 1969). Type Il citrate
synthase has a kcat of 81 s and Km of 0.026 mM for oxaloacetate and 0.120 mM for acetyl-
CoA (Pereira et al., 1994).

Genetic engineering of gltA leads to improvement of acetyl-CoA based products such as
citramalate (Wu and Eiteman, 2016), lysine (van Ooyen et al., 2012), and mevalonate (Satowa et
al., 2020). Overexpression of gltA improved the vanillin production in a Aicd E. coli strain by
two-fold in the complex medium (Lee et al., 2008). Enzyme engineering of citrate synthase
modified its activity and affected production acetyl-CoA-derived products like acetate (Tovilla-
Coutino et al., 2020), citramalate (Wu et al., 2020), and propanediol (Lee et al., 2019).

1.3 ACTIVE SITE RESIDUES OF CITRATE SYNTHASE AND PFKA
1.3.1 Active Site Residues of Citrate synthase

Due to its location at metabolic node and allosteric properties, structure function
properties, the allosteric and physiological characteristics of Type Il citrate synthase have been
investigated thoroughly (Handford et al., 1987; Donald et al., 1991; Pereira et al., 1994; Stokell

et al., 2003; Maurus et al., 2003). Residues H264, D362, and F383 are involved in acetyl-CoA
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binding while oxaloacetate binds to residues H229, H305, R314L, R387, and R407 of the
enzyme (Pereira et al., 1994). Substitutions H264A, D362A, and F383A displayed a 97-99%
decrease in kcat compared to the wild-type, while F383A also increased Kw for acetyl-CoA by
17x (Pereira et al., 1994). H229Q substitution decreased kcat by 88% and increased Ky by 17x
for oxaloacetate (Anderson and Duckworth, 1988), while H305A and R314L led to more than
99% decrease in catalytic activity (Anderson and Duckworth 1989). Crystalline structure of the
enzyme revealed that the polypeptide chain (residues 267-297) adjacent to the H264 residue is
extremely mobile and undergoes conformational refolding upon binding of acetyl-CoA to the
enzyme, and it plays a critical role in substrate binding in Type Il citrate synthase (Nguyen et al.,
2001). NADH binds to six equivalent sites close to the dimer-dimer point of contact of citrate
synthase enzyme where each hexamer has three identical sites in both direction (Maurus et al.,
2003). NADH inhibition increased in substitutions R167L by 77% and T111A by 87% whereas
NADH binding increased by nearly 2x in R109L mutant (Stokell et al., 2003). Hexamer
formation is essential for NADH allosteric inhibition, and this inhibition is curtailed by
substitutions in residues R163L and K167A (Stokell et al., 2003).
1.3.2 Active Site Residues of Phosphofructokinase A

The PfkA tetrameric enzyme shows cooperative Kinetics with fructose-6P, hyperbolic
kinetics with ATP, allosteric activation by ADP and GDP, and inhibition by
phosphoenolpyruvate (PEP) (Berger et al., 1992).

At the active site, the aspartate group serves an essential role for phosphoryl group
transfer from ATP to the enzyme. D127 acts as a base in the reaction mechanism of phosphoryl
transfer and facilitates the nucleophilic attack of the 1-hydroxyl group of fructose-6P by the y-

phosphoryl group of the ATP. Moreover, D127 also reduces the affinity of the enzyme towards
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product fructose-16P. due to repulsion between negatively charged carboxyl group and the
newly formed 1-phosphate (Shirakihara and Evans 1988). The PfkA variant D127S showed a
very low turnover number of 0.0052 s (1/18000 of wild-type) in forward reaction with fructose-
6P, and a lower Ky of 8 mM (1/45 of wild-type) for fructose-16P> in reverse reaction (Hellinga
and Evans 1987). Similarly, D127E lowered kcat by 99% and D127Y lowered kcat by 99.8%
(Berger et al., 1992), while D127A lowered kcat by 99.99% (1/44000 of wild-type) (Zheng and
Kemp, 1994 a), showing the importance of D127 in PfkA catalysis. The spatially adjacent
arginine residue R171 has a comparatively minor effect on phosphorylation. R171S lowered
kcaT by a factor of 1/3.4 (Hellinga and Evans, 1987), while the R171H substitution decreased
kcat by 48% and increased Kw (fructose-6P) by about 3.4x (Zheng and Kemp, 1994a). Another
aspartate residue (D129) interacts with two water molecules stabilizing the Mg?* ion for which
proper orientation is important for phosphate transfer (Shirakihara and Evans, 1988). The D129S
substitution lowered kcat by 99.8% (Berger and Evans, 1992; Zheng and Kemp, 1994a). Besides
D127 and D129, D103 is also ionizable and interacts with the ATP-Mg?* complex (Laine et al.,
1992). D103 and D129 both are important to position Mg?* and stabilize the transition state. The
D103A substitution in E. coli PfkA had no effect on Km but lowered the kcat by 96% (Berger
and Evans, 1992).

R72 of the E. coli ATP-dependent PfkA stabilizes the transition state by interacting with
the 6-phosphate of fructose-6P (Zheng and Kemp, 1992). R72H decreased kcar by nearly 99.8%
at pH 8.5 relative to the wild-type enzyme (Zheng and Kemp, 1994a). Several other arginine
residues, R162, R243, and R252, are positioned near and interact with the 6-phosphate of
fructose-6P (Shirakihara and Evans, 1987). The R162S substitution increased Km by 53x, while

the R243S substitution increased Km by 162x with little change in kcat (Berger and Evans,
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1990). In another study, the substitution R252Q decreased kcat 95% and increased Km by 1600x
(Zheng and Kemp, 1994b). The R252 and R243 residues in the fructose-6P binding site for the
E. coli enzyme are equivalent to R315 and R326, respectively, in the pyrophosphate-dependent
enzyme from P. freundenreichii (Xu et al., 1994). Two highly conserved residues near the active
site of E. coli PfkA are 1126 and N128 which do not participate directly with substrate binding
(Zheng and Kemp, 1994b). The 1126 and D12 residues are believed to stabilize R252 and orient
the guanidinium group with fructose-6P (Zheng and Kemp, 1992). The absence of 1126 can
induce the R252 side chain to “flop around” into the binding cleft and affect the reaction. The
1126A substitution increased the Km by nearly 600x and decreased kcar by 61.5% (Zheng and
Kemp, 1992). Similarly, the 1126S substitution increased the Km by nearly 300x and decreased
kcat by 72% (Zheng and Kemp, 1994b).

1.4 GENETIC ENGINEERING STRATEGIES TO INCREASE ACETYL-COA POOLS OR
DERIVED PRODUCTS

Acetyl-CoA is a precursor for various biochemicals including acetone (May et al., 2013)
and 1-butanol (Atsumi et al., 2008). Strategies to improve bacterial acetyl-CoA formation from
glucose have been reviewed extensively (Zhu et al., 2022).

One method to increase the acetyl-CoA pool is the use of phosphoketolase (PKT) from
Bifidobacteria species to bypass pyruvate dehydrogenase and accumulate acetyl-CoA, avoiding
carbon loss due to CO2. This pathway is known as the bifido-shunt pathway (Chinen et al.,
2007) or non-oxidative glycolysis (NOG) and requires the elimination of competing genes
responsible for byproducts and the EMP pathway (Bogorad et al., 2013). This pathway removes
PEP dependent PTS system, bypasses lower EMP and diverts the carbon towards PPP and relies

on PKT to generate acetyl-P from sugar phosphates like fructose-6P and xylulose-5P followed
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by converting acetyl-P to acetyl-CoA using PTA (Chinen et al., 2007). Because NOG generates
2 moles of ATP from xylose and no reducing equivalents, it is not found in nature, as the
pathway cannot be used for biomass synthesis and for products that require reducing equivalents
(Bogorad et al., 2013). Even though non-oxidative PPP generates one mole of COy, it also
provides 2 moles of NADPH, therefore the combination of PKT and PPP compensates for
reducing equivalents for biomass and products without decreasing theoretical yield of acetyl-
CoA on carbon significantly compared to just EMP (Henard et al., 2015). Another approach is to
engineer a NOG strain through rational gene deletions followed by adaptive evolution to
encourage biomass formation and pyruvate generation via malate using an active TCA cycle
under aerobic conditions and 100% acetyl-CoA yield under anaerobic conditions using glucose
as a carbon source (Lin et al., 2018).

A combination of AptsG::glk, AgalR::zglf, ApoxB::acs, AldhA, and Apta produced 62%
of N-acetyl-glucosamine/glucose, a product of acetyl-CoA and glutamate in a biotransformation
reaction (Zhang et al., 2019). Deletion of pta-ackA increased poly(3-hydroxybutyrate) yield on
glucose by 48% and reduced acetate formation (Centeno-Leija et al., 2014). Overexpressing
NADPH-dependent glyceraldehyde 3-phosphate to improve NADPH availability in a Apta-ackA
E. coli strain increased poly(3-hydroxybutyrate) yield on glucose by 63% (Centeno-Leija et al.,
2014). Blocking lactate and acetate formation leads to 3x greater pyruvate levels than wild-type
in E. coli overexpressing isoprenoid pathway (Kim et al., 2016) and 10-20x pyruvate in 1-
butanol producing strain (Atsumi et al., 2008). Preventing formation of byproducts lactate
(deleting IdhA and dld), ethanol (deleting adhE), acetate (deleting poxB and pta-ackA),
acetoacetate (deleting atoDA), and phosphoenolpyruvate (deleting pps) in E. coli strain

overexpressing exogenous mevalonate pathway genes and isoprene synthase improved isoprene
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production by 2x (1.8 g/L) from glycerol supplemented complex medium in shake flask cultures
(Kim et al., 2016).

In E. coli BL21 (DEJ), deletion of genes responsible for global transcriptional regulators
IcIR and ArcA decreases acetate by 70% but does not affect the cellular physiology including
glucose uptake rate. The strain can also co-utilize glucose and acetate (Waegeman et al., 2012).
For production of acetyl-CoA-derived products, often BL21 (DE3) is used due to its reduced
catabolite repression and ability to reduce acetate formation (Liu et al., 2017; Perez-Zabaleta et
al., 2019). Deletion of the arcA gene coding for global transcriptional factor ArcA, decreased
acetate formation and improved acetyl-CoA-derived products phloroglucinol and 3-
hydroxypropionic acid (Liu et al., 2016). Eliminating activity of another transcriptional factor in
a AiclR strain, decreases acetate by 50% and improves production of phloroglucinol and 3-
hydroxypropionic by 2x (Liu et al., 2017) but deleting both ArcA and IcIR does not further
improve the production of acetyl-CoA-derived compounds (Liu et al., 2017).

Acetyl-CoA intracellular concentration was reported to be 20% greater in a AgltA strain
(Wu and Eiteman, 2016). In another work, increased acetyl-CoA pool was observed in strain
having various deletions: AgltA (2x), Appc (1.25x), and AglItA Appc (1.5%) (Satowa et al., 2020).
1.5 PROTEIN ENGINEERING: GLYCOLYTIC ENZYMES

Engineering enzyme to impact the kinetic parameters can be accomplished by rational
modification of the critical catalytic residues, adaptive evolution, or random mutagenesis
(Moxley et al., 2021; Yang et al., 2023). These strategies can alter many facets of enzyme
Kinetics such as increase enzyme activity, modulate residues responsible for feedback inhibition,
decrease substrate binding. For example, mutating the residues responsible for NADH binding in

the E3 component of the PDH complex leads to an enzyme which is less sensitive to NADH
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inhibition compared to the wild-type, and alters cell physiology (Wang et al., 2018). Saturation
mutagenesis is a random mutagenesis technique to replace each single codon with all possible
combinations. This approach often achieves desired catalytic characteristics but requires
screening of multiple colonies (Yang et al., 2023). Enzyme engineering also allows a change in
substrate affinity, allowing new ‘non-native’ substrates to undergo conversion. Such a strategy
has been applied to increase the breath of substrate utilization by aldolase (Guclu et al., 2016)
and acetyl-CoA synthetase (Sofeo et al., 2019), and also to change the affinity of acetoacetyl-
CoA dehydrogenase from NADPH to NADH (Olavarria et al., 2022). Enzyme engineering has
also been examined for its effects on product distribution: increased pyruvate by modification of
pyruvate dehydrogenase (Moxley and Eiteman, 2021), increased acetate (Tovilla et al., 2020) or
citramalate (Wu et al., 2020) by modification of citrate synthase.
1.6 MOTIVATION OF THIS WORK

Deletion of critical glycolytic enzymes to divert the carbon flow often leads to a
significant growth defect in microbes using glucose as the sole carbon source (Sauer et al., 1999;
Siedler et al., 2011) and in some cases, cells become auxotrophic (Gilvarg and Davis, 1956;
Zeli¢ et al., 2003). To overcome auxotophy and enable cell growth, medium is often supplied
with either a specific substrate (e.g., acetate for pyruvate dehydrogenase complex mutant) (Zeli¢
et al., 2003) or complex medium components (e.g., yeast extract, peptone) (Li et al., 2019;
Taylor et al., 2023). Addition of undefined components like yeast extract and peptone increases
the cost of scale-up as well as challenges the reproducibility of the process if obtained from
different suppliers (Cardoso et al., 2020). Since most of the metabolic engineering work is
performed at small scale (e.g., microtiter plates, shake flasks), the production cost of using

complex medium components is often neglected in pursuit of developing novel synthetic biology
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tools to improve yield and titer of product of interest. Development of a robust engineered strain
with a deeper understanding of its physiology and metabolism at an early stage is imperative to
translate technology for large scale biochemical production (Neubauer et al., 2013; Chubukov et
al., 2016).

Genetic engineering is performed to optimize the carbon flow between biomass and
product formation (Dittrich et al., 2005) to create a balance between yield and productivity. For
example, since citrate synthase diverts more than 60% of carbon towards biomass formation
through TCA cycle (Zhao et al., 2004), products that require acetyl-CoA invariably compete with
the native pathway for the limited precursor (Wu et al., 2020). Therefore, deletion of citrate
synthase eliminates the carbon flow towards TCA cycle and diverts acetyl-CoA towards product
formation which significantly improved yield of acetyl-CoA derived products such as citramalate
(Wu and Eiteman, 2016) and mevalonate (Satowa et al., 2020). Another strategy is protein
engineering, where the activity of native enzymes that compete for precursors is reduced,
creating a metabolic valve which also eliminates the auxotrophy and growth defect (Wu et al.,
2020). For example, a ApfkA strain with a 70% lower growth rate than wild-type has been used
for the production of biochemicals like lycopene (Wang et al., 2013) and 1,3 diaminopropane
(Chae et al., 2015) at the cost of either productivity or medium components. Dynamic regulation
using strategies such as CRISPRi (Li et al., 2021), induce gene degradation (Brockman and
Prather, 2015) and quorum sensing (Gupta et al., 2017) have been used to trigger the pfkA gene
inhibition/downregulation after certain time or biomass formation. However, most of these
works were conducted at shake flask scale (Brockman and Prather, 2015; Li et al., 2021), and
involve multiple plasmids and synthetic pathways to control the glycolytic flux via PfkA

enzyme. To achieve an optimum control at metabolic node of central carbon metabolism, the key
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hypothesis of this work is that rational protein engineering of enzymes will offer a simple
strategy to alter the carbon flux between two competing pathways. Specifically, making
targeted substitutions at PfkA and GItA will alter the metabolism of E. coli and increase the
formation of products derived from acetyl-CoA, offering an alternative to outright deletion
which either decreases production rate or requires complex medium components.

1.7 DISSERTATION OUTLINE

This dissertation work is divided into four sections. Chapter 2 is a literature review which
details current understanding of the effects of nutrient limitation on cell physiology,
maintenance, and product formation. Operational strategies such as batch, chemostat and fed-
batch are critically investigated and reviewed (Rajpurohit and Eiteman, 2022).

Chapter 3 is a proof-of-concept work that targets the PfkA enzyme node of glycolysis
with an intent to decrease carbon flow through phosphofructokinase enzyme. Because Pgi
catalyzes a reversible reaction, the second step of glycolysis was selected for mutagenesis. The
specific amino acid substitutions were conceptualized using a structure-guided approach to
generate 22 variant strains. An initial shake flask screening using glucose as the sole carbon
source revealed that 14 PfkA variants displayed similar growth as a ApfkA strain while other
variants had intermediate growth rates between wild-type and the ApfkA strain. A nitrogen-
limited chemostat process, known to increase glycolytic flux and acetate formation, was selected
as a process to assess the metabolism of five strains: three PfkA variants having a range of
growth rates, the wild-type strain, and a ApfkA strain. Under a nitrogen-limited process operating
at 0.1 h', pfkA alleles with greater maximum specific growth rate (lmax) showed physiological
properties such as glucose consumption rate and acetate formation rate similar to the wild-type.

Also, intracellular metabolites including fructose-16P», glyceraldehyde 3-phosphate, acetyl-CoA,
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and dihydroxyacetone are directly proportional to the pmax of the PfkA variant strain. Mutation
severity also affected transcript levels of pfkA, zwf and pta genes. This study highlights the
function of PfkA variants to yield varying levels of glycolytic flux under carbon excess
conditions at the same growth rate which otherwise is achieved during glucose-limited process
by varying the dilution rate.

Chapter 4 considers the application of citrate synthase (GItA) variants to improve
generation of the acetyl-CoA-derived product 3-hydroxybutyrate. The mutated alleles of gltA
were chromosomally integrated into the E. coli W ApoxB AldhA Apta-ackA genotype to
construct 5 GItA variant strains. GItA variants displayed significantly greater 3-HB yield than the
wild-type in shake flask screening. Pyruvate accumulation was a metabolic bottleneck in these
variants. Therefore, overexpression of thioesterases (yciA or tesB) or pantothenase kinase
(encoded by CoaA) was examined during 3-HB formation, but these approaches did not
significantly improve 3-HB yield. Indeed, yciA overexpression not only diminished both
pyruvate and 3-HB production, but substantially increased acetate formation. Among the GItA
variants, 3 strains with varying 3-HB yield on glucose were investigated at 1.25 L nutrient excess
batch conditions. Accumulated pyruvate was assimilated to 3-HB and biomass in absence of
glucose.

Chapter 5 explores the possibility of combining citrate synthase and phosphofructokinase
variants for the production of mevalonate, biochemical that uses acetyl-CoA and NADPH. Based
on previous chapters, four phosphofructokinase A variants were tested for mevalonate
production using wild-type and a knockout strain as a control. With increase in severity of

mutation in PfkA, mevalonate production decreased indicating that glycolytic product is also
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limited by acetyl-CoA. Later, citrate synthase variant alleles were integrated in PfkA variants
and showed improved mevalonate yield on glucose compared to the wild-type enzymes.
Chapter 6 summarizes the previous chapters, drawing conclusions on application of

variants at metabolic nodes in central carbon metabolism.
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2.1 ABSTRACT
Limiting an essential nutrient has a profound impact on microbial growth. The notion of growth
under limited conditions was first described using simple Monod kinetics proposed in the 1940s.
Different operational modes (chemostat, fed-batch processes) were soon developed to address
questions related to microbial physiology and cell maintenance and to enhance product formation.
With more recent developments of metabolic engineering and systems biology, as well as high-
throughput approaches, the focus of current engineers and applied microbiologists has shifted from
these fundamental biochemical processes. This review draws attention again to nutrient-limited
processes. Indeed, the sophisticated gene editing tools not available to pioneers offer the prospect
of metabolic engineering strategies which leverage nutrient limited processes. Thus, nutrient-
limited processes continue to be very relevant to generate microbially derived biochemicals.
Keywords: chemostat; Escherichia coli; fed-batch; metabolic engineering; nutrient-limitation;
Saccharomyces cerevisiae
2.2 INTRODUCTION

Biochemical processes use enzymes or microorganisms as catalysts to convert a substrate
to a product, and are analogous to chemical processes in terms of basic design parameters
including stoichiometry, energy relationships, kinetics, and equilibria (Gaden, 1960). Design and
implementation of microbial bioprocesses additionally requires an understanding of metabolic
activity and its effect on growth and product formation as well as factors which influence
organisms and these cellular reactions.

Operationally, microbial bioprocesses are often classified by the strategies used for
substrate addition and product removal (Figure 2.1). In a batch process, the carbon-

substrate/energy source as well as other nutrients are at the onset charged into the reactor, and

52



product is harvested at the conclusion of the process, typically when the carbon source is
depleted. Although material can be introduced into the reactor for oxygenation, pH control,
foaming and other minor reasons, a batch process is considered a closed system. Other
operations in contrast are implemented as distinctly open systems. A chemostat occurs when the
flowrates of a nutrient-containing feed and an effluent of products and residual nutrients are
equal (Maxon, 1955). The dilution rate (D) normalizes that feed rate F by the constant volume
of the system V (D = F/V). In addition, any of several semi-continuous fed-batch processes
involve the feeding of nutrients often without product withdrawal (Yoshida et al., 1973; Pirt,
1974). Variations on these basic operational modes include a turbidostat (Fox, 1955; Maxon,
1960), wherein the feed rate is controlled to maintain a constant cell density, and an accelerostat
(Paalme et al., 1995), wherein the dilution rate is changed progressively and slowly to maintain
prolonged pseudo-steady-state conditions over a range of growth rates. A two-reactor cascade in
which biomass formation and product formation are spatially distinct is another novel continuous
operational mode which increases volumetric productivity of intracellular products (Schmideder
and Weuster-Botz, 2017). Several of the methods for continuous cultivation have been critically
compared for their utility in high-resolution characterization of metabolism (Adamberg et al.,
2015).

Microbial bioprocesses are further categorized by whether or not the growth of the
microorganisms is limited by the availability of nutrients. The term descriptively suggests a
process in which cellular growth and metabolism are less than maximal as a result of the limited
availability of one or more nutrients during the course of the process. Whereas many authors use
limitation in the context of cessation of growth (e.g., Merchant and Helmann, 2012), we use the

term to refer to the state where cells are indeed metabolizing nutrients and even steadily growing,
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albeit at a lower than maximal rate because of the limited availability of one or more nutrients, a
condition which can be sustained simply by feeding that limiting nutrient at a controlled rate. A
batch process is not a nutrient-limited process (at least until the very end of the process), whereas
a chemostat must be a nutrient-limited process. A fed-batch process might or might not be
nutrient-limited, depending on the nature of the feeding. Fed-batch operations may also be
distinguished by whether or not feedback control is used in establishing the feed (YYamané and
Shimizu 1984), a classification which focuses on externally applied control rather than on the
resulting physiological behavior of the cells. The type of nutrient limitation has a profound
effect on the performance of cells in a bioreactor.

In order to establish whether or not cell growth is nutrient-limited, one must consider that
a relationship exists between the concentration of any nutrient and the specific growth rate.
Among the many models available, the relationship is often satisfactorily described by the
hyperbolic Monod Equation (Monod, 1942, 1949):

K= Umax (K%S) 1
where pmax is the maximum specific growth rate (h™) which occurs in the absence of inhibitors
and when nutrients are plentiful under those culture conditions, Ks is the saturation constant (e.g.,
g/L), and S is the nutrient concentration (g/L). Although a great simplification of true microbial
growth dynamics, this Monod Equation does capture the idea that a single nutrient can limit the
specific growth rate, and shows that the growth rate approaches the maximum specific growth
rate when S >> Ks. The saturation “constant” is not actually a constant, but itself depends on
culture conditions (e.g., temperature, pH), the nutrients themselves (e.g., glucose versus glycerol,
ammonium versus nitrate) and even the degree of adaptation of the cells (Senn et al., 1994). The

value of Ks reflects the overall metabolic affinity for a substrate and can be affected by altering
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the enzyme Kinetics of a single reaction in cellular metabolism (Rutgers et al., 1987).
Considering the example of Escherichia coli with glucose as the carbon source, values for Ks
have been reported as low as 50 ug/L (Shehata and Marr, 1971; Senn et al., 1994) to greater than
8 mg/L (Jannasch, 1968; Dykhuizen, 1978; Ishida et al., 1982). Regardless of the precise
numeric value of Ks, these results demonstrate that the saturation constant can be three orders of
magnitude lower than a typical initial substrate concentration, so that the specific growth rate is
essentially independent of S for the duration of a batch process. Since the growth rate is usually
less than maximal only at very low nutrient concentrations, using a sensor feedback control
strategy directly to maintain the concentration of a carbon/energy source or another nutrient at
limiting conditions is generally impractical. Despite the difficulty in determining a value for the
saturation constant (Owens and Legan, 1987), the Monod Equation is useful. For example, the
equation can also be used to estimate the expected concentration of the limiting nutrient (i.e.,
when the process is operated in that way). Specifically, by rearranging the Monod Equation, the
concentration of the growth limiting nutrient (Siim) needed to sustain a given growth rate (u <

Hmax) 1S

UKs 2

Umax—H

Siim =

Due to their simplicity, batch processes are often used to study many microbial
phenomena such as growth, carbohydrate utilization, and product formation. However, the
flexibility and degrees of control in a batch process are limited. Because the microbes in a batch
process invariably encounter nutrients in excess relative to Ks, the microbes grow for essentially
the entire process at their maximum rate after an initial acclimatization, or lag period, until one
or more nutrients suddenly becomes depleted. Thus, one has no operational ability to influence

the nutrient-dependent physiological state of the culture. Nutrient-limited processes are
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underappreciated, particularly in the context of modern molecular tools, and a goal of this review
is to highlight current knowledge on these processes.
2.3 CHEMOSTAT PROCESSES

Originally developed to study bacterial cultures for a long duration (Novick and Szilard,
1950), the chemostat maintains the cell growth rate lower than the maximum specific growth rate
(umax). The chemostat is an indispensable tool to investigate how growth rate affects cellular
processes and how cells or consortia of cells evolve in response to nutrient limitation as a
selective pressure (Ziv et al., 2013), though it is particularly difficult to operate for microbes
which grow on walls or aggregate such as filamentous fungi (Lameiras et al., 2015). One can
dictate which nutrient limits cell growth (e.g., C, N, P, etc.) merely by adjusting the medium
composition (Egli, 2015). Mean residence time in the chemostat is equal to the inverse of the
dilution rate 1/D (Herbert et al., 1956). If the selected dilution rate is lower than the maximum
specific growth rate (umax) at the given environmental conditions, then a steady-state is normally
achieved: the growth rate the microbes experience (1) becomes equal to D, and the limiting
nutrient attains a low, constant concentration (e.g., Equation 2). If the dilution rate approaches or
exceeds the maximum specific growth rate, then the cells cannot grow as quickly as the medium
is withdrawn, leading to net loss of cells and culture washout. Because chemostat processes
maintain a high biomass concentration compared to batch processes, a chemostat achieves a
fairly high product and biomass volumetric productivity or space time yield. Unfortunately, a
continuous operation has an increased prospect of contamination or genetic drift during a
prolonged biological process because of competition for the limiting nutrients (Powell, 1958;
Rosenzweig et al., 1994; Weikert et al., 1997). Indeed, given the likelihood for mutations, a

chemostat does not strictly reach a physiological “steady-state” (Bull 2010). In fact, at a long
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time-scale, the chemostat is an invaluable tool to evolve strains with greater substrate affinity
(Wick et al., 2002, Jansen et al., 2005; Gresham and Hong, 2015; Brickwedde et al., 2017), with
relieved auxotrophy (van Maris et al., 2004) or with a gain of substrate utilization (Arensdorf et
al., 2002). Different limiting nutrients (e.g., N-limited versus Fe-limited) change the profile of
mutations that occur, and the rate of mutations (Maharjan and Ferenci, 2017). Nutrient limited
conditions also encourage phenotypic heterogeneity (Schreiber et al., 2016).

Care must be made in medium design for nutrient limited processes because cells use a
portion of the carbon/energy source for maintenance and also often to accumulate storage
products. Therefore, the proportion of nutrients needed for a growth limitation itself depends on
the growth rate, and dual-nutrient limited regions are possible (Cooney and Wang, 1976; Eqgli,
1991, Egli and Zinn, 2003, Zinn et al., 2004). Indeed, one fixed medium composition can lead to
C-limited growth at a low dilution rate, dual C/N-limited growth at an intermediate dilution rate,
and N-limited growth at a high dilution rate (Egli, 1991). Nevertheless, operation of a chemostat
is useful to identify optimal conditions for fed-batch operations for biochemical generation (e.g.,
Lis et al., 2019), and therefore the chemostat is an indispensable tool for bioprocess
development. Chemostat processes have been previously reviewed in the context of recombinant
protein production (Peebo and Neubauer, 2018), in which case C-limited growth is typically
employed to avoid overflow metabolism, a situation in which extra carbon is diverted to an
undesirable by-product such as acetate (Eiteman and Altman, 2006).

2.4 FED-BATCH PROCESSES

Fed-batch is a semi-continuous process in which one or more nutrients is supplied to the

growing microbial culture with or without periodic withdrawal (Yamané and Shimizu 1984). A

fed-batch process can be implemented so that nutrients are intermittently added to the reactor and
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are always in excess from the perspective of the cells (i.e., relative to Ks), resulting in a process
physiologically similar to a batch process. Such a culture allows prolonged growth at pmax and
can be considered a non-limited-nutrient fed-batch or a repeated fed-batch, although the latter
term is often applied to a fill-and-draw process in which a portion of culture is periodically
withdrawn and fresh nutrients supplied (Trilli et al., 1977). This type of fed-batch process is
particularly beneficial in cases for which a high concentration of a particular nutrient inhibits
microbial growth, since that nutrient can be maintained below its inhibitory concentration while
achieving a near maximal growth rate (Yano et al., 1991b; Hu et al., 2010). Alternatively, a
nutrient-starved fed-batch is a common process which involves growing a culture first with
ample nutrients, and then in a subsequent cycle supplying the culture with a feed in which at
least one essential nutrient is absent. In such a nutrient-starved process, often the carbon/energy
source is supplied to satisfy the cultures’ maintenance requirement, while the absence of another
nutrient (e.g., N) prevents growth (Jgrgensen et al., 2002). In this case, cells cannot continue
growing without the missing essential nutrient(s), but they often remain able to metabolize the
supplied carbon source and accumulate storage products or transform that carbon source into a
desired product (Shang et al., 2003; Shen et al., 2016; Kim et al., 2019; Nayak et al., 2019).

A fed-batch process can also be implemented as a nutrient-limited fed-batch, which like a
chemostat necessitates that a nutrient feed is introduced at a rate lower than the growing culture
can maximally metabolize. In contrast to a nutrient-starved process, though, the culture is
growing continuously, and the rate of introducing the limiting nutrient controls the metabolic and
growth rates (Pirt 1979). Because no effluent typically exists, cells and products remain in the
culture, enabling fed-batch processes to achieve high cell density and product concentration. A

quasi-steady state is achieved in nutrient-limited fed-batch cultures (Pirt 1979).
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Nutrient-limited fed-batch processes can be operated in several ways. For example, the
growth limiting nutrient can be introduced into the culture at a constant rate or at an exponential
rate (Yamane and Shimizu 1984). When a growth limiting nutrient is fed at a fixed rate (Fc) the
growth rate of the culture decreases with time (Dunn and Mor 1975; Yamané and Shimizu 1984).
In an exponential fed-batch process the nutrients are fed at an exponentially increasing rate to
match the needs of the growing culture, to maintain a constant growth rate s« less than gzimax. The
time-varying feed rate of a process limited by the carbon-energy source during an exponential

fed-batch process is:
F = (ViXi/Sf) (ms + ﬁ) ehet 3

where volumetric feed rate (F) is related to initial cell concentration (X;), initial volume (Vi),
substrate concentration in feed (Sr), biomass yield coefficient (Yxss), cell maintenance coefficient
(ms) and the desired constant specific growth rate (lc) (Korz et al. 1995). An exponential fed-
batch operational mode has been used to obtain high cell density, avoid oxygen limitation,
minimize metabolic heat generation, and minimize by-product formation (Korz et al. 1995, Lee
1996, Riesenberg et al. 1991). Like the saturation constant, the maintenance coefficient should
not be considered a constant value, as it includes multiple cellular phenomena that may change
over the course of a process (Neijssel and Tempest, 1976; van Bodegom, 2007). This simple
parameter is merely an attempt to encapsulate quantitatively the portion of substrate consumption
not used for growth or for product formation.
2.5 NUTRIENT LIMITATION COMPARED TO NUTRIENT STARVATION

From the cells’ perspective, nutrient limitation is quite different from nutrient starvation
(Forberg and Haggstrom, 1987), the latter which is often called a “resting cell” process. Nutrient
limitation permits continued, possibly steady-state growth, whereas starvation in one or more
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essential nutrient induces dynamic stress responses and ultimately prevents further growth
(Werner-Washburne et al., 1996; Gasch and Werner-Washburne, 2002; Peterson et al., 2005).
Many researchers examine the effect of nutrient scarcity by restricting an essential nutrient in the
medium to cause that nutrient to be depleted first, or by transferring washed and concentrated
cells from a complete to a depleted medium (e.g., Brauer et al., 2006). Similarly, batch
processes are typically composed of a medium from which carbon is depleted first, leading many
to refer to such a batch process as “carbon-limited”. The term “starved” would be preferred to
describe a batch process: only after a period of maximal growth do the cells transition quickly to
non-growth due to first deficiency then absence of that one (or more) nutrient. The distinction is
more important when a nutrient other than the carbon source is the first to be depleted, because
the remaining excess carbon/energy source often continues to be consumed and converted into
an intracellular or extracellular product despite, or often because of, the lack of growth.

Because of these physiological differences, care should be taken when comparing results
from nutrient starvation with nutrient limitation, wherein growth is maintained by the slow
addition of one or more limiting nutrients. The literature is replete with studies describing
“nutrient limitation”, when in fact the initial medium was merely adjusted so that the cells
experience a short batch process until a specified nutrient is depleted, that is, the cells transition
from a higher growth rate to being starved for that nutrient. Typically, these studies examine the
culture for the metabolism of a remaining excess carbon source while the culture transitions from
nutrient scarcity to nutrient exhaustion. Nutrient limitation implies a process in which the cells
continue to grow.

To understand physiological response of an organism to nutrient limitation, it is very

important to have controlled conditions (pH, temperature, and oxygen) and a well-defined
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medium since common complex components such as yeast extract and peptone complicate the
identification of the limiting nutrient and interpretation of the cellular response (Herbert 1956,
Minihane and Brown 1986). For example, enzymes in a pathway to a particular required
metabolite (e.g., a vitamin) may require iron, and if the complex medium contains a small
quantity of that metabolite then the effect of iron limitation could differ in that complex medium
compared to a medium with a single carbon/energy source. Comparing vastly different media
compositions, using complex medium components such as protein hydrolysate, or using
microbial consortia can make identification of the limiting nutrient(s) virtually impossible (e.qg.,
Vazques-Lima et al., 2014; Varrone et al., 2018; Zhang et al., 2021), and make results difficult to
interpret.

One important measurement associated with nutrient limitation and cell growth in general
is the biomass yield (Y, Table 2.1), which expresses the quantity of cells on a dry basis generated
per quantity of nutrient consumed (e.g., units of g cells/g nutrient). For nutrients not used as an
energy source or in a product, the biomass yield is the reciprocal of fractional composition of
that nutrient (e.g., g nutrient/g cell). The steady-state biomass yield of a nutrient is greatest when
that nutrient is limiting. For example, the E. coli biomass yield on nitrogen (Yxn, dry basis) is
8.8-9.8 g cells/g N during an N-limited chemostat, but 7.8-7.9 g cells/g N during glucose-limited
growth and 7.2-7.5 g cells/g N during Fe-limited growth (Folsom and Carlson, 2015). In other
words, E. coli is composed of 10.1-11.4% N when N is limiting, but 12.5-13.5% N when N is in
excess and the cells are limited by something else: a loss of about 20 mg of N in one gram of
cells when growth is limited by N. Similarly, E. coli biomass yield on iron (Yxre) is about

100,000-150,000 g/g (i.e., 8 ug Fe per g of cells) during an Fe-limited chemostat (Folsom et al.,

2014), but is 5,000-7,000 g/g (200 ug Fe per g of cells) in Fe-excess batch cultivation (Abdul-
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Tehrani et al., 1999). These bacterial cells are thus composed of roughly 20-25 times more Fe
when excess Fe is in the medium compared to when this element is limiting (largely irrespective
of growth rate). These observations demonstrate how the physiological steady-state differs with
conditions, and how cells would likely undergo an extraordinary dynamic response in a Fe-
starvation process. Cells initially experiencing low but excess Fe would transition through a
wide range of states (from 200 ug Fe to 8 ug Fe per g of cells) before becoming truly depleted in
Fe and unable to grow further. Such a dynamic response has been noted with high resolution in
nitrogen-limited anaerobic processes using Saccharomyces cerevisiae, where a 7% increase in
biomass occurs shortly after N depletion, largely as a consequence of trehalose and glycogen
accumulation (Schulze et al., 1996). Such a growth dynamic cannot be explained exclusively by
the Monod equation, and requires the use of at least two independent growth rates, one
representing growth in the presence of N, and a second corresponding to carbohydrate-
accumulating growth after N depletion (Henriques and Balsa-Canto, 2021). The unsurprising
lesson is that cells have great flexibility to adjust their composition in response to the
environment (Egli, 1991), and usually minimize their composition of a limiting nutrient at the
expense of energy efficiency, typically by upregulating pathways using less of that nutrient, or
otherwise avoiding unnecessary use of the limiting nutrient. As cells optimize their metabolic
network, biomass yields also vary with growth rate and temperature (Chrzanowski and Grover,
2008).

The method of measurement affects the calculation of the yield coefficient. One method
is called a “pulse shift technique” (Mateles and Battat, 1974; Kuhn et al., 1979). This technique
involves achieving a steady-state, and then injecting a pulse of a suspected growth limiting

nutrient into the reactor. If the injected nutrient is indeed growth limiting, then the culture will
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no longer be limited by that nutrient, and the biomass will increase until the injected nutrient is
depleted. Typically, an elemental analysis is not performed on the medium, the technique does
not account for potentially multiple, simultaneous nutrient limitations, and it does not consider
the cellular flexibility that an injected nutrient might be incorporated into cells without an
observed biomass change. Thus, values calculated using this technique are generally low
compared to values using other measurements. The dry mass of the cells is measured by drying
a selected volume of washed cells at defined conditions of temperature and duration, and thus
this measurement also introduces variability into the yield calculation.

Most biochemical products of interest are composed of carbon, oxygen and hydrogen. A
common approach to maximize microbial formation of such products is by a two-step culture
system in which a first phase achieves high cell density potentially without nutrient limitation,
followed by a second phase in which cells are either limited (allowing some growth) or starved
(allowing no growth) by the absence of one or more nutrients other than C (e.g., Jung et al.,
2001; Dragone et al., 2011; Richter et al., 2013). After achieving a high biomass concentration
such nutrient starvation/limitation generally maximizes carbon conversion to the product at the
expense of additional biomass. For example, intracellular storage products such as
poly(hydroxybutyrate) accumulate under N-, P-, S-, or Mg-limitation (Kim et al., 1994ab, Ahn et
al., 2000). In an analogous fashion, photosynthetic microbes (Fogg, 1983; Braakman et al.,
2017; Szul et al., 2019) and plants (Ryan et al., 2001) exude carbon under non-carbon nutrient
limitation. Thus, we now consider some physiological effects of microbes growing under

conditions of the limitation or starvation of nutrients other than carbon.
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2.6 PHYSIOLOGICAL EFFECTS OF NON-CARBON NUTRIENT LIMITATION

Nitrogen

Nitrogen occurs throughout cells, in proteins, nucleotides and many metabolites. Nitrogen as
ammonium is assimilated in E. coli and most bacteria and yeast into glutamine and glutamate
(Reitzer, 2003), which are the primary intracellular nitrogen donors. In bacteria 88% of the
cellular nitrogen is derived from glutamate, while 12% is derived from glutamine (Hu et al.,
1999). Glutamate is the most abundant metabolite in E. coli, accounting for about 40% of the
total metabolite concentration (Bennett et al., 2009). In many bacteria such as E. coli, two
ammonium-assimilating pathways are available, a NADPH-dependent glutamate dehydrogenase
and a high affinity glutamate synthase (glutamine oxoglutarate aminotransferase,
GOGAT)/glutamine synthase. Glutamate dehydrogenases generally have high values of Ky for
ammonium, so that during N-limited growth, glutamine synthase expression is elevated to
maintain sufficient glutamate (Reitzer, 1996). Dynamic N starvation in E. coli and S. cerevisiae
growing on glucose depletes glutamine and to a lesser extent glutamate while a-ketoglutarate
increases markedly and can even be excreted (Brauner et al., 2006, Boer et al., 2010).
Accumulation of a-ketoglutarate occurs in cyanobacteria also, a signal which upregulates
nitrogen assimilation via the global regulator NtcA and other regulators (Muro-Pastor, 2005;
Espinosa et al., 2014). In yeast the concentration of tryptophan, which relies on glutamine for its
synthesis, decreases, while phenylalanine and tyrosine, which rely on glutamate for nitrogen, do
not change, resulting in an accumulation of phenylpyruvate and phenylethanol, a quorum-
sensing signal (Chen and Fink, 2006). Accumulated a-ketoglutarate in E. coli noncompetitively

and cooperatively inhibits EI of the PTS (Doucette et al., 2011), citrate synthase (Pereira et al.,
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1994) and PEP synthase (Chulavatnatol and Atkinson, 1973). Furthermore, sudden nitrogen
availability in N-starved wild-type E. coli induces a decrease in a-ketoglutarate and rapid
increase in glucose uptake rate, while in a PTS-deficient strain with elevated galactose permease,
glucose uptake is insensitive to N availability (Doucette et al., 2011). In general, S. cerevisiae N-
limitation leads to depletion of intracellular amino acids, particularly at low dilution rates (Boer
etal., 2010). Because intracellular glutamine and arginine concentration correlates strongly with
dilution rate, these compounds likely control growth in N-limited S. cerevisiae (Boer et al.,
2010). Synechocystis accumulate a-ketoglutarate (Muro-Pastor et al., 2001) under N-starvation
and also glycogen, which is associated with the induction of the glgX gene (de Marsac et al.,
1980, Osanai et al., 2006, Yoo et al., 2007). E. coli has a high protein turnover under N-limited
conditions compared to C-limited or P-limited conditions (Gupta et al., 2022).

Under steady-state conditions, cells tend to have greater uptake of the carbon/energy
source when grown under carbon-excess conditions compared to carbon-limited conditions. For
example, under N-limited conditions at 0.2 h'%, E. coli shows a 2.3-fold greater specific glucose-
consumption compared to under glucose-limited conditions (Sauer et al., 1999), while S.
cerevisiae shows 2-3 greater specific glucose consumption compared to glucose-limited
conditions at all growth rates (Kumar et al., 2021). This extra carbon at the same growth rate is
diverted to energy consuming reactions, and E. coli also generates substantially more acetate
under N-limited conditions compared to C-limited conditions: 0.19 g/g during N-limited growth
at 0.10 h', but no acetate during C-limited growth (Hua et al., 2003). In E. coli several genes
associated with TCA cycle enzymes (isocitrate lyase, fumarase, succinate dehydrogenase) are
downregulated under N-limitation compared to glucose-limitation, while genes of the Embden-

Meyerhof-Parnas and pentose phosphate pathways are induced (Hua et al., 2004). N-limited
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conditions generally increase the flux through glycolysis relative to the pentose phosphate
pathway (Sauer et al., 1999). Some cells grown under carbon excess conditions induce ATP-
dissipating futile cycles. For example, under N-limited conditions Bacillus subtilis increases flux
through the oxaloacetate-PEP-pyruvate cycle (PEP carboxykinase, pyruvate Kinase, pyruvate
carboxylase) leading to the net loss of one ATP per cycle (Dauner et al., 2001). N-limited S.
cerevisiae cultures showed much lower intracellular concentrations of NAD and NADH
compared to C-limited cultures (Kumar and Bruheim, 2021). Increasing dilution rate of S.
cerevisiae increased the CO- generation under N-limited conditions. In general, CO2 emission
increases with growth rate irrespective of nutrient limitation (Hua et al., 2004; Dauner et al.,
2001, though CO2 evolution is greater under N-limitation compared to other nutrient limitation.
N-limitation, or more generally C-excess conditions, favor the formation of many
biochemical products. For example, citric acid generation by Aspergillus niger is typically
carried out under N-limited or dual N-/P-limited conditions (Kristiansen and Charley, 1981,
Dawson et al., 1988), which are preferred operational modes because of nitrogen catabolite
repression (Dawson et al., 1989). Candida oleophila also generates 0.7 g/g citrate under N-
limited conditions at a dilution rate of 0.0185 h™* (Anastassiadis and Rehm, 2006), while
Penicillium simplicissium excreted both malate and citrate under N-limited conditions
(Gallmetzer and Burgstaller, 2001), and Yarrowia lipolytica generated nearly 90 g/L citrate at the
lowest dilution rate (<0.01 h'!) though the greatest yield of 0.67 g/g was at a greater dilution rate
(Rywinska et al., 2011). Citrate formation by Penicillium ochrochloron under N-limited (and P-
limited) conditions is correlated with much lower nucleotide concentrations (Vrabl et al., 2017).
Similarly, N-limitation yielded the largest quantity of lipids in an oleaginous Candida (Gill et al.,

1977), Cryptococcus curvatus (Gong et al., 2015) and Y. lipolytica (Kerkhoven et al., 2016). in
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In Schizochytrium sp. ammonium starvation resulted in the greatest squalene content (223 mg/g
of total lipids) compared to phosphate starvation (30 mg/g) or excess nutrients (143.23 mg/g)
(Sun et al., 2014). N-limited chemostats at 0.1 h™* resulted in 59% of the catabolic flux directed
to 1,3-propanediol, whereas under P-limited conditions 43% of the flux was directed to this
product (Zheng et al., 2010). In N-limited fed-batch cultures, over 60 g/L 1,3-propanediol was
obtained with a productivity of 1.7 g/L-h. Nitrogen starvation increased itaconate production
ten-fold compared to batch conditions in a Corynebacterium glutamicum strain expressing cis-
aconitate decarboxylase from Aspergillus terreus (Otten et al., 2015). Very low growth rate of
recombinant S. cerevisiae under N-limited conditions generated over 0.61 mol/mol succinate for
500 hours (Liu et al., 2020). A two-reactor N-limited chemostat system, allowing very low
dilution rates, yielded about 200 g/L erythritol using Y. lipolytica with a yield of 0.66 g/g
glycerol (Rakicka et al., 2016; Rakicka et al., 2017).

Storage products such as polyhydroxyalkanoates are well-known to accumulate under N
starvation (the processes are typically referred to as N-limitation). One approach is to grow
Alcaligenes eutrophus (Cupriavidus necator) to a high cell density, and then stop providing N
while maintaining a high glucose concentration (Kim et al. 1994ab, Kim et al., 2005). Such N-
starvation led to about 120 g/L poly(hydroxybutyrate) or poly(3-hydroxybutyrate-co-3-
hydroxyvalerate), depending on co-substrates provided. A similar approach using Alcaligenes
latus leads to 112 g/L poly(hydroxybutyrate) with a productivity of about 5 g/L-h from sucrose
(Wang and Lee, 1997). The cyanobacteria Synechocystis also accumulate poly(hydroxybutyrate)
during N-starvation (Asada et al., 1999; Singh and Mallick, 2017), an observation attributed to

the induction of the phaC gene coding PHA synthase during N-starvation (von Wobeser, 2010).
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Compared to C-, S- or P-limited conditions, S. cerevisiae generates the greatest ethanol
yield (0.35 g/g) at 0.1 h™* under N-limited steady-state conditions (Boer et al., 2003). N-
starvation during the production of actinorhodin by Streptomyces lividans also led to the
formation of a-ketoglutarate (Bruhiem et al., 2002). N-starvation (referred to as limitation) led to
the accumulation of cellobiose lipids in two ustilaginomycetous yeasts (Morita et al., 2013).

Although Clostridium acetobutylicum under C-limited conditions at neutral pH leads to
acetate and butyrate formation (Bahl et al., 1982), N-limited conditions at a pH below 5.2 results
in acetone and butanol solvent formation, but at a decreased rate (Andersch et al., 1982). No
solvent formation is observed under N-limited conditions at pH 5.7 (Gottschal and Morris,
1981). Quite surprisingly, N-limited conditions results in the accumulation of pyruvate and
amino acids such as valine in C. thermocellum is attributed to a shift resulting from the
equilibrium of pyruvate-ferredoxin oxidoreductase and an increased malic enzyme flux
(Holwerda et al., 2020).

N-limited conditions are widely used and easily implemented. N-limitation increases
glycolytic flux, and therefore this operational mode is desirable for production of glycolytic
metabolites or products directly derived from them (Zhu et al., 2008, Wang and Lee, 1997,
Perez-Zabaleta et al., 2019).

Phosphorus

Phosphorus occurs in cells as phosphorylated organic compounds such as general sugar-
phosphates, phospholipids, phosphorylated proteins, RNA, DNA and ATP. The response to a P
deficiency is typically mediated by a two-component signal transduction system. The sensor
kinase component, PhoR, phosphorylates a response regulator that amplifies its own response,

increases expression of proteins which scavenge phosphate such as a high affinity phosphate
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transporter (Devine, 2018). Thus, P-limitation has multiple physiological consequences. For
example, P-limitation causes a shift in the structure of the cell wall of Gram-positive microbes
such as B. subtilis from P-containing teichoic acid to teichuronic acid which lacks phosphorus
(Ellwood and Tempest, 1967; Ellwood and Tempest, 1969). As a result, P-limited B. subtilis
contain less than half as much cellular phosphate as bacteria grown in excess P, and phages
which bind to teichoic acid bind less effectively under P-limited conditions (Anderson et al.,
1978, Lang et al., 1982). In this case, phosphorylated PhoPR represses tagAB operon to restrict
teichoic acid synthesis and activates the tua operon to stimulate teichuronic acid synthesis
(Devine 2018). P-limitation triggers the synthesis of phosphate-mobilizing hydrolases such as
alkaline phosphatases and ribonucleases (Wouters and Buysman, 1977). In S. cerevisiae genes
responsible for uptake of inorganic phosphates and inositol phosphates are upregulated under
steady-state P-limitation at 0.1 h™!, and surprisingly, polyphosphates accumulate in this yeast’s
vacuoles (Boer et al., 2003). Cells appear to use ribosomes for protein synthesis at higher
efficiency under phosphate limitation (Li et al., 2018), and the RNA content is 6-8-fold greater
than expected to be necessary for maintenance of the growth rate, though this RNA is
immediately usable when P-limitation is relieved (Alton and Koch, 1974).

Isotopic labeling and MFA analysis have been used to compared P-, N- and C-limited
steady-state growth of B. subtilis at 0.1 h"t and 0.4 h™* (Dauner et al., 2001), showing that the
TCA cycle is severely restricted under P-limitation (only 14% of the flux compared to C-limited
conditions, and 12% of flux of N-limited conditions). The rate of glucose uptake is over 30%
greater under P-limited conditions compared to C-limited conditions at both growth rates, and
the formation of acetate, diacetyl and acetoin is much greater, with those by-products accounting

for over one-third of the carbon utilization. A high conversion of malate to pyruvate via malic
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enzyme and ‘reverse’ flux from oxaloacetate to malate occur at high steady-state growth rate (0.4
h1). Moreover, compared to C-, or N-limited condition, P-limited conditions lead to the greatest
partitioning of flux into the pentose phosphate pathway (59% of glucose-6P entered this pathway
at 0.1 h'* and 44% at 0.4 h'Y). High transhydrogenase fluxes are needed to balance the excess
reducing equivalents NADPH and NADH (Dauner et al., 2001). Cells under P-limited
conditions also have a greater protein content compared to cells experiencing N-limited or C-
limited conditions. Greater CO. production has been widely observed in cells grown under P-
limited conditions compared to C-limited conditions, which is attributed to the realignment of
metabolic fluxes between the pentose phosphate pathway and TCA cycle (Hommes et al., 1991;
Dauner et al., 2001; Boer et al., 2003; Johannson and Lidén, 2006; Zhu et al., 2008). P-limited S.
cerevisiae cultures showed much lower intracellular concentrations of CoA than other nutrient
limited conditions (Kumar and Bruheim, 2021).

Specific glucose uptake rate is about 2x greater and acetate formation 20x greater in E.
coli under P-limited conditions compared to C-limited conditions at 0.2 h** (Marzan and
Shimizu, 2011). P-limited chemostat cultures of Klebsiella aerogenes using glucose as the sole
carbon source (0.17 h't) secrete polysaccharides, 2-ketogluconate, and gluconate instead of
pyruvate (Neijssel and Tempest 1975).

In P-limited B. subtilis cultures growing at comparatively high steady-state growth rates
(0.4 h'}) the futile cycle pyruvate-oxaloacetate-malate (pyruvate carboxylase, malate
dehydrogenase, malic enzyme) is induced leading to the net loss of one ATP per cycle (Dauner
etal., 2001). In comparison, in glucose-limited E. coli cultures malic enzyme flux apparently
does not occur (Sauer et al., 1999). Interestingly, malate to pyruvate conversion increases with

growth rate in Bacillus megaterium. However, this reaction does not take place in glucose- and
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N-limited B. subtilis chemostat cultures and is replaced with conversion of oxaloacetate to PEP
(Dauner et al., 2001).

In general, the concentrations of nitrogenous bases and nucleosides are elevated under P-
limitation compared to N-limitation, and the concentration of these metabolites increase with
increasing dilution rate (Boer et al., 2010). Because ATP concentration correlates with dilution
rate during P-limited growth, ATP availability is thought to control the growth rate under P-
limitation (Boer et al., 2010). The adenylate energy charge of cells is low, and the ADP
concentration relatively elevated, under P-limitation (Chapman and Atkinson, 1977).

The formation of several biochemical products has been examined under P-limited
conditions. P-limited conditions leads to a 3-fold greater vancomycin production by
Amycolatopsis orientalis compared to glucose-limited conditions (MclIntyre et al., 1995), and
also increased formation of streptomycin by Streptomyces griseus (Fazeli et al., 1995) and
oxytetracycline by Streptomyes rimosus (Rhodes, 1984). P-starvation (referred to as limitation)
causes the greatest actinorhodin formation in Streptomyces lividans (Bruheim et al., 2002), and
was more effective than N-starvation in generating rhamnolipids by Pseudomonas aeruginosa
(Clarke et al., 2010). P-limited conditions leads to the greatest fatty acid formation in E. coli
compared to C- or N-limited conditions in batch or chemostat culture (Youngquist et al., 2013),
which was increased further by knockouts in genes associated with flagella (Youngquist et al.,
2017). P-limited cultures generate the greatest yield of glucose from xylose in a strain unable to
metabolize glucose and blocked in carbon entry into the oxidative pentose phosphate pathway
(Azwf), likely because the final step of this conversion includes the dephosphorylation of

glucose-6P (Niyas and Eiteman, 2017).
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P-limited recombinant E. coli cultures showed consistent specific production rate of
phenylalanine throughout the fermentation (Férberg and Haggstrém 1987). A hyperproducing E.
coli mutant showed 8.7 g/L phenylalanine with a 0.44 g/L-h productivity in a P-limited
chemostat (0.05 h'!) (Choi and Tribe 1982). Compared to S-, Mg-, or K-limitation, P-limitation
is the most efficient limiting nutrient for phenylalanine generation in recombinant E. coli
continuous cultures at 0.1 h* (Park and Rogers, 1986). Decreased dilution rate (0.03 h?) leads to
16.4 g/L phenylalanine with a productivity of 0.49 g/L-h (Park and Rogers, 1986). Compared to
C- or N-limitation, P-limitation resulted in the greatest 3-hydroxypropionate production in
engineered strain of S. cerevisiae (Lis et al., 2019). Because nitrogen is a component of &-poly-
L-lysine, P-limited cultures are used to generate maximal formation using Streptomyces albulus
under steady-state conditions, and using glucose and glycerol as dual carbon sources attained
over 20 mg/g-h specific productivity compared to less than 8 mg/g-h for either single carbon
source alone, a result correlated with much greater activity in aspartate kinase and several other
associated enzymes (Zhang et al., 2018). P-limited conditions increase carbon flux into the
isoprenoid pathway in S. cerevisiae associated with the upregulation of PDC6 (Wadhwa et al.,
2018).

Shikimic acid yield was 2.4x greater in E. coli grown under P-limited steady-state
conditions compared to C-limited conditions, with much fewer by-products under P-limited
growth (Johansson and Lidén, 2006; Johansson et al., 2005). Stipitatic acid was produced to a
greater extent by Penicillium stipitatum under P-limited conditions compared with N-limited or
C-limited conditions, a result which was attributed to the inhibitory effect of phosphate on the

polyketide synthesis pathway (Linton et al., 1984). Xylitol can be generated from xylose under
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oxygen-sufficient, P-limited conditions using the yeast Debaryomyces hansenii (Tavares et al.,
1999).

In C. necator phosphate deficiency discourages the decarboxylation of propionyl-CoA to
acetyl-CoA, and consequently leads to a higher fraction of hydroxyvalerate- compared to
hydroxybutyrate-containing polyhydroxyalkanoates (Grousseau et al., 2014). P-limitation to
sustain growth increases productivity (Grousseau et al., 2014). P-starvation has been proposed
for high polyhydroxybutyrate formation because of the lower toxicity of C. necator to NH4sOH
compared to NaOH (Ryu et al., 1997).

Several clostridia have been studied for solvent production under P-limited conditions.
Under P-limited conditions at the low growth rate of 0.03 h%, C. acetobutylicum generates
predominantly acetate and butyrate at a pH of 6.0 (more than 90% of products, mole basis), but
butanol and acetone at pH 4.3 (87% of total) (Andersch et al., 1983). This result correlates with
changes in observed activities of the enzymes associated pathways, in particular decreased
activity in acetate and butyrate-forming enzymes at low pH. Under P-limited conditions at all
pH values examined, Clostridium pasteurianum accumulates exclusively acetate and butyrate
from glucose but ethanol, butanol and 1,3-propanediol from glycerol (Dabrock et al., 1992).
With Clostridium butyricum the greatest H» production is found under P-limited conditions
(Heyndrickx et al., 1990). An extended P-limited process of a C. acetobutylicm engineered for
butanol production continuously generated 10 g/L butanol at a stable 14 g/L-h productivity and
0.15 g/g yield (Nguyen et al., 2018). A strain with deletions in the butyrate pathway generated
32-fold greater butanol and the unusual products 2-hydroxy-valerate and 2-keto-valerate under

P-limited conditions (Yoo et al., 2017).
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E. coli have a P yield coefficient of 36 g/g (Reiling et al., 1985), while an E. coli arginine
auxotroph show a yield coefficient (Yx) of 34 g/g (Table 2.1) (Yee and Blanch, 1992). The P
yield coefficient of Pseudomonas C is 28 g/g (Mateles and Battat, 1974).

Because many carbohydrate metabolites and ATP are phosphorylated, P-limitation likely
causes cells to conserve glycolytic metabolites, phosphate ion and ATP. P-starvation indeed
quickly lowers cell adenylate energy charge (Schuhmacher et al., 2014). We expect P-limited
conditions would be uniquely impactful for biochemicals utilizing ATP or having a
dephosphorylation near the final step of the production pathway.

Sulfur

Sulfur is present in the amino acids methionine and cysteine, and important metabolites
such as S-adenosylmethionine, Coenzyme A (CoA) and lipoic acid. In most media S is supplied
as the sulfate ion, and thus S-limitation is often studied specifically as sulfate-limitation.

Unsurprisingly, S-limited growth leads to increased transcription of proteins encoding for
the uptake of sulfur, such as in S. cerevisiae (Boer et al, 2003), E. coli (Gyaneshwar et al., 2005).
Under S-limitation or S-starvation, several organisms preferentially express proteins having a
low sulfur content (Cuhel et al., 1981; Mazel and Marliére, 1989; Boer et al., 2003; Merchant
and Helmann, 2012). For example, under S-limitation S. cerevisiae upregulates by as great as
50-fold the PDC6 transcript expressing a protein with only 6 sulfur-containing amino acids
compared to isozymes PDC1 and PDC5 having 17-18 sulfur-containing amino acids (Boer et al.,
2003), while K. aerogenes maintains lower protein content in the cell wall under S-limitation
compared to other nutrient-limited conditions, and this remaining protein contains a low sulfur
content (Robinson and Tempest, 1973). The ABC transporter sulfate-binding proteins of

Salmonella typhimurium and E. coli responsible for sulfate uptake in a low S environment
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themselves contain no sulfur (Pardee, 1966). When Pseudomonas putida encounters S-depletion,
it replaces proteins having high S content with proteins having lower amounts of cysteine and
methionine (Beil et al., 1996). K. aerogenes also excretes proteins lacking S when grown under
S-limited conditions on glucose (Neijssel and Tempest 1975). This phenomenon has been
observed in many microbes, including cyanobacteria (Mazel & Marliere, 1989). In transitioning
between S-limitation and S-enrichment cells must synthesize new RNA, whereas under C-
limitation the cells use previously synthesized translation machinery, including inactive
ribosomes (Koch and Deppe, 1971; Li et al., 2018). In E. coli S-starvation resulted in a 2.8-fold
greater glucose uptake rate than N-starvation, and 40% greater glucose uptake rate than P-
starvation, but about 70% less than the glucose uptake rate observed during Mg-starvation
(Chubukov and Sauer, 2014). In B. subtilis S-starvation resulted in identical glucose uptake rates
as observed during N-, P-starved conditions (Chubukov and Sauer, 2014). S-limitation in E. coli
led to secretion of pyruvate (yield of 0.33 g/g), succinate (0.11 g/g) and acetate (0.10 g/g) despite
the aerobic conditions (Chubukov and Sauer, 2014). S-limited chemostat cultures of K.
aerogenes also secreted more pyruvate than N-, P- or C-limited growth on glucose (Neijssel and
Tempest 1975), while S-limited chemostat cultures of K. aerogenes (formerly Aerobacter
aerogenes) at high growth rate (0.42 h*) showed pyruvate and 2-oxoglutarate accumulation
(Stouthamer and Bettenhaussen 1975). These observations may be explained by comparing a
typical protein (~ 3% S content by mass) to the sulfur-containing cofactors CoA-SH (4.2% S),
lipoic acid (31.1% S), and thiamine pyrophosphate (7.5% S). Each one of these cofactors is a
component of the subsequent pyruvate/2-oxoglutarate dehydrogenase step, and the limitation of
these cofactors would seem to limit metabolic conversion of pyruvate under S-limited conditions

(Stouthamer and Bettenhaussen 1975). Further evidence identifies lipoic acid as the predominant
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limiting factor (Zinebi et al., 1994). Interestingly, in contrast to growth on glucose which
generated pyruvate and acetate, acetate was the only significant product when K. aerogenes was
grown on glycerol, mannitol or lactate under S-limited conditions (Neijssel and Tempest, 1975).

S-limitation appears to favor plasmid stability compared to C-, N- or P-limitation,
particularly at high growth rate (Chew et al., 1988). This observation was attributed to the fact
that among these four nutrients only S is not a constituent of nucleic acids. S-starvation resulted
in the greatest mevalonate yield from glucose (0.6 mol/mol) compared to Mg-, P- or N-starvation
(Masuda et al., 2017; Li et al., 2016). S-starvation (referred to as MgSOa limitation) increased
limonene formation by E. coli (Willrodt et al., 2016). Similarly, lipid formation elevated when
the oleaginous yeast Rhodosporidium toruloides became starved for S (Wu et al., 2011). The
fluxes through the TCA cycle and toward acetate formation were suppressed by S-starvation, and
the pentose phosphate pathway appears to be the principal route for NADPH generation (Masuda
etal., 2017).

The majority of ribosomal RNA synthesized during S-limitation is believed not to
become functional for protein synthesis even after enrichment suggesting that S-limited cultures
have limited reserved biosynthetic capability (Koch and Deppe 1971). Hydrogen
photoproduction can be prolonged in the green alga Chlamydomonas reinhardtii by sulfate
starvation (Melis et al., 2000; Kosourov et al., 2007). Sulfate starvation inactivates photosystem
I, resulting in the cells consuming available O, experiencing anaerobic conditions, and inducing
hydrogenases which generates H» and sustains the electron transport process (Zhang et al.,
2002a, Volgusheva et al., 2013). Cell viability of microalgae Chlorella is more sensitive to
nitrogen and phosphate starvation compared to sulfur for production of starch on a large-scale

(Branyikova et al., 2011). S-starvation leads to the largest carbohydrate content (46.8%) in
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microalgae Choleralla sorokiniana compared to control (2.6%) and is preferred over N- or P-
limitation for starch production from algae (Wang et al., 2022).

Beil et al. 1996 report a sulfur yield Yxs of 243 g/g for P. putida after 80 minutes of S
starvation (Table 2.1). In studies using chemostats with different limiting nutrients the S yield
coefficient of E. coli cells under sulfur limitation (Yxss) was 278 g/g at a dilution rate of 0.45 h'*
(Reiling et al., 1985), and 163 g/g with an arginine auxotroph at 0.4 h* (Yee and Blanch, 1992).
Magnesium

Magnesium is an integral component of ribosomes (Tissiéres & Watson, 1958), and
stabilizes the outer membrane in Gram-negative prokaryotes through the creation of ionic
bridges (Nikaido, 2003). The element as Mg?* is also involved in DNA stability and repair
(Hartwig, 2001), and it plays an important role as an enzyme cofactor. Many complex medium
formulations supplemented with carbon source (such as “Lysogen Broth” medium) becomes
starved for Mg, and can lead to protein acetylation at lysine residues (Christensen et al., 2017).
There have been a few reports on cellular Mg composition (Table 2.1), and the yield coefficient
is highly dependent on cell growth rate. For example, under Mg-limited conditions K. aerogenes
showed a yield coefficient of 347-832 g/g (Y xmmg), With the lowest yields occurring at the highest
dilution rates (Tempest et al., 1965), while E. coli showed a Y xmg 0f 278 g/g at a dilution rate of
0.4 h'l, although cell lysis was reported (Yee and Blanch et al., 1992). Similarly, for B. subtilis
under Mg-limited conditions, the yield coefficient was 714 g/g at a dilution rate of 0.1 h, and
390 g/g at a dilution rate of 0.6 h™* (Tempest et al., 1967). S. cerevisiae also showed a much
greater Mg requirement at higher growth rates in chemostat (Walker and Maynard, 1996).

Mg starvation causes E. coli cells to restructure the outer membrane and redistribute Mg

(Warsi et al., 2018; Fiil and Branton, 1969). Although the yield coefficient decreased with
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increasing dilution rate, Mg-limited K. aerogenes cultures do not synthesize intracellular
polysaccharides, which is attributed to an impaired ability to synthesize these materials when Mg
is limiting (Tempest et al., 1965). Mg-limitation results in larger and filamentous E. coli cells
(Brock, 1962; Dean and Rogers, 1967). Within 400 steady-state Mg-limited generations,
mutations arise in genes involved in the cell-membrane in E. coli (Warsi et al., 2018). Under
Mg-limited conditions both yeast (Smit et al., 1992) and bacteria (Warsi et al., 2018) reduce the
surface hydrophobicity of the lipopolysaccharide (LPS) component of the outer membrane,
likely by increasing the proportion of polar sugar residues in the LPS, such that lower amounts of
Mg are needed for stabilization of the LPS. Consequently, S. cerevisiae shows reduced ability to
flocculate under Mg-limitation (Smit et al., 1992). When Gram-negative and Gram-positive
bacteria were grown together under Mg-limited conditions, Gram-negative bacteria invariably
overtook the culture, suggesting that Gram-negative bacteria have a more efficient Mg uptake
process, or in other words a lower value for the saturation constant, Ks (Meers and Tempest,
1968). Interestingly, B. subtilis exhibits very low incidence of sporulation under P- or Mg-
limited conditions compared to carbon- or N-limited conditions (Dawes and Mandelstam, 1970).
During hyperosmotic stress in B. subtilis, cell responds by exporting Mg?* ions to import the K*
ion. However, the decrease in free intracellular Mg?* influences energy intensive processes
including translation that requires magnesium as a cofactor (Wendel et al., 2022).

There is some research on the effect of Mg-starvation on product formation, and this
work is usually conducted in batch studies using a medium in which Mg is depleted prior to the
depletion of other nutrients (i.e., starvation). No research was found on the effect of Mg-
limitation on product formation. In peptide based medium, Mg-starvation leads to accumulation

of acetyl-CoA which is converted to acetyl-phosphate to regenerate CoA for the cellular
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metabolism (Christensen et al., 2017). Mg-starvation has been shown to improve butanol
formation by C. acetobutylicum (Mukherjee et al., 2019), particularly in the presence of excess
zinc. Similarly, a lowered Mg concentration in the second phase of a two-phase fed-batch
process increased final butanol titer by 25% using C. acetobutylicum (Ahlawat et al., 2019), a
result attributed to ATP demand. In xanthan-producing Xanthomonas campestris, restriction of
Mg in the medium decreases polysaccharide formation (Roseiro et al., 1993), a result attributed
to low activity of phosphomannose isomerase. Resuspending a centrifuged culture into a medium
lacking Mg, compared to other nutrients, led to the greatest glucose uptake rate and production
rates of 3-hydroxypropionate and the flavonoid naringenin (Tokuyama et al., 2019), thought to
be due to a high intracellular PEP concentration and lowered flux through Mg-requiring pyruvate
kinase. Mg depletion during growth also elevated tyrosine and mevalonate formation (Li et al.,
2016), though compared to S-starvation, Mg-starvation showed lower mevalonate, which was
attributed to elevated acetate formation and low NADPH formation because of reduced flux
through the pentose phosphate pathway (Masuda et al., 2017). In comparing E. coli cultures from
which noncarbon nutrients were depleted before glucose, Mg-starvation showed the greatest
glucose consumption rate (Chubukov and Sauer, 2014). This very high glucose consumption rate
was accompanied by substantial pyruvate formation (0.74 g/g yield) and an increased PEP pool,
effects which were attributed to inactivation of pyruvate dehydrogenase when Mg was depleted
(Chubukov and Sauer, 2014). These results could not be explained solely by energy demand,
unless the lack of Mg inhibits ATP synthase or increases membrane fluidity. Given that Mg
limitation affects membrane structure, it is intriguing to speculate how Mg-limitation impacts not

only oxidative phosphorylation, but also the cell’s ability to transport certain products.
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Given the central role that magnesium plays in the cell membrane and in enzymatic
conversions involving ATP, the lack of significant research on Mg-limited process for the
accumulation of biochemicals is surprising. We envision metabolic circuits involving
magnesium which leverage the unique role this ion plays in metabolism.

Iron

Iron is a common element which exists in two cationic oxidation states, and the element
often plays a central role in cellular redox processes, and is also critical in strategies pathogens
use to infect their hosts (Almeida et al., 2009; Sheldon and Heinrichs, 2015). Under aerobic
conditions and neutral pH, the ferric ion (Fe®") is the principal natural form of iron, a species
with low agueous solubility and the potential to promote the formation of reactive oxygen
species. Fe-responsive regulation is often mediated by the Fe-dependent transcriptional factor
called Fur. Under conditions of Fe-starvation or Fe-limitation and to ameliorate low Fe
biological availability, Fur-based repression is typically relieved, resulting in the expression of
numerous genes involved in secreting Fe-chelators, siderophores, and high-affinity siderophore
outer-membrane receptors (Philpott and Protchenko, 2008; Andrews et al., 2003; Schrettl et al.,
2009; Folsom et al., 2014). Fur also regulates the small RNAs which repress genes under Fe-
limited conditions (Massé and Gottesman, 2002). Fur regulated aerobic ribonucleotide reductases
encoded by nrdE and nrdF are manganese-dependent and become active under Fe-starvation
(Martin et al., 2011; Chandrangsu et al., 2017). Many bacteria also possess a Fe?* transport
system, Feo, which is induced and important for survival under anaerobic conditions in which
Fe?* is stable (Hantke, 1987; Stojilijkovic et al., 1993).

Consistent with the theme of cells conserving limited resources, Fe-limitation causes cells

to reduce their reliance on pathways which contain significant Fe, such as the tricarboxylic acid
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cycle (aconitase, fumarate hydratase, succinate dehydrogenase) and the proton-pumping
components of the electron transport chain (Parente et al., 2011; Folsom et al., 2014; McHugh et
al., 2003). This realignment of metabolism has physiological consequences. For example, under
Fe-limiting aerobic conditions, E. coli generates acetate at a yield of 0.25 g/g at a dilution rate of
0.4 h', but accumulates predominantly lactate (yield of 0.60 g/g) at 0.1 h'* (Folsom et al., 2014).
Elevated lactate under the most severe steady-state Fe-limitation provides cells a means to
oxidize NADH when the Fe-requiring Nuo complex is curtailed, while an increased glucose
uptake rate serves to meet ATP demand (Folsom et al., 2014). Lactate formation is also observed
for Staphylococcus aureus exposed to Fe-starvation (Friedman et al., 2006). The reduction in
activity of TCA cycle enzymes and accumulation of NADH encourages the formation of ethyl
acetate by Kluyveromyces marxianus (Loser et al., 2013) and Candida utilis (Armstrong and
Yamazaki, 1984). Because of the restricted capacity of the electron transport chain subject to Fe-
limited conditions, cells essentially behave like they are encountering anaerobic conditions. For
example, E. coli accumulates acetate and formate under Fe-limited steady-state conditions,
attains a 60% greater glycolytic flux, and reduces by a factor of 5 the fraction of glucose entering
the TCA cycle (Baez et al., 2022). More generally, Fe-limitation impacts oxygenation and redox
state because numerous electron-carrying enzymes contain Fe-S clusters, and many Fe-
containing enzymes or pathways are constrained under Fe-limitation. For example, the
nitrogenase enzyme system contains significant Fe (Georgiadis et al., 1992), and Fe-limitation
thus severely reduces nitrogen fixation by Azotobacter vinelandii (Fekete et al., 1983). Notably,
lactic acid bacteria, which lack cytochrome and show generally high tolerance to peroxide, do

not require iron for growth at all (MacLoad and Snell, 1947, Archibald, 1983).
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Iron strongly affects anaerobes, which have many Fe-containing enzymes. Under Fe-
limited conditions C. acetobutylicum favors from glucose the formation of butanol over acetone
at low pH, but the formation of lactate at a pH greater than 5.5 (Bahl et al., 1986), presumably
because of the Fe-containing enzymes associated with the conversion of pyruvate to acetyl-CoA
(pyruvate:ferredoxin oxidoreductase) and acetoacetate to acetone (acetoacetate decarboxylase).
Also, Fe-limitation leads to a significant reduction in hydrogenase activity (Junelles et al., 1988).
Similarly, for C. pasteurianum Fe-limited conditions favor lactate generation from glucose but
1,3-propanediol from glycerol (Dabrock et al., 1992). The transition between butanol (Fe-excess)
and 1,3-propanediol (Fe-limited) from glycerol is attributed to the coupling of Ho-formation to
the ferredoxin-dependent butyryl-CoA dehydrogenase (Groeger et al., 2017). Fe-limitation
causes C. pasteurianum to substitute ferredoxin with flavodoxin (Schonheit et al., 1979), and
flavodoxin is often used as an indicator for the lack of Fe availability (La Roche et al., 1996).

One of the more prevalent transition metals found in many cells (as noted above, Y x/re Of
5,000-7,000 g/g under Fe-excess conditions, Abdul-Tehrani et al., 1999), Fe exemplifies a
cofactor found in several specific enzymes that impact metabolic fluxes. Mateles and Battat
(1974) measured a yield coefficient of 1,690 g/g under Fe-limited conditions. E. coli growing at
a dilution rate of 0.45 h™* under Fe-limited conditions showed a yield coefficient of 7,700 g/g
(Reiling et al., 1985).

2.7 CONCLUSIONS

Over the last couple decades, research has focused on using metabolic engineering
strategies to generate products. These strategies emphasize redirecting fluxes through
modification of the metabolic network of reactions, including optimizing native pathways,

expressing genes to code for introduced pathways, and statically or dynamically controlling
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metabolism to redirect carbon to the desired product. Operational strategies have played a
secondary role, and are usually limited to repeated batch processes to attain a high titer or
introducing microaerobic conditions for biochemically reduced products. However, limiting a
specific nutrient can have profound effects on microbial physiology and metabolic pathways.
We propose that the growth under nutrient limitation can leverage the native or introduced
pathways, which should encourage re-examination of operational strategies. For example, fluxes
through competing pathways can be modulated by a nutrient required as a cofactor for one of the
designed pathways. Thus, synthetic pathways and circuits can be constructed which by design
are regulated by a single nutrient limitation. These include 1) substituting native pathways with
enzymes requiring metal ions as cofactors, and which could serve as a control valve to partition
flux under the limitation of that metal ion, and 2) designing pathways or metabolic processes

which are induced by nutrient limitation.
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Table 2.1- Reported yield coefficients for elements using various microorganisms. Where necessary, reported data have been

converted so that the yield coefficient is defined as the mass of cells on a dry basis generated per mass of that element consumed (g

cells/g element). Each element is available in the medium as a salt or other metabolizable species.

Element Y X/element Microorganism Growth Conditions Operational Reference
(9/9) Condition
Nitrogen (N) Bacillus caldotenax Pulse Shift; Glucose, Chemostat: Kuhn et al., 1979
6 methionine, biotin (65°C) D=1.2ht
Bacillus subtilis P-limited Chemostat: Dauner et al.,
7.2 D=0.1ht 2001
7.3 D=0.4nt
Bacillus subtilis N-limited Chemostat: Dauner et al.,
8.1 D=0.1ht 2001
7.7 D=0.4ht
5 Escherichia coli B/r Pulse Shift Chemostat: Reiling et al.,
D=0.45ht 1985
Escherichia coli C-limited; Chemostat: Folsom and
79%0.3 Elemental analysis of cells D=0.1h' Carlson, 2015
8.0+£04 D=0.2ht
7.8+£0.2 D=0.3ht
7.8+£0.1 D=0.4nt
Escherichia coli Fe-limited,; Chemostat: Folsom and
7.5%20.1 Elemental analysis of cells D=0.1h' Carlson, 2015
7.5+£0.1 D=0.2ht
7.7+£0.0 D=0.3ht
7.5+£0.0 D=0.4ht
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Escherichia coli N-limited; Chemostat: Folsom and
9.7+0.3 Elemental analysis of cells D=0.1ht Carlson, 2015
9.9+0.3 D=02h'
8.8+0.1 D=0.3ht
89+0.2 D=04ht
Escherichia coli N-limited, Chemostat: Yee and Blanch,
10 arginine auxotroph Medium contained arginine D=0.4h? 1992
containing plasmid and ampicillin
Escherichia coli C AldhA N-limited Chemostat: Moxley and
8.35 ApoxB AppsA Elemental analysis of D=0.155ht Eiteman, 2021
8.22 medium D =0.208 h'
8.26 D=0.283ht
7.9 Escherichia coli W, B, Not growth limited; Exponential Growth ~ Bauer and Ziv,
and K-12 Elemental analysis of cells at 20°C or 30°C 1976
Penicillium stipitatum N-limited; Chemostat: Linton et al.,
11.5 Medium prepared D=0.11h? 1984
Pseudomonas C Pulse Shift; Methanol Chemostat: Mateles and
9.1 D=0.32ht Battat, 1974
8.0 Pseudomonas fluorescens Not growth limited; Exponential Growth ~ Bauer and Ziv,
Elemental analysis of cells at 30°C 1976
7.0 Pseudomonas putida Not growth limited Fed-batch Sun et al., 2006
Phosphorus (P) Bacillus caldotenax Pulse Shift; Glucose, Chemostat: Kuhn et al., 1979
28 methionine, biotin (65°C) D=12ht
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42.0 Pseudomonas putida Not growth limited Fed-Batch Sun et al., 2006
Sulfur (S) Escherichia coli B/r Pulse Shift Chemostat: Reiling et al.,
278 D=0.45h? 1985
163 Escherichia coli S-limited, Chemostat: Yee and Blanch,
arginine auxotroph Medium contained arginine D=04ht 1992
containing plasmid and ampicillin
244 Pseudomonas putida Low S medium allowed to Batch; 80 minutes Beil et al., 1996
become exhausted after S starvation
Magnesium Bacillus caldotenax Pulse Shift; Glucose, Chemostat: Kuhn et al., 1979
(Mg) 571 methionine, biotin (65°C) D=1.2ht
Bacillus subtilis K-limited,; Chemostat: Tempest et al.,
770 Elemental analysis of cells D=0.05h? 1968
670 D=0.10ht
530 D=0.20h?
450 D=0.40ht
Bacillus subtilis Mg-limited,; Chemostat: Tempest et al.,
714 Elemental analysis of cells D=0.10h* 1967
567 D=0.21ht
444 D =0.405 h't
397 D=0.57ht
Bacillus subtilis P-limited Chemostat: Tempest et al.,
830 D=0.10ht 1968
670 D=0.20h?
500 D=0.40ht
Escherichia coli B/r Pulse Shift Chemostat: Reiling et al.,
588 D=0.45h? 1985
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Escherichia coli arginine Mg-limited,; Chemostat: Yee and Blanch,
278 auxotroph containing Medium contained arginine D=0.4ht 1992
plasmid and ampicillin
Klebsiella aerogenes Mg-limited, Chemostat: Tempest et al.,
832 Medium composition D=0.10h? 1965
588 D=0.20h?
460 D=041h?
432 D=0.43ht
378 D =0.60 h?!
347 D=0.82ht
236 Pseudomonas putida Pulse shift Fed-Batch Sun et al., 2006
128 Pseudomonas C Pulse Shift; Methanol Chemostat: Mateles and
D=0.32h' Battat, 1974
Iron (Fe) 7,700 Escherichia coli B/r Pulse-shift Chemostat Reiling et al.,
D=0.45ht 1985
5,600 Escherichia coli Low iron content medium; Batch Abdul-Tehrani
Elemental analysis of cells etal., 1999
Escherichia coli Iron limited,; Chemostat: Folsom et al.,
130,000 Elemental analysis of cells D=0.10h* 2014
150,000 D=0.20ht
120,000 D=0.30h?
100,000 D=0.40ht
43,000 Kluyveromyces marxianus Iron limited,; Chemostat: Loser et al.,
D=0.15ht 2012
1,700 Pseudomonas C Pulse Shift; Methanol Chemostat: Mateles and
D=0.32h! Battat, 1974
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Figure 2.1- The three general modes of fermentation operation: batch, continuous, and fed-batch
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123




CHAPTER 3

PHENOTYPIC CHARACTERIZATION OF PHOSPHOFRUCTOKINASE VARIANTS IN

ESCHERICHIA COLI

'Rajpurohit, H. and Eiteman, M.A. To be submitted to Applied and Environmental Microbiology
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3.1 ABSTRACT

Phosphofructokinase 1 (PfkA) modulates the ATP-dependent phosphorylation of
fructose-6-phosphate, and is a key, controlling enzyme in glycolysis for Escherichia coli and
other organisms. In this study, 22 chromosomally expressed PfkA variants were constructed in E.
coli C and with the wild-type strain and the ApfkA strain compared for growth rate using glucose
as the sole carbon source. The majority of variants (14 of 22) attained a growth rate less than
20% of the growth rate of the wild-type strain, and thus similar to the knockout strain (0.12 h'%).
Three variants (R171S, F76Y and R77A), representing a range of growth phenotypes, and strains
expressing the wild-type PfkA and the ApfkA deletion strain were additionally examined for key
intracellular metabolites and gene expression under nitrogen-limited steady-state conditions.
These five strains could be distinguished by two groupings: strains with relatively high growth
rate under batch conditions (wild-type and R77A variant) showed the greatest glucose
consumption rate and formed acetate, whereas strains with low growth rate (F76Y, R77A and
ApfkA) exhibited low glucose consumption and did not accumulate acetate. As PfkA mutation
severity increased, the intracellular concentrations of acetyl-CoA, fructose-1,6-bisphosphate and
the sum of dihydroxyacetate and glyceraldehyde-3-phosphate decreased. Mutation severity had
a limited effect on expression of maeB and icd genes, but generally correlated with reduced
expression of zwf and pta genes.
Importance
Phosphofructokinase 1 is a key enzyme controlling glycolytic flux in many organisms. This
study provides a metabolic engineering tool to modify central metabolism. Targeted
substitutions in PfkA provide a means to modulate the physiological behavior of cells between

the wild-type and knockout extremes.
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3.2 INTRODUCTION

The flux distribution of central carbon metabolism between the Embden-Meyerhof-
Parnas Pathway (EMP), the Entner-Doudoroff Pathway (EDP), and/or the Pentose Phosphate
Pathway (PPP) plays an important role in cellular physiology and metabolism (Holms, 1986).
For example, wild-type Escherichia coli growing on glucose at its maximum growth rate diverts
about 78% of glucose-6-phosphate (glucose-6P) towards the EMP, about 22% to the PPP and
essentially no carbon into the EDP (Holms, 1986). Because entry into the oxidative PPP
generates 2 mol NADPH/mol glucose-6P in E. coli whereas the EMP pathway generates no
NADPH, the flux distribution between the EMP and the PPP impacts NADPH availability for
biosynthetic reactions (Siedler et al., 2011).

Glycolytic flux and the partition of carbon between the EMP and PPP pathways are
relevant to microbial processes synthesizing many important biochemicals including 3-
hydroxypropionic acid, lycopene, bacitracin, isobutanol. These biochemicals require NADPH as
an electron donor for their synthesis and are often limited by NADPH availability (Reynolds et
al., 2017, Alper et al., 2005; Zhu et al., 2019; Shi et al., 2013). In wild-type E. coli, NADPH is
primarily generated by three routes: 1) endogenous transhydrogenase activity, 2) from glucose-
6P by sequential glucose-6P 1-dehydrogenase and 6-phosphogluconate dehydrogenase at
entrance to the PPP, and 3) isocitrate dehydrogenase in the TCA cycle (Sauer et al., 2004;
Reynolds et al., 2017). Among these routes, the oxidative PPP typically dominates NADPH
generation in E. coli during growth on glucose (Matsuoka and Kurata, 2020).

One strategy to alter the flux distribution between the EMP and the PPP pathways is to
increase or decrease the expression of key enzymes at the branchpoint. For example,

overexpression of glucose-6P dehydrogenase (coded by zwf gene), 6-phosphogluconolactonase
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(pgl) or 6-phosphogluconate dehydrogenase (gnd) in E. coli increases the generation of NADPH-
dependent products (Lim et al., 2002; Lin et al., 2014; Perez-Zabaleta et al., 2016). Fortunately,
overexpression of these genes does not significantly affect glucose uptake rate or specific growth
rate in E. coli under batch conditions with glucose as the sole carbon source (Nicolas et al.,
2007). In contrast, a deletion in the pgi gene (phosphoglucose isomerase, Pgi) eliminates the
EMP pathway conversion of glucose-6P to fructose-6P, decreases the growth rate by 73% (Sauer
et al., 2004) and leads to the upregulation of the EDP, a pathway which generates 1 mol
NADPH/mol glucose (Hua et al., 2003). Similarly, a ApfkA strain (phosphofructokinase 1,
PfkA), which maintains 20-30% residual activity as a result of the isoenzyme coded by the pfkB
gene (Siedler et al., 2011, Siedler et al., 2012), directs 62% of glucose-6P towards the PPP
(Hollinshead et al., 2016). However, a pfkA knockout reduces the availability of
phosphoenolpyruvate (PEP), reduces growth rate by more than 70%, and slows the glucose
uptake rate by 64-75% (Siedler et al., 2012). Growth of ApfkA strains on glucose is accompanied
by the partial cyclization of carbon through the PPP: flux is observed from fructose-6P back to
glucose-6P via the reversible Pgi (Siedler et al., 2012).

Deletions of either glycolytic genes pgi or pfkA do divert carbon towards PPP and
increase NADPH formation, but constitute an all-or-nothing approach which severely decreases
cell growth rate and provides limited ability to modulate flux. Finer modulation of partitioning
between the EMP and PPP could potentially serve as a means to control NADPH formation and
glycolytic activity. Because the reaction catalyzed by Pgi is reversible, PfKA is a preferred target
for affecting the partitioning between the EMP and PPP pathways (Figure 3.1). Modulating
PfkA expression in the context of myo-inositol formation has previously been examined using a

degradation tag (Brockman and Prather, 2015). Another approach is to alter the intrinsic activity
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of PfkA via site-directed mutagenesis to make targeted amino acid substitutions which decrease
but do not eliminate the affinity of the substrate(s) (increasing apparent Kwm) or the catalytic
activity (decreasing kcat). This strategy has been examined previously as a means to reduce flux
into the TCA cycle (Tovilla-Coutifio et al., 2020) and at the pyruvate node (Moxley and Eiteman,
2021).

Phosphofructokinase 1 (EC 2.7.1.11) is an allosteric enzyme that catalyzes the
phosphorylation of fructose-6P by ATP to fructose-1,6-bisphosphate (fructose-16P>) in the
presence of magnesium (Shirakihara and Evans, 1988). This tetrameric enzyme shows
cooperative kinetics with fructose-6P, hyperbolic kinetics with ATP, allosteric activation by
ADP and GDP, and inhibition by PEP (Berger et al., 1992). Because deletion of pfkA alone
reduces the growth rate on glucose significantly (Siedler et al., 2011), growth rate should be a
convenient estimate of the severity of PfkA amino acid substitutions on activity. Intracellular
fructose-16P. regulates the transcription factor Cra independent of the glycolytic carbon source,
which in turn regulates expression of lower glycolytic enzymes and controls glycolytic flux
(Kochanowski et al., 2012, Lehning et al., 2017). Thus, intracellular fructose-16P, has been used
as an indicator of glycolytic activity in living cells (Koberstein et al., 2022).

The goal of this study is to create variants of PfkA which reduce the glycolytic flux. We
hypothesize that PfkA variants of E. coli having reduced activity would alter their metabolism in
response to this perturbation, as determined by glucose uptake, the expression of genes and the

concentration of intracellular metabolites such as fructose-16P,.
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3.3 MATERIAL AND METHODS
Strains and genetic modifications

Strains used in this study are shown in Table 3.2. The pfkA gene knockout in E. coli C
(ATCC 8739) was constructed by previous methods (Datsenko and Wanner, 2000). Knockouts
were selected on Lysogeny Broth (LB) plates supplemented with 40 mg/L kanamycin (LB-Kan).
Forward primers external to the target gene and reverse primers within the kanamycin resistance
cassette were used to confirm proper chromosomal integration (Table 3.3). The kan® marker was
removed by expression of FLP recombinase from pCP20 (Datsenko and Wanner, 2000). Gene
knockouts and removal of the markers were verified by colony PCR using GoTag® DNA
polymerase (Promega, Madison, WI, USA).

A homologous recombination method was used to integrate point-mutated pfkA variants
in MEC1013. pKSI-1 plasmids containing a point mutation in pfkA was used as donor DNA for
chromosomal integration (Yang et al., 2014). Plasmids listed in Table 3.4 were constructed using
NEBuilder HiFi Assembly (New England Biolabs, Ipswich, MA, USA) or Escherichia
coli DH5a-mediated assembly (Kostylev et al., 2015). The point-mutated pfkA variant,
kanamycin cassette and more than 500 bp of flanking homology region were amplified from the
respective plasmid and used to transform electrocompetent MEC1013 expressing the lambda red
system from pKD46 (Datsenko and Wanner, 2000), and positive transformants were selected on
LB-Kan. Integration was confirmed by colony PCR with GoTag® DNA polymerase, and point-
mutated pfkA genes were amplified from the chromosome, gel purified, and sequenced (ACGT,

Inc., Wheeling, IL, USA).
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Plasmid construction

Phusion High-Fidelity Polymerase (New England Biolabs, Ipswich, MA, USA) or
PrimeStar Max High-Fidelity Polymerase (Takara Bio, Mountain View, CA, USA) was used to
amplify DNA for cloning and genome integration. Assembled plasmids with NEbuilder® Hifi
assembly were chemically transformed into E. coli DH5a cells and were selected on LB plates
containing approriate antibiotics. Quick-DNA Miniprep and Zyppy Plasmid Miniprep Kits were
used to purify genomic and plasmid DNA (Zymo Research, Irvine, CA, USA). Zymoclean Gel
DNA Recovery Kits were used to purify PCR fragments (Zymo Research, Irvine, CA, USA).
Restriction enzymes were purchased from New England Biolabs. Plasmids were confirmed by
restriction digest and sequencing (ACGT, Inc., Wheeling, IL, USA). To construct pHR1, a
kanamycin cassette was amplified from pKD4 (Datsenko and Wanner, 2000), pfkA gene with
500 bp of flanking DNA in upstream region and 78 bp downstream from ATCC 8739, 516 bp
downstream of pfkA gene from ATCC 8739 were cloned into pKSI vector backbone. All
plasmids harboring a single point-mutated pfkA gene were generated from pHR1 using
mutagenic primers that incorporated mutations into homologous regions using PCR-based site
mutagenesis (Table 3.3).

Residues targeted for modification were selected by visual inspection of the PfkA atomic
structure (1PFK, Shirakihara and Evans, 1989) using software for molecular visualization
(Pymol Molecular Graphics System, Schrddinger, Inc., New York, NY). Factors such as
structure, charge, and polarity of amino acids and codon usage frequency of E. coli were

considered to construct the pfkA variants.
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Media and Growth Conditions

E. coli strains were routinely maintained and cultured in Lysogeny Broth (LB). A
defined medium contained (final concentrations, per L): 5.0 g glucose, 3.504 g NH4Cl, 1.44 g
KH2PO4, 2.51 g KoHPO4, 2.0 g K2SO4, 0.02 g Na2(EDTA)-2H20, 0.45 g MgS04-7H-0, 0.02 g
thiamine HCI, 0.25 mg ZnSQO4-7H20, 0.125 mg CuCl»-2H0, 1.25 mg MnSO4-H20, 0.875 mg
CoCl,:6H20, 0.06 mg H3BO3, 0.25 mg Na2MoO4-2H>0, 5.5 mg FeSO4-7H-0, and 50 mg citric
acid. Thiamine was filtered sterilized, while other medium components were autoclaved in
compatible mixtures, combined and then adjusted to a pH of 7.2 with 30% (w/v) KOH. A
nitrogen-limited medium was identical except for containing 20.0 g/L glucose and 1.0 g/L
NH4Cl. When necessary for plasmid maintenance, 100 pg/mL ampicillin or 40 pg/mL
kanamycin was included in the medium.
Shake flask cultures

Each strain was first grown in 3 mL LB medium to an OD of 2, and then 100 uL used to
inoculate 3 mL defined medium. After growth this culture was used to inoculate three 250 mL
baffled flasks containing 50 mL defined medium to an initial optical density (OD) of 0.02. Flasks
were incubated at 37°C at an agitation of 250 rpm. Approximately 6-8 periodic samples were
used to calculate growth rate.
Continuous process

Nitrogen-limited steady-state processes were conducted as chemostats. Each strain was
initially cultured in LB and then inoculated into a 125 mL baffled shake flask containing 20 mL
NLim medium. When the shake flask culture reached an OD of 2, the 20 mL contents were used
to inoculate a 1 L bioreactor (Bioflo 310, New Brunswick Scientific Co., New Brunswick, NJ,

USA) containing 750 mL NLim medium. After batch growth, the chemostat was initiated at a
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nominal dilution rate of 0.1 h™*. The process operated at 37°C using 400 rpm agitation. Air and/or
oxygen-supplemented air was sparged at 0.75 L/min to maintain a dissolved oxygen
concentration above 40% of saturation. Additional 30% w/v KOH was used to fine control the
pH to 7.0, and antifoam 204 (Sigma) was used as necessary. To ensure a steady-state,
measurements were initiated at least 5 residence times after the chemostat commenced, and
multiple samples collected were separated by at least one residence time.
RT-qPCR

During each chemostat culture after achieving a steady-state, samples for total RNA were
collected (10° cells), centrifuged (16,000%g, 2 min), and the cell pellet was suspended in 1XRNA
protect (New England Biolabs, Ipswich, MA, USA), and stored at -80°C until RNA extraction.
Monarch Total RNA Miniprep Kit (New England Biolabs, Ipswich, MA, USA) was used to
prepare total RNA from frozen samples. RNA was used as a template for PCR to confirm
absence of genomic DNA. One-step quantitative reverse transcriptase PCR (RT-gPCR) was
performed using Luna Universal One-Step RT-gPCR Kit (New England Biolabs, Ipswich, MA,
USA) on a StepOne Plus instrument (Applied Biosystems, Foster City, CA). Gene-specific
primers were designed to create amplicons of 150-200 bp of target genes by using Primer 3
software. Primer pairs for pfkA, zwf, icd, maeB, and pta and the housekeeping gene rpoD were
confirmed to have similar efficiencies in the range of 2-6 ng. Triplicate 20 pL reactions
containing the same amount of total RNA for each sample were analyzed. No-template and no-
RT controls were included. The 224 method was used to calculate fold change in expression

from Cr values generated by the StepOne Plus software (Livak and Schmittgen, 2001).
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Quenching and extraction

During each chemostat culture, a sample was directly withdrawn to a sample tube
containing 60% (v/v) methanol and 70 mM HEPES (2-[4-(2-hydroxyethyl)-1-piperazine-1-
yl]ethanesulfonic acid, pH-7.4) buffer quenching solution at -80°C (Hoque et al., 2005; Faijes et
al., 2007). Sample tubes containing quenching solution were weighed before and after the
sampling. Quenched samples were centrifuged (10,000xg for 5 min at -5°C), and the cell pellet
processed for extraction of metabolites (Schaefer et al., 1999, Hoque et al., 2005).

A perchloric acid extraction procedure was used to extract fructose-16P,
dihydroxyacetone-P (DHAP), glyceraldehyde-3P (GAP), ATP, ADP, AMP, and acetyl-CoA
(Schaefer et al., 1999, de Koning and de Dam, 1992, Hoque et al., 2005). After centrifugation
approximately 25% volume of 35% (v/v) perchloric acid (-20°C) was added, the cell pellet was
resuspended and stored at -80°C in aliqouts. After one freeze-thaw cycle, proteins and cell
fragments were removed by centrifugation (10,000xg for 30 min at -5°C), the supernatant
neutralized with 5M K>COs, and then centrifuged again (10,000xg for 10 min at -5°C). The
supernatant was stored at -80°C in 900 pL aliquots until further analysis. Throughout the
procedure the temperature was maintained below 0°C (Schaefer et al., 1999; Hoque et al., 2005).

An acid/base quenching procedure was used to extract NAD(P)H (Lilius et al., 1979). A
sample was directly withdrawn into twice the volume of 0.3 N HCI (to extract NADP) or 0.3 N
KOH (to extract NADPH). Both acid- and base-extracted samples were incubated at 60°C for 7
min to extract respective redox metabolties then cooled to 0°C in an ice bath. Extracts were
stored at 4°C prior to use (Lowry et al., 1961). Immediately before analysis, acid extracts were
adjusted with 0.3 N KOH to pH 6.5 and base extracts with 0.3 N HCI to pH 7.5, incubated for 10

min at 0°C to precipitate proteins, and centrifuged (10,000xg for 15 min) (Beri et al., 2016).
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Intracellular metabolites analyses

Enzymatic analyses of cell extracts based on NAD(P)H formation were performed at
37°C and using 0.2 M triethanolamine buffer (pH 7.6) (Hoque et al., 2005). Assays for
intracellular metabolites were adapted from previous studies (Lilius et al., 1979, de Koning and
de Dam, 1992, Schaefer et al., 1999, Hoque et al., 2005, Beri et al., 2016).

Intracellular ATP was measured in the presence of 5 mM MgCl; and 0.4 mM NADP by
sequentially adding glucose-6P dehydrogenase (0.17 U/mL) and phosphoglucose isomerase (0.7
U/mL) (Lang and Michal, 1974). After the absorbance stabilized, 5 mM fructose and hexokinase
(2.8 U/mL) were added to calculate ATP (Trautschold et al., 1985).

Intracellular fructose-16P., DHAP, and glyceraldehyde-3P (GAP) were assayed with 0.15
mM NADH in 1.5 M triethanolamine (pH 8.5) by sequential addition of glycerol-3P
dehydrogenase (0.15 U/ mL), triosephosphate isomerase (2.5 U/mL), and aldolase (1 U/ mL)
(Michal and Beutler, 1974).

Intracellular ADP was measured in 125 mM KCI, 10 mM MgSQg4, 2.8 mM PEP, and 0.27
mM NADH by the sequential addition of lactate dehydrogenase (2.4 U/mL) and pyruvate kinase
(2.0 U/mL). Intracellular AMP was assayed in the sample by addition of myokinase (1.4 U/mL)
and 0.10 mM ATP (Jaworek and Welsch, 1985).

Intracellular acetyl-CoA was measured in the presence of 0.2 mM tris-HCI, 1.5 mM NAD
and 5 mM malate by sequential addition of malate dehydrogenase (0.9 U/mL) and citrate
synthase (0.075 U/mL) (Decker, 1985).

Intracellular NADP and NADPH were quantified using a cycling assay (Lilius et al.,
1979, Beri et al., 2016). NADPH and NADP™ were assayed in the presence of 1.12 M bicine

buffer, 0.55 mM thiazolyl blue tetrazolium bromide, 2.45 mM phenazine ethosulfate, 10 mM
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glucose-6P, and 5 U/mL glucose-6P dehydrogenase (Beri et al., 2016). The slope of the
absorbance change was compared with standards prepared through the same extraction and assay
procedures.

Analytical methods

A spectrophotometer (UV-650 spectrophotometer, Beckman Instruments, San Jose, CA,
USA) was used for the measurement of all intracellular metabolites and for the optical density at
600 nm (OD) to monitor cell growth. For dry cell weight measurement of the chemostat culture,
three 20.0 mL samples were centrifuged (3300 % g, 10 min, 4°C), the pellets washed/centrifuged
three times with 20 mL DI water, and then dried at 60°C for 24 h.

Samples were routinely frozen at -20°C for glucose and organic acid analysis, and thawed
samples were centrifuged (8000xg for 5 min), and filtered (0.45 um nylon, Acrodisc, Pall
Corporation, Port Washington, NY). High performance liquid chromatography (HPLC) using 4
mN H2SO4 at 60°C and 0.6 mL/min with a Coregel 64-H ion-exclusion column (Transgenomic
Ltd., Glasgow, United Kingdom), and refractive index detector was used to quantify glucose and
organic acids (Eiteman and Chastain, 1997). Student’s t-test was used to compare data
statistically, with 95% confidence interval the basis for significance.

To confirm the absence of ammonium in the effluent for N-limited chemostats, triplicate
samples (5 mL) were stored at -20°C, thawed on ice, centrifuged (16,000 x g, 5 min), and then
analyzed using the hydroxybenzyl alcohol method (Ammonia-CHEMets, CHEMetrics LLC,

Midland, VA, USA).
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3.4 RESULTS
Construction of PfkA variants

We sought to reduce the catalytic activity of phosphofructokinase (PfkA) and thereby
alter microbial physiology generally, and the distribution of fluxes between the EMP pathway
and the PPP specifically during growth of E. coli on glucose as the sole carbon source. In order
to test the effect of modified PfkA, different point mutations in the pfkA gene, corresponding to
targeted amino acid substitutions, were introduced into the chromosome. Certain amino acids
substitutions, such as those within the active site, would be expected to eliminate catalytic
activity. For example, D127 facilitates the nucleophilic attack of the 1-hydroxyl on fructose-6P
on the y-phosphate of ATP (Berger and Evans, 1992), and substitution D127E, D127Y (Berger
and Evans, 1992), and D127S (Hellinga and Evans, 1987) lead to more than 99% decrease in
activity. Because of the strong reduction in activity anticipated by these modifications, D127 was
not targeted for site directed mutagenesis. The goal instead is to modulate activity to affect
growth and metabolism. We targeted amino acid residues that are 1) in the mobile loops (G10 to
P14, P123 to 1137, M169 to L176) stabilizing the catalytic phosphoryl group transfer near the
active site, or 2) associated with the pocket that stabilizes fructose-6P and ATP.

D103 is an important residue to position Mg?* and stabilize the transition state
(Shirakihara and Evans, 1988) and was targeted for mutagenesis. We also selected R171, which
is spatially adjacent to the active site, and substitutions here are known to affect kcat and K
without eliminating activity (Hellinga and Evans, 1987; Shirakihara and Evans, 1988; Zheng and
Kemp, 1994). Residue 1126 was also targeted because a substitution here affects both Ky and
kcat (Zheng and Kemp, 1992), and can induce the R252 residue to flop into the binding cleft

(Zheng and Kemp, 1992). Another small mobile loop (G11;G12;D13;P14) appears to be
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involved in catalysis. Specifically, G11 stabilizes the phosphoryl transfer from ATP to fructose-
6P, as the amide group of G11 forms a hydrogen bond with phosphate group of ATP during the
transition stage (Shirakihara and Evans, 1988). Given the proximity of G10 and G11 to the active
site, these residues were targeted for mutagenesis.

The a-helix (G248 to G254) is believed to stabilize fructose-6P, and H249 interacts with
the phosphate of fructose-6P (Shirakihara and Evans, 1988). R72 also stabilizes the transition
state by interacting with the phosphate of fructose-6P (Zheng and Kemp, 1992). Both H249 and
R72 were targeted for amino acid substitution.

Residues Y41, F76, R77, R82, and R111 are within 9A of the N-3 of the adenosine ring
of ATP at the active site (Wang and Kemp, 1999). Modification of these residues was previously
studied for selectivity of other nucleotide triphosphates, and substitutions at Y41 and F76 with
similar bulky groups cause moderate changes kinetic parameters (Wang and Kemp, 1999).
Similarly, R77 supports the hydrophobic pocket and stabilizes the ATP through an arginine
crown formed with R88 and R111 (Wang and Kemp, 1999). We selected Y41, F76, and R77 for
substitutions.

In summary, 10 residues (G10, G11, Y41, R72, F76, R77, D103, 1126, R171, H249) were
selected to generate 22 PfkA variants (single-point mutations) which were chromosomally
integrated into E. coli. These PfkA variants were examined for their impact on microbial
physiology (specific growth rate) and metabolic activity (transcription and metabolites).
Substitutions in PfkA affect cell growth rate

E. coli ApfkA has previously been observed to have an 80% lower growth rate (0.11 h™%)
on glucose as the sole carbon source compared to the wild-type strain (Siedler et al., 2012), and

therefore the maximum specific growth rate ([max) is believed to be a direct indicator of
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glycolytic flux (Paalme et al., 1997). We measured the specific growth rate of wild-type E. coli
on glucose to be 0.94 + 0.13 h™! and the ApfkA strain to be 0.12 + 0.01 h** (Figure 3.2). Many
examined amino acid substitutions resulted in a specific growth rate only slightly greater than the
knockout strain: R72K/S/V (0.15-0.17 h''), D103A/E/V (0.17-0.19 h'Y), 1126 A/E/K/S (0.13-0.14
h1), G10A (0.13 h''), and G11A (0.15 h'!). Growth rate of strains with a substitution at H249
depended on the amino acid: substitution of a bulky residue (H249F) resulted in a strain having
more than 2x the growth rate (0.38 h) as one having an H249 substitution with a smaller residue
(H249D, 0.14 h'* and H249A, 0.18 h1). Similarly, the growth rate of variants with a R171
substitution was influenced by the size and polarity/charge: R171K (0.46 h?) resulted in 20%
greater growth rate than a small hydrophobic substitution (R171A, 0.38 ht) and 80% greater
than a small polar substitution (R171S, 0.26 h%). Four variants with substitutions in the
hydrophobic pocket which stabilizes ATP (Y41F, F76Y, R77A, and R77K) showed intermediate
growth rates (0.33-0.57 h'Y). We consider the reduced growth rate compared to the wild-type
strain to be an indicator of the “mutation severity”, and selected strains with a range of growth
rates to investigate the effect of mutation severity on cell physiology.
Steady-state process

Cells growing in shake flasks experience dynamic conditions of pH and oxygenation, and
each strain has a different specific growth rate. In order to examine variants having a range of
mutation severity during growth under the identical conditions, we compared the wild-type
strain, three pfkA variants and ApfkA under steady-state conditions in a controlled bioreactor. We
selected nitrogen (N)-limited conditions in a chemostat and a dilution rate of 0.1 h%, just below
the maximum specific growth rate of the ApfkA strain, to compare five strains showing a range of

maximum specific growth rates and mutation severity: MEC1012 (ApfkA, 0.12 h't), MEC1230
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(PfKA[R171S], 0.26 h'}), MEC1300 (PfKA[F76Y], 0.33 h'l), MEC1302 (PfkA[R77A], 0.57 h})
and MEC1356 (wild-type PfkA, 0.94 h'l).

N-limited, aerobic conditions were confirmed by a) the dissolved-oxygen (DO)
concentration maintained above 40% saturation, b) the absence of anaerobic products such as
formate, succinate, and lactate, d) presence of glucose in the effluent, and e) absence of nitrogen
in the effluent.

Physiology and respiration.

PfkA variants biomass yield on glucose (Yx/cii) at same dilution rate 0.1 h™* under
nitrogen limitation was related to the mutation severity (Table 3.1). The biomass yield on
glucose of 0.26-0.31 g/g was the greatest for the three strains with greatest mutation severity:
PfkA[F76Y], PfkA[R171S] and the ApfkA strain. MEC1356 expressing the wild-type pfkA and
PfKA[R77A] showed identical yields at 0.19 g/g (p>0.05). Similarly, the glucose consumption
rates (geiu) could be divided into two groups: the three strains with greatest mutation severity
showed low glucose consumption rates (1.7-2.1 mmol g h'), whereas the two strains with low
mutation severity exhibited about 50% greater glucose consumption rates (2.9 - 3.0 mmol g* h-
1), The three strains with greatest mutation severity furthermore generated very little acetate
under glucose-excess and N-limited steady-state conditions. PfkA[R77A] generated the most
acetate, followed by the wild-type pfkA strain. No trend was observed for oxygen consumption
rate nor carbon dioxide evolution rate. The respiratory quotients for PfkA variants and the ApfkA
strain were close to 1 (Table 3.1).

Intracellular metabolites
The overall aim of this study was to alter metabolism by tuning PfkA activity by the use

of targeted amino acid substitutions on this enzyme. Because a PfkA modification cannot be
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measured directly via a biochemical product such as pyruvate or acetate (Moxley and Eiteman,
2021, Tovilla-Coutifio et al., 2020), we measured glycolytic metabolites and adenylate charge by
rapid quenching of samples (Figure 3.3).

Acetyl-CoA pool is associated with increased acetate formation during N-limited cultures
compared to glucose limited cultures (Hua et al., 2003). For the five strains examined under N-
limited conditions at a dilution rate of 0.1 h™*, we observed a decrease in acetyl-CoA with
increased mutation severity: PfKA[R77A] and the wild-type PfkA, the strains with the highest
specific growth rate in batch culture, resulted in 0.53-0.55 nmol acetyl CoA/mg, compared to
0.21-0.27 nmol acetyl CoA/mg for the two slowest growing PfkA[R171A] and ApfkA strains
(Figure 3.3). The intermediate strain, PfkA[F76Y], showed an intermediate pool of acetyl CoA
at 0.43 nmol/mg.

Fructose-16P> is the direct product of phosphofructokinase (Shirakihara and Evans,
1988), and unsurprisingly, the fructose-16P, concentration was also correlated to the mutation
severity. The wild-type PfkA strain showed 2.1 nmol fructose-16P./mg under N-limited steady-
state conditions. In order of increasing mutation severity, PfkA[R77A] showed 0.91 nnmol
fructose-16P./mg, while PfkA[F76Y] and PfkA[R171S] had steady-state concentrations of 0.54-
0.56 nmol fructose-16P2/mg. The ApfkA strain showed a steady-state concentration of 0.17 nmol
fructose-16P2/mg.

The metabolites dihydroxyacetone-P (DHAP) and glyceraldehyde-3P (GAP) are
interconvertible products of fructose-16P», and the sum of their concentrations (DHAP+GAP)
was also related to mutation severity (Figure 3.3). Specifically, DHAP + GAP levels were
lowest in the ApfkA strain (0.2 nmol/mg), intermediate in the variants (1.0-1.9 nmol/mg), and the

greatest in the wild-type strain (2.3 nmol/mg) (Figure 3.3).
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The adenine nucleotides, adenosine triphosphate (ATP), adenosine diphosphate (ADP),
and adenosine monophosphate (AMP) stoichiometrically couple energy producing and energy
consuming metabolic reactions. The Adenylate Energy Charge (AEC) defined as [(ATP) + 1/2
(ADP)J/[(ATP)+(ADP)+(AMP)] is directly correlated to the metabolically available energy
stored in the adenylate system (Chapman et al., 1971, Swedes et al., 1975). Under the N-limited
conditions, all strains exhibited an AEC of 0.52 — 0.63 (Figure 3.3). We also measured
NADPH/NADP in the five strains. The NADPH/NADP ratio was significantly greater (p<0.05)
in each variant (25 — 100 %) compared to the wild-type ratio of NADPH/NADP (Figure 3.3).
gqRT-PCR

Transcription patterns for the genes pfkA, zwf, icd, maeB, and pta relative to the
housekeeping gene rpoD were analyzed for three variant strains (PfKA[F76Y], PfKA[R77A],
PfkA[R171S]), the ApfkA strain (MEC1012), and the wild-type strain (MEC1356) growing under
N-limited conditions at 0.1 h™t. The pfkA gene was selected to analyze transcripts of PfkA
variants compared to the wild-type and deletion strains. Other genes were selected for their
importance for entry into the pentose phosphate pathway (zwf), NADPH formation (maeB, icd),
and phosphorylation of acetyl-CoA (pta).

Transcript levels of pfkA gene in MEC1012 (ApfkA) was similar to the no template
control confirming no PfkA expression in the knockout strain. The two variants with greater
mutation severity, PfkA[R171S] and PfkA[F76Y] showed a significant 2.1- to 2.8-fold increase
in the PfkA transcript (p<0.05) while the variant with the lowest mutation severity, PFKA[R77A],

showed a PfKkA transcript indistinguishable from wild-type expression (Figure 3.4).
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MEC1012 (ApfkA) showed a 1.7-fold increase in the zwf transcript compared to the wild
type strain. In contrast, each of the three PfkA variants showed 70-90% less transcript compared
to the wild-type strain (Figure 3.4).

The transcript for the maeB gene expressing the NADP-dependent malic enzyme did not
show a trend among the five strains. While PfkA[R171S] showed slightly lower transcript,
PfKA[F76Y] and PfkA[R77A] showed slightly greater transcript than the wild-type gene
(p<0.05) (Figure 3.4). Similarly, the transcript levels for the icd gene coding the TCA cycle
enzyme isocitrate dehydrogenase did not show a trend among the variants and ApfkA strain, and
the transcripts for the ApfkA strain and PfKA[F76Y] were not significantly different than the icd
transcript in the wild-type strain. Only PfkA[R77A] and PfkA[R171S] showed signficantly
lower icd transcript (30-60%) than the wild-type strain (p<0.05).

Phosphotransacetylase (Pta) coded by pta gene is the first step in the pathway to form
acetate in E. coli. A consistent trend was observed for the transcript of the pta gene: the greater
the mutation severity, the lower the relative pta transcript. The ApfkA, PTKA[R171S], and
PfKA[F76Y] strains each showed an expression level 96-98% lower than the wild-type pta, while
PfKA[R77A] showed a 66% lower pta transcript relative to the wild-type strain (Figure 3.4).

3.5 DISCUSSION
PfkA plays a key role in glycolysis

Phosphorylation of fructose-6P mediated by phosphofructokinase 1 (PfkA) is the rate
controlling reaction in glycolysis in diverse organisms (Passanneau and Lowry, 1964, Blangy et
al., 1968), and with its unique allosteric properties and regulation, PfkA has been extensively
studied (Atkinson and Walton, 1965; Blangy et al., 1968; Passonneau and Lowry, 1964;

Robinson and Fraenkel, 1978; Kotlarz and Buc, 1977). In E. coli two isoenzymes mediate the
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conversion: PfkA accounts for about 90% of the activity and non-allosteric PfkB plays a minor
role (Robinson and Fraenkel, 1978; Kotlarz and Buc, 1977; Babul, 1978). PfkA is allosterically
inhibited by phosphoenolpyruvate (PEP), shows cooperativity with fructose-6P and hyberbolic
kinetics with ATP (Blangy et al., 1968). Monophosphonucleosides (AMP), fructose-6P,
diphosphonucleosides (ADP, GDP) are the activators of PfkA (Atkinson and Walton, 1965).
ADP also inhibits the enzyme by binding at the ATP site and affects the cooperativity of enzyme
to fructose-6P (Blangy et al., 1968). Deletion of PfkA was reported to cause a 90% reduction in
growth rate of E. coli on glucose under aerobic conditions (Robinson and Fraenkel, 1978,
Brockman et al., 2015), consistent with our observations using ATCC 8739 which showed an
87% decrease in maximum specific growth rate (Figure 3.2).

Various strategies have been examined to upregulate or downregulate PfkA expression.
Overexpressing PfkA in E. coli led to a 2x increase in lactate formation due to activation of the
methylglyoxal pathway, though glycolytic intermediates such as pyruvate and PEP did not
increase (Emmerling et al., 1999). The activity of Pfk1 in Aspergillus niger was improved by
truncating the C-terminal residues that contain sites for allosteric inactivation by citrate. Alone,
this strategy required phosphorylation of the enzyme (Mlakar and LegiSa, 2006), while an
additional T89E PfkA substitution removed the requirement for phosphorylation of the truncated
protein (Capuder et al., 2009). Post-translational control of PfkA enzyme using the SsrA tag,
which promotes degradation of PfkA via SspB induction, has been used to incur a controlled
reduction in PfkA activity and glycolytic flux (Brockman et al., 2015).

In the current work a modest set of single-substitution PfkA E. coli variants was created
having altered activity. Because the Entner-Duodoroff and pentose phosphate pathways do not

compensate for growth on glucose in absence of PfkA (Hollinshead et al., 2015), and because of
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the tight control PfkA has on glycolytic flux, we hypothesized that the severity of the mutation
and its effect on activity would be directly correlated with maximum specific maximum growth
rate using glucose as the sole carbon source.

PfkA variants display a range of growth rate phenotypes

We targeted a variety of amino acid residues associated with the active site or the mobile
loops. For example, we selected highly conserved residues G10, G11, and 1126 in the mobile
loops which are not directly involved in catalytic activity (Wu et al., 1991; Ronimus and
Morgan, 2001; Shirakihara and Evans, 1988; Kemp and Gunasekera, 2002). In eukaryotic PfkA,
alanine occupies the residue corresponding with E. coli G11 (Wu et al., 1991), and thus a G10A
or G11A substitution could be anticipated to have minor effects on the enzyme and cell growth.
1126 stabilizes R252, a residue which orients the guanidinium group with fructose-6P but which
is not involved in catalysis (Zheng and Kemp, 1992). The substitution 1126A leads to a 600x
increase in Km for fructose-6P while kcat is reduced by only 50% (Zheng and Kemp, 1992).
Remarkably, G10A, G11A, or 1126 A/E/S/K substitutions each resulted in growth rates only
slightly greater than the ApfkA strain (MEC1012), over 85% lower than the strain (MEC1356)
expressing the wild-type enzyme (Figure 3.2), demonstrating the importance of the mobile loops
to activity, and suggesting that the mobile loops might not provide ideal targets for a mild
modulation of PfkA activity.

Amino acid substitutions at other conserved sites D103 (associated with magnesium ion
binding) and R72 (bridge between ATP and fructose-6P) also severely restricted the growth rate
regardless of the specific substitution (Figure 3.2). The D103A substitution has previously been
measured to lower the kcat by 95% with no change in Km (Berger and Evans, 1992), and in the

current study the D103A showed 80% lower growth rate than the wild-type strain (Figure 3.2).
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A substitution of aspartate with identically charged glutamate (D103E) or with a hydrophobic
side-chain (D103V) also resulted in variants having growth rates similar to the ApfkA strain.
Similarly, we altered the R72 residue which stabilizes phosphoryl group transfer and interacts
with the 1-phosphoryl group of the reaction product fructose-16P2 was selected. The R72S
substitution decreases keat by 95%, increases the fructose-6P K by 3x and reduces the Hill
constant by 50% (Berger and Evans, 1990). However, all three R72 variants, even the similarly
charged R72K substitution, showed a severe decrease in growth rate, 81-84% lower than the
wild-type strain. Alteration of certain residues close to the active site results in strains which
behave like a ApfkA knockout.

In contrast, other highly conserved residues, such as R171 and H249, appear to be more
amenable to substitutions which modulate the enzyme mildly and thus might lead to a broader
range of growth rate phenotypes. Previous studies have shown the R171S substitution causes a
negligible change in K and a nearly 75% decrease in kcat compared to wild-type (Hellinga and
Evans, 1987). Because of this comparatively modest change in kinetic parameters, R171 was
selected to test the effect of size (R171A) and polarity of amino acid (R171K/S). Figure 3.5
shows PYMOL representations of these R171 substitutions and the resulting interactions. In the
native enzyme, positively charged arginine interacts with the negatively charged 1-phosphate on
fructose-16P. (Shirakihara and Evans, 1988) (Figure 3.5a), and this interaction is largely
maintained in R171K (Figure 3.5b) but lost in R171S or R171A (Figure 3.5cd). Consistent with
the change in this interaction, the R171K variant showed 51% lower growth rate than the wild-
type, while R171A was 61% lower, and R171S 73% lower, than the wild-type strain. The R171
residue therefore would be a preferred single site to generate a broad range of growth rate

phenotypes (compared to D103, G10, G11, R72). The H249 residue in E. coli PfkA binds with
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fructose-6P via hydrogen bond between a side-chain nitrogen with negatively charged 6-o-
phosphoryl group of fructose-6P (Shirakihara and Evans, 1988). Previously, a H298A
substitution in human Pfk-M that is sequentially similar to E. coli PfkA H249 increased the
fructose-6P Kwm by a factor of 5 with a negligible change in kcat (Ferreras et al., 2009), and
therefore H249 was selected as a target for modification. Although the H249A substitution
decreased growth rate by 81% compared to the wild-type, a substitution with a bulkier
phenylalanine (H249F) decreased growth rate by only 60% (Figure 3.2). Substituting the basic
histidine with the negatively charged aspartate (H249D) resulted in a strain having a growth rate
close to the ApfkA knockout.

Another conserved residue R77 was selected for its role in the formation of an arginine
crown (with R82 and R111) which interacts with the N-1 or N-6 of the adenine group on ATP
(Wang and Kemp, 1999) and is a located at the end of the hydrophobic pocket for ATP. The
R77A substitution causes a 2.5x increase in the Km for ATP and 30% reduction in Kcat
compared to the wild-type (Wang and Kemp, 1999). In the native enzyme, the arginine provides
a structural element to the pocket and interacts with adenine (Figure 3.6a), and this interaction is
maintained in R77K (Figure 3.6b) but lost in R77A (Figure 3.6). Moreover, substitution of
alanine for arginine (R77A) leaves a gap. Surprisingly, the anticipated difference between these
interactions was not reflected in the growth rate, as both R77A and R77K showed similar growth
rate, only 40% lower than the wild-type; indeed, the R77A and R77K attained the highest growth
rate among all the variants examined (Figure 3.2). Substitutions at R77 with negatively charged
amino acids (R77E and R77D) were not examined, and since that increase the Kmv for ATP by

10-20x%, they would be anticipated to lower growth rates significantly (Wang and Kemp, 1999).

146



Substitutions in PfkA affect glycolytic intermediates and glycolytic flux

Modifications of phosphofructokinase (PfkA) affect glycolytic flux and intracellular
concentrations of glycolytic metabolites. Although intracellular metabolite concentration is not
always correlated to pathway flux (Hackett et al., 2016), environmental or genetic changes on
metabolism can be assessed by key flux signaling metabolites (Litsios et al., 2018). In mice
models, increased glycolytic flux correlates with elevated levels of several intermediates
including fructose-16P>, DHAP and GAP (Passanneau and Lowry, 1964). Fructose-16P: is
widely recognized as an important flux signaling metabolite whose intracellular concentration is
linearly correlated with the glycolytic flux in numerous microbial species including Bacillus
subtilis (Chubukov et al., 2013), E. coli (Kochanowski et al., 2013), and Saccharomyces
cerevisiae (Przybylski et al., 1985). In E. coli, fructose-16P; interacts with the transcription
factor Cra as part of a flux-sensing system reporting the glycolytic flux (Kochanowski et al.,
2013), and its inhibition of Cra (Ramseier et al., 1993) regulates central metabolic genes
including crr (glucose PTS system), icd (isocitrate dehydrogenase), aceA (isocitrate lyase), gapA
(glyceraldehyde-3P dehydrogenase) and ppsA (PEP synthase) (Ramseier, 1996, Shimada et al.,
2005; Shimada et al., 2011). Because fructose-16P; is the product of PfkA, increasing the
mutation severity of this enzyme would be expected to curtail the fructose-16P2 pool. Like
previous studies using glucose-limited conditions (Kochanowski et al., 2013), the current study
using N-limited conditions generally demonstrated a correlation between intracellular fructose-
16P, (Figure 3.4) and glucose uptake rate (Table 3.1). For example, under steady-state conditions
the ApfkA knockout maintained about 90% lower fructose-16P, and 30% lower glucose uptake
rate than the wild-type strain (MEC1365), while PfkA variants consistently showed intermediate

levels of fructose-16P> (Figure 3.3). Most other studies modify glycolytic flux by altering the
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dilution rate under glucose-limited conditions (Nanchen et al., 2006; Hua et al., 2004;
Kochanowski et al., 2013, Vemuri et al., 2006). However, altering dilution rate in carbon-
limited processes changes the steady-state concentration of the carbon source (de Vries, et al.,
1970; Harder & Dijkhuizen, 1983), and impacts the expression of a wide range of genes in
carbon metabolism and regulation (Vemuri et al., 2006). Thus, the challenge of distinguishing
between glucose uptake-related and growth rate-related phenomena strictly speaking remains. In
this study, glycolytic flux was altered by modifying the PfkA enzyme while holding the dilution
rate at a fixed low rate of 0.10 h™t. Our results using PfkA variants therefore further demonstrate
the central relationship between fructose-16P, and glycolytic flux. Perturbation of metabolism
by the construction of variants at PfkA and other key enzymatic conversions offers a new
complimentary strategy for studying metabolism at differing glycolytic fluxes, but at the same
dilution rate. Complete metabolic flux analysis using labeled substrates would provide important
details for the consequences of altering activity of PfkA (Hua et al., 2003).

The lower glycolytic reaction products of fructose-16P; are also associated with
glycolytic flux (Kochanowski et al., 2013). In particular, the concentrations of both fructose-16P;
and the sum DHAP + GAP increase with the dilution rate under glucose-limited conditions from
0.1 h't to 0.4 h' (Schaub and Reuss, 2008). The reversible products of aldolase, DHAP and
GAP, are themselves interchangeable by triosephosphate isomerase (Figure 3.1). Analogous to
fructose-16P., we observed a direct correlation at a single dilution rate between the severity of
the PfkA modification and intracellular DHAP + GAP (Figure 3.3). For example, the strain
expressing wild-type PfkA maintained 11.3x greater DHAP + GAP than the ApfkA strain, while
variants R77A, F76Y, and R171S exhibited 5.0-9.3 times the level of the ApfkA strain (Figure

3.3). Previous research has reported that a glucose pulse during glucose-limited conditions alters
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the concentration of glycolytic metabolites (Schaefer et al., 1999; Hoque et al., 2005; Schaub and
Reuss, 2008). In this study, reduced triose and fructose-16P levels occurred despite the presence
of glucose at the same growth rate during N-limited growth.
Substitutions in PfkA affect acetate formation

Substitutions in PfkA surprisingly resulted in transcriptional changes in the pta gene
coding phosphoacetyltransferase and in acetate formation at steady-state under N-limited
conditions. Wild-type E. coli is widely known to accumulate acetate when grown under carbon-
excess conditions, including under nitrogen limitation (Hua et al., 2003, Hua et al., 2004; Folsom
and Carlson, 2015) and iron limitation (Baez et al., 2022; Folsom and Carlson, 2015). Acetate
accumulation also occurs during carbon-limited steady-state growth at high glucose uptake rate
in E. coli (Vemuri et al., 2006, Valgepea et al., 2011, Kayser et al., 2005). However, pta
expression is not strongly influenced by dilution rate under carbon-limited conditions in E. coli
(Vemuri et al., 2006) and Corynebacterium glutamicum (Graf et al., 2020). Acetate
accumulation at high glycolytic flux instead has been proposed to be influenced by repression of
acs coding for acetyl-CoA synthetase (Valgepea et al., 2010). In the current study, acetate
accumulation was related to mutation severity: acetate was observed in the two strains with the
highest maximum specific growth rate (R77A and wild-type PfkA), but essentially no acetate
was observed in the three strains with lowest maximum specific growth rate (ApfkA, R171S and
F76Y). Furthermore, acetate formation (Table 3.1) correlated with higher intracellular acetyl-
CoA (Figure 3.3) and greater transcription of pta gene coding for phosphotransacetylase (Figure
3.4). In previous studies, a Apgi strain similarly exhibited 30% less acetyl-CoA than a wild-type
strain under glucose-limited conditions (Hoque et al., 2011), and metabolic flux analysis showed

64% lower acetate formation in a Apgi strain than in wild-type E. coli under N-limited conditions
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(Hua et al., 2003). As noted above from glucose-limited studies, acetate formation occurs under
high glycolytic flux, and one effect of increased mutation severity of PfkA is a reduction in
glycolytic flux (Table 3.1). Thus, the diminished formation of acetate in strains with the greatest
mutation severity could merely be a consequence of lower glycolytic flux. Since acetate
formation at high glycolytic flux has not been attributed to pta expression, the relationship
between metabolism in PfkA variants and pta is less clear. The reduced expression of pta in
ApfkA (and variant strains) and low acetyl-CoA concentration reported here could explain the
poor performance of the ApfkA strain in the biochemical production of mevalonate, a product of
acetyl-CoA (Satowa et al., 2020; Wang et al., 2022). Interestingly, fructose-16P2 has been
demonstrated to be involved in pta activation in B. subtilis (Presecan-Siedel et al., 1999).
Adenylate charge indicates metabolic state. Adenine nucleotides are an indicator of cellular
metabolic energy (Swedes et al., 1975), and the stored energy in adenine nucleotide pools is
quantified by the adenylate energy charge (AEC, Chapman et al., 1971). Cells growing under
unrestricted batch conditions with excess nutrients show an AEC above 0.8 (Chapman et al.,
1971, Swedes et. al., 1975). Several studies of E. coli under glucose-limited steady-state growth
report AEC of 0.72-0.85 (Kahru et al., 1987; Hoque et al., 2011), while a Apgi strain maintained
50% lower ATP leading to an AEC of 0.78 (Hoque et al., 2011). In one shake flask study, a low
nitrogen medium showed a similar AEC (0.9) which decreased (0.6) as nitrogen was depleted,
and decreased further as culture viability diminished (Chapman et al., 1971). N-limited cultures
of Azotobacter beijerinckii at 0.1 h™* maintained an AEC of 0.72 (Marriott et al., 1981), identical
to E. coli as the culture exhausts nitrogen (Dietzler et al., 1974). During a phosphate-limited
constant-feed fed-batch E. coli cultures, the AEC decreased from 0.8 to 0.5 over 10 h, suggesting

consumption of low energy reserves (Schuhmacher et al., 2014). Phosphate limitation also leads
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to growth uncoupling due to increased energy demand and elevates the glucose uptake rate
(Schuhmacher et al., 2014, Rajpurohit and Eiteman, 2022). In this work, N-limited conditions the
AEC was 0.52-0.64 in all strains (Figure 3.3), and the substitution did not affect this value.
However, the R77A variant showed an ATP/ADP ratio of 3.3, compared to ATP/ADP values of
1-2 for all other strains (data not shown), similar to the 2.0 ratio observed in N-limited growth of
A. beijerinckii (Marriott et al., 1981). This observation is noteworthy because the R77A variant
showed the greatest steady-state acetate formation, nearly twice that of the wild-type (Table 3.3),
and was the only variant studied under steady-state conditions in which the substitution was
associated with the ATP binding pocket (Figure 3.6a). Additional research will be needed to
clarify the relationship between PfkA, acetate formation and ATP.
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Table 3.1- Physiology and respiration parameters of nitrogen-limited chemostat cultures of the E. coli wild-type PfkA C strain, the

PfkA knockout strain, and the PfkA variants. All strains were grown at 0.1 h™ using glucose as the sole carbon source.

Strain Yxis Qglucose Jo2 qco2 Qacetate C balance RQ
(mmol/gh) (mmol/gh) (mmol/gh) (mmol/gh) (%)
0.261 + 0.044 2.0 £0.3 6.0£0.1 59+0.6 00 82% 0.98£0.18
ApfkA
0.270 £ 0.019 2.1+0.2 7.1+£0.2 7.0+0.8 0.06 £ 0.00 90% 0.99£0.01
PfkAIRL7LS]
0.311 £0.010 1.7+0.1 6.3+0.3 52+0.1 0.00 £ 0.01 89% 0.82 £ 0.05
PfkAIF7eY]
PfkART™A 0,186 +0.003  3.0+0.0 72+0.2 75+0.5 0.80 +0.01 7% 1.04 £ 0.01
0.192 + 0.026 29104 9.0+£0.1 7.4+0.9 0.47 £0.05 73% 0.82£0.20
PfkA
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Table 3.2- Strains used in this study.

Strain Relevant characteristics Reference
ATCC 8739  Escherichia coli C Wild-type
MEC1012 ATCC 8739 pfkA::Kan This study
MEC1013  ATCC 8739 pfkA::(FRT) This study
MEC1227 MEC1013 pfkA::pfkAPIBALKan This study
MEC1228 MEC1013 pfkA::pfkAP3Vl-Kan This study
MEC1229 MEC1013 pfkA::pfkAP3ELKan This study
MEC1230 MEC1013 pfkA::pfkARISI-Kan This study
MEC1231 MEC1013 pfkA::pfkARTIAL Kan This study
MEC1233 MEC1013 pfkA::pfkAH2494lKan This study
MEC1234 MEC1013 pfkA::pfkAlH249F1.Kan This study
MEC1235 MEC1013 pfkA::pfkAlH249Pl_Kan This study
MEC1236 MEC1013 pfkA::pfkAl26S1-Kan This study
MEC1237 MEC1013 pfkA::pfkAl26Al-Kan This study
MEC1238 MEC1013 pfkA::pfkAI25E_Kan This study
MEC1239 MEC1013 pfkA::pfkAIC°Al.Kan This study
MEC1240 MEC1013 pfkA::pfkAl26K]-Kan This study
MEC1241 MEC1013 pfkA::pfkAICHALKan This study
MEC1242 MEC1013 pfkA::pfkAR™2Sl-Kan This study
MEC1243 MEC1013 pfkA::pfkAR?VI-Kan This study
MEC1244 MEC1013 pfkA::pfkAR"2Kl-Kan This study
MEC1284 MEC1013 pfkA::pfkARYKI.Kan This study
MEC1299 MEC1013 pfkA::pfkAlY4*Fl-Kan This study
MEC1300 MEC1013 pfkA::pfkAlF7¢Y]-Kan This study
MEC1301 MEC1013 pfkA::pfkAR7Kl-Kan This study
MEC1302 MEC1013 pfkA::pfkAR7Al-Kan This study
MEC1356 MEC1013 pfkA::pfkA-Kan This study
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Table 3.3- Plasmids used in this study.

Name Relevant characteristics Description Source
pKD4 AmpR, Kan®; R6K ori Source of KanR cassette Datsenko and
Wanner, 200C
pKD46 AmpR; pSC101 ori (ts); araBAD promoter for . Red genes A Red helper plasmid Datsenko and
Wanner, 200C
pCP20 AmpR, CamR; pSC101 ori (ts) Expression of FLP recombinase Datsenko and
Wanner, 200C
pKSI-I AmpR; pUC ori pBluescript 11 KS(-) backbone with Yang et al.,
I-Scel site-MCS—I-Scel site cassette 2014
pHR1 AmpR; puUC ori pKSI-I + pfkA + KanR This study
pHRO1.1 AmpR; puC ori pKSI-1 + pfkA[D103E] This study
pHRO01.2 AmpR; puUC ori pKSI-1 + pfkA[D103V] This study
pHR01.3 AmpR; puC ori pKSI-1 + pfkA[D103A] This study
pHRO02.1 AmpR; puC ori pKSI-1 + pfkA[R171S] This study
pHR02.2 AmpR; puUC ori pKSI-1 + pfkA[R171A] This study
pHR02.3 AmpR; puUC ori pKSI-1 + pfkA[R171K] This study
pHR03.1  AmpR; pUC ori pKSI-1 + pfkA[H249A] This study
pHR03.2  AmpR; pUC ori pKSI-1 + pfkA[H249F] This study
pHR03.3  AmpR; pUC ori pKSI-1 + pfkA[H249D] This study
pHR04.1  AmpR; pUC ori pKSI-1 + pfkA[1126S] This study
pHR04.2  AmpR; pUC ori pKSI-1 + pfkA[1126A] This study
pHR04.3  AmpR; pUC ori pKSI-1 + pfkA[1126A] This study
pHR04.4 AmpR; pUC ori pKSI-1 + pfkA[1126K] This study
pHRO05.1 AmpR; pUC ori pKSI-1 + pfkA[G10A] This study
pHRO06.1 AmpR; pUC ori pKSI-1 + pfkA[G11A] This study
pHRO7.1 AmpR; pUC ori pKSI-1 + pfkA[R72S] This study
pHRO7.2 AmpR; pUC ori pKSI-1 + pfkA[R72V] This study
pHRO7.3 AmpR; pUC ori pKSI-1 + pfkA[R72K] This study
pHR08.1 AmpR; pUC ori pKSI-1 + pfkA[Y41F] This study
pHR09.1  AmpR; pUC ori pKSI-1 + pfkA[F76Y] This study
pHR10.1 AmpR; pUC ori pKSI-1 + pfkA[R77K] This study
pHR10.2 AmpR; pUC ori pKSI-1 + pfkA[R77A] This study




Table 3.4- Primers used in this study

Name Description Sequence 5'-3'
MEP144 pfkA_F TACGCATGGGATATGAGGCGGTACAG
MEP145 pfkA_R GTGACTGACGAATCACCACGTTATCACC

MEP520 pfkA-plasmid_F GCCTGGTAGGGATAACAGGGTAATTGCG

MEP521 pfkA-plasmid_R CGCAATTACCCTGTTATCCCTACCAGGC
MEP522 Kan

confirmation_R CTGCCATCACGAGATTTCGATTCC

MEP645 KD4-pfkA_F CTTCCGGCAACAGATTTTATTTTGCATTCCAAAGTTCAGAGGTAGTCATGGTGTAG
GCTGGAGCTGCTTC

MEP646 KD4-pfkA_R CTAAAGGAATCTGCCTTTTTCCGAAATCATTAATACAGTTTTTTCGCGCACATATG
AATATCCTCCTTAG

MEP895 5 DS pfkA TAGAACTAGTGGATCCCCCGGGCAATTGCGTCCACGTCAT

MEP897 5 UPS_pfkA CTTGATATCGAATTCCTGCATACGCATGGGATATGAGGCG

MEP898 3'_UPS_pfkA TGGACCATGGCTAATTCCCATGATAAGCGAAGCGCATCAG

MEP900 3'_Kan CTGATGCGCTTCGCTTATCATGGGAATTAGCCATGGTCCA

MEP901 5' Kan TTGCAGAATTCATGTAGGCCGTGTAGGCTGGAGCTGCTTC

MEP902 5 KSI ATGACGTGGACGCAATTGCCCGGGGGATCCACTAGTTCTA

MEP903 3' KSI CGCCTCATATCCCATGCGTATGCAGGAATTCGATATCAAG

MEP905 3'_DS_pfkA GAAGCAGCTCCAGCCTACACGGCCTACATGAATTCTGCAA

MEP906 5-pfkAl.l GGTTATCGGCGGTGAAGGTTCCTACATG

MEP907 3'-pfkAl.1 CCATGTAGGAACCTTCACCGCCGATAACCAC

MEP908 5'-pfkAl.2 GGTTATCGGCGGTGTGGGTTCCTACATG

MEP909 3'-pfkAl.2 CCATGTAGGAACCCACACCGCCGATAAC

MEP910 5'-pfkAl1.3 GGTTATCGGCGGTGCGGGTTCCTACATG

MEP911 3'-pfkAl1.3 CATGTAGGAACCCGCACCGCCGATAACCAC

MEP912 5-pfkA2.1 GGAAGTGATGGGCAGCTATTGTGGCGATC

MEP913 3'-pfkA2.1 CAGATCGCCACAATAGCTGCCCATCACTTCC

MEP914 5'-pfkA2.2 GGAAGTGATGGGCGCGTATTGTGGCGATC

MEP915 3'-pfkA2.2 CAGATCGCCACAATACGCGCCCATCACTTCC
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MEP917 3’-pfkA2.3 CAGATCGCCACAATATTTGCCCATCACTTCCA

MEP918 5’-pfkA_integration GATGAGGAACGGCAAGAAATTATTGATATCGTGACTTCCT
MEP919 3’-pfkA_integration CTGAATGCCTTGTTGTACTGTTCGTACAATTCGCGCGTTG

MEP930 5'-pfkA3.1 CGCAACTGTGCTGGGCGCGATCCAGCGCGGTGGTTC
MEP931 3'-pfkA3.1 GAACCACCGCGCTGGATCGCGCCCAGCACAGTTGCG
MEP932 5'-pfkA3.2 CGCAACTGTGCTGGGCTTCATCCAGCGCGGTGGTTC
MEP933 3'-pfkA3.2 GAACCACCGCGCTGGATGAAGCCCAGCACAGTTGCG
MEP934 5'-pfkA3.3 CGCAACTGTGCTGGGCGATATCCAGCGCGGTGGTTC
MEP935 3'-pfkA3.3 GAACCACCGCGCTGGATATCGCCCAGCACAGTTGCG
MEP936 5'-pfkA4.1 CGGTCTGCCGGGCACTAGCGACAACGACATCAAAGG
MEP937 3'-pfkA4.1 CCTTTGATGTCGTTGTCGCTAGTGCCCGGCAGACCG
MEP938 5'-pfkA4.2 CGGTCTGCCGGGCACTGCGGACAACGACATCAAAGG
MEP939 3'-pfkA4.2 CCTTTGATGTCGTTGTCCGCAGTGCCCGGCAGACCG
MEP940 5'-pfkA4.3 CGGTCTGCCGGGCACTGAAGACAACGACATCAAAGG
MEP941 3'-pfkA4.3 CCTTTGATGTCGTTGTCTTCAGTGCCCGGCAGACCG
MEP942 5'-pfkA4.4 CGGTCTGCCGGGCACTAAAGACAACGACATCAAAGG
MEP943 3'-pfkA4.4 CCTTTGATGTCGTTGTCTTTAGTGCCCGGCAGACCG
MEP944 5'-pfkA5.1 GGTGTGTTGACAAGCGCGGGTGATGCGCCAGGCATG
MEP945 3'-pfkAb.1 CATGCCTGGCGCATCACCCGCGCTTGTCAACACACC
MEP946 5'-pfkA6.1 GTGTTGACAAGCGGTGCGGATGCGCCAGGCATGAACG
MEP947 3'-pfkA6.1 CGTTCATGCCTGGCGCATCCGCACCGCTTGTCAACAC
MEP948 5'-pfkA7.1 GTTCCTCGGTTCTGCGAGCTTCCCGGAATTCCGCGAC
MEP949 3'-pfkA7.1 GTCGCGGAATTCCGGGAAGCTCGCAGAACCGAGGAAC
MEP950 5'-pfkA7.2 GTTCCTCGGTTCTGCGGTGTTCCCGGAATTCCGCGAC
MEP951 3'-pfkA7.2 GTCGCGGAATTCCGGGAACACCGCAGAACCGAGGAAC
MEP952 5'-pfkA7.3 GTTCCTCGGTTCTGCGAAATTCCCGGAATTCCGCGAC
MEP953 3'-pfkA7.3 GTCGCGGAATTCCGGGAATTTCGCAGAACCGAGGAAC
MEP970 5’-sequencing GGCCTGACCTGAATCAATTC

pKSI-Kan
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MEP995

MEP996

MEP998

MEP999

MEP1000
MEP1001
MEP1002
MEP1003
MEP1004
MEP1005
MEP855

MEP856

MEP1035
MEP1036
MEP1037
MEP1038
MEP1039
MEP1040
MEP1047
MEP1048
MEP1049
MEP1050
MEP1056
MEP1057

5°-pfkA2.3

5’-sequencing
pKSI-pfkA
5’-pfkA8.1
3’-pfkA8.1
5’-pfkA9.1
3’-pfkA9.1
5’-pfkA10.1
3’-pfkA10.1
5’-pfkA10.2
3’-pfkA10.2
C_rpoD-RT-Fwd
C_rpoD-RT-Rev
C_pfkA-RT-Fwd
C_pfkA-RT-Rev
C_zwf-RT-Fwd
C_zwf-RT-Rev
C_sthA-RT-Fwd
C_sthA-RT-Rev
C_icd-RT-Fwd
C_icd-RT-Rev
C_maeB-RT-Fwd
C_maeB-RT-Rev
C_pta-RT-Fwd
C_pta-RT-Rev

CGTGGTGGAAGTGATGGGCAAATATTGTGGCGATCT

CTTCCCGTGCATCGGTCTGCCG

GTAATGGGCATTTATGACGGCTTCCTGGGTCTGTATGA
GGTCTTCATACAGACCCAGGAAGCCGTCATAAATGCC
CTGCGCGTTTCCCGGAATACCGCGACGAGAAC
GGATGTTCTCGTCGCGGTATTCCGGGAAACGC
GCGCGTTTCCCGGAATTAAAGGACGAGAACATCCG
GGCGCGGATGTTCTCGTCTTTGAATTCCGGGAAAC
GCGCGTTTCCCGGAATTCGCGGACGAGAACATC
CGCGGATGTTCTCGTCCGCGAATTCCGGGAAAC

TGATGCTGGCTGAAAACACC
AGTTCAACGGTGCCCATTTC
GAAAGAAACCGGTCGTGAAA
TGTCGTGGTGAACCAACTGT
TGGCCTTGACCACAAACATA
CAGGCTTCTTCCACTTCGTC
CCATCGGGAAACAAAAGAGA
GCCATCGTCGGGTAGTTAAA
ATATGCCGGTCAGGACAAAG
CTTAGCGCCTTCCATCAGAC
CGCGCAGTTTCTGTTCAATA
GCAAGGGCGTTCTGTTTAAG
TAATCCGGCAGAGATCAACC
TTTGCGGTAGTGTGAACAGC
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Figure 3.1- Metabolism of glucose in Escherchia coli showing carbon flux partition at glucose-
6P between the EMP pathway and the Pentose Phosphate Pathway. This study focuses on
modulating metabolism by constructing variants in PfkA coded by the pfkA gene.
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Figure 3.2- Specific growth rates of E. coli PfkA variants using glucose as the sole carbon
source. The ApfkA strain, and strains expressing wild-type PfkA and 22 single amino acid

substitutions were examined (error bars indicate standard deviation of triplicate experiments).
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Figure 3.3- Intracellular acetyl-CoA, fructose-16P2, GAP+ DHAP concentrations (nmol mg™?),
NADPH/NADP ratio and adenylate charge during nitrogen-limited chemostats at a dilution rate
of 0.1 h't using glucose as the sole carbon source: Acetyl-CoA (M), fructose-16P2 (),
GAP+DHAP (M), adenylate charge (AEC, hatched M), and NADPH/NADP ratio (hatched M).).

E. coli expressing wild-type PfkA, three variant strains, and a ApfkA strains are arranged in

ascending order of their maximum specific growth rate.
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Figure 3.4- Relative expression of selected genes compared to the wild-type strain during

nitrogen-limited chemostats at a dilution rate of 0.1 h' using glucose as the sole carbon source:
pfkA (), zwf (")), maeB ("), icd (M), and pta (H). E. coli expressing wild-type PfkA, three
variant strains, and a ApfkA strains are arranged in ascending order of their maximum specific

growth rate.
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Figure 3.5- PyMOL cartoon-stick representation of PfkA with focus on residue R171 (a) and
substitutions R171K (b), R171S (c) and R171A (d), and the interactions between this residue and
the product fructose-16P, (FDP). Direct interactions between the 171 residue and the substrate
are shown in wheat-colored dash lines. The PfkA structure contains the products ADP and
fructose-16P.
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Figure 3.6- PyMOL cartoon-stick representation of PfkA with focus on residue R77 (a) and
substitutions R77K (b) and R77A (c), and the interactions between this residue and the product
ADP. Direct interactions between the 77 residue and the substrate are shown in wheat-colored

dash lines. The PfkA structure contains the products ADP and fructose-16P.
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CHAPTER 4

3-HYDROXYBUTYRATE PRODUCTION BY ESCHERICHIA COLI CITRATE SYNTHASE

VARIANTS

'Rajpurohit H., Eiteman MA. To be submitted to Microbial Cell Factories
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4.1 ABSTRACT

Background: The microbial chiral product (R)-3-hydroxybutyrate (3-HB) is a precursor to
several industrial (e.g., biopolymer, butanol) and medical compounds (e.g., antibiotics, skin
grafting polymer). Acetyl-CoA is a key precursor for 3-HB, and several native pathways
compete with 3-HB production. Besides acetate formation pathway, a principal competing
pathway for acetyl-CoA is mediated by citrate synthase enzyme (coded by gltA) which directs
63% of carbon flux from acetyl-CoA towards TCA cycle. Eliminating citrate synthase activity by
deletion of gltA gene leads to a growth defect in the organism in glucose supplemented defined
medium and requires addition of glutamate. Previously, altering the citrate synthase activity
through structure-guided protein engineering by construction of GItA variants showed a
significant improvement in products such as citramalate and acetate.

Results: The effect of five GItA variants on 3-HB production catalyzed through overexpression
of thiolases (phaA) and NADPH-dependent acetoacetyl-CoA reductase (phaB) from Cupriavidus
necator was analyzed. Four variants showed nearly 5-fold greater 3-HB yield compared to the
wild-type. Deletion of acetate forming genes (poxB, pta-ackA) and GItA variants led to 10-fold
greater pyruvate accumulation in these four variants than wild-type. Overexpression of native
thioesterases TesB and YciA eliminated pyruvate formation while diverted acetyl-CoA towards
acetate formation. To increase CoA pools, CoaA (E. coli pantothenate kinase) was overexpressed
which decreased pyruvate formation by 50% but did not improve 3-HB yield. Controlled batch
studies demonstrated that GItA[A267T] variant produced the greatest 3-HB titer of 4.88 g/L and
yield of 0.17 g/g glucose in defined medium compared to wild-type (0.69 g/L; 0.03 g/g glucose)
and other variants. In phosphate starved repetitive batch, E. coli IdhA poxB pta-ackA

gltA:gItAlA%67T] produced 15.9 g/L 3-HB (effective concentration 21.3 g/L with dilution) with
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0.16 g/g glucose yield and acetate as a byproduct with 3.4 g/L titer. Pyruvate accumulated during
each batch and was assimilated towards biomass and 3-HB formation.

Conclusions: Results obtained in this study demonstrates that GItA variants offer a means to
increase intracellular acetyl-CoA pools for the generation of acetyl-CoA derived products.
Enhancing substrate affinity of the introduced pathway genes like thiolase towards acetyl-CoA
will further increase the flux towards 3-HB formation and also reduce pyruvate and acetate

accumulation.

4.2 INTRODUCTION

(R)-3-hydroxybutyric acid (3-HB) is a chiral building block for the production of fine
chemicals in the chemical, food, and pharmaceutical industry (Gao et al., 2002, Kawata et al.,
2014), and an advantage of the microbial route for 3-HB synthesis is the ease of generating the
pure enantiomer (Biernacki et al., 2017). Microbial synthesis of 3-HB has been accomplished in
both bacteria and yeast (Gao et al., 2002, Beirnacki et al., 2017).

As a model organism, Escherichia coli has been widely studied for the generation of 3-
HB by overexpressing heterologous pathways. One pathway to 3-HB involves the enzymes
acetyl-CoA C-acetyltransferase or B-ketothiolase ([EC 2.3.1.9], coded by the phaA gene) and
acetoacetyl-CoA reductase ([EC 1.1.1.36], phaB) (Figure 4.1). Using genes from Cupriavidus
necator resulted in about 0.4 g/L 3-HB in shake flask culture (Gao et al., 2002). Inclusion of ptb
(phospho-transbutyrylase) and buk (butyrate kinase) from Clostridium acetobutylicum, allowing
formation of ATP through the intermediate of 3-hydroxybutyryl-phosphate, led to 5 g/L 3-HB in
a glucose-supplemented complex medium in shake flask culture and 12 g/L 3-HB with 8.5 g/L
acetate in a fed-batch process (Gao et al., 2002). Addition of acetate in E. coli expressing the

genes phaA, phaB, and pct (encoding propionyl-CoA transferase) attained titers of 5.2 g/L and a
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productivity of 0.22 g/L-h in test tube cultures (Matsumoto et al., 2012). In another study,
overexpression of phaA, phaB, and tesB (coding a thioesterase) led to 3.6 g/L 3-HB in 48 h with
a 0.41 g/g yield in glucose-supplemented complex medium (Tseng et al., 2009), while fed-batch
culture of this strain accumulated 12.2 g/L 3-HB at 0.5 g/L-h (Liu et al., 2007). In comparison,
under microaerobic conditions, a native producer Halomonas sp. generated 15.2 g/L 3-HB
(Kawata et al., 2012). A nitrate fed-batch process using Halomonas sp. in which the stored
poly(3-hydroxybutryate) was degraded to 3-HB led to 40.3 g/L at 0.48 g/L-h in shake flask
studies under microaerobic conditions (Kawata et al., 2014).

Acetyl-CoA is a key precursor for 3-HB, and several native pathways which metabolize
acetyl-CoA compete with the 3-HB pathway. Most strategies for 3-HB production also generate
acetate as a by-product (Gao et al., 2002, Jarmander et al., 2015). Deletion or repression of pta-
ackA or poxB genes are common approaches to reduce acetate formation, and this strategy has
previously also been applied to several other acetyl-CoA-derived products such as citramalate
(Wu and Eiteman, 2016), butyric acid (Wang et al., 2019), n-butanol (Kim et al., 2017), and 3-
HB (Perez-Zabaleta et al., 2019). However, the primary metabolic competition for acetyl-CoA
availability is the enzyme citrate synthase (gltA gene), through which 63% of the acetyl-CoA
flows during steady-state, glucose-limited culture (Zhao et al., 2004). Although outright deletion
of citrate synthase increases the yield of acetyl-CoA-derived products from glucose, including
citramalate (Wu and Eiteman, 2016) and mevalonate (Satowa et al., 2020), this deletion prevents
growth on glucose as the sole carbon source, necessitating a medium supplement such as
glutamate (Gilvarg and Davis,1956). Alternatively, approaches have been proposed to reduce
rather than eliminate citrate synthase flux. For example, decreasing the gltA promoter strength

increased intracellular oxaloacetate and acetyl-CoA concentrations led to improved lysine
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production in Corynebacterium glutamicum (van Ooyen et al., 2012). Reducing the activity of
citrate synthase directly using targeted amino acid substitutions lowered kcat and increased K,
resulting in the diversion of carbon from the TCA cycle to the model compound acetate (Tovilla-
Coutifio et al., 2020), as well as to citramalate (Wu et al., 2020).

Nutrient limitation can also have a profound effect on the formation of 3-HB. During an
N-limited fed-batch cultivation on mixed sugars, E. coli overexpressing the t3 (B-ketothiolase)
and rx (acetoacetyl-CoA reductase) genes from Halomonas boliviensis generated 1.8 g/L 3-HB
and 2.7 g/L acetate (Jarmander et al., 2015). An N-limited exponential-linear feed process with
E. coli expressing t3 and rx genes led to 4.1 g/L 3-HB and 7 g/L acetate, while a P-limited
exponential-linear process yielded 6.8 g/L 3-HB and 9 g/L acetate (Guevara-Martinez et al.,
2015). A combination of repeated batch followed by N-starved process with E. coli additionally
overexpressing the zwf gene intended to increase flux through the NADPH-generating pentose
phosphate pathway led to 12.7 g/L 3-HB in E. coli AF1000 strain (Perez-Zabaleta et al., 2016)
and 16.3 g/L in E. coli BL21 strain (Perez-Zabaleta et al., 2019). More recently, overexpression
of another thioesterase (yciA gene) along with the zwf, t3, and rx genes in a repeated batch
followed by N-starved process generated 14.3 g/L 3-HB in E. coli AF1000 strain (Guevera-
Martinéz et al., 2019).

The goal of this study was to use citrate synthase variants for the formation of acetyl-
CoA-derived 3-HB. We hypothesized that creating a metabolic restriction at the intermediate
acetyl-CoA could divert more acetyl-CoA towards 3-HB (Figure 4.1). We also examined the
effect of the overexpression of two commonly used thioesterases, TesB and YciA, pantothenate

kinase (CoaA) and applying phosphate starved conditions for 3-HB production.
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4.3 MATERIALS AND METHODS

Strains and genetic modifications

Strains used in this study are shown in Table 4.1, and plasmids used are shown in Table 4.2.
Gene knockout strains were constructed using lambda-red recombination (Datsenko and Wanner,
2001) with primers having 50 bp homology (Table 4.3). Knockouts were selected on Lysogeny
Broth (LB) plates supplemented with kanamycin and confirmed using forward primers external
to the target gene and reverse primers within the kanamycin resistance (Table 4.3). The kan®
marker was removed by expression of FLP recombinase from pCP20 (Datsenko and Wanner,
2001), and confirmed by external primers to the gene target (Table 4.3).

A homologous recombination method was used to integrate point-mutated gltA variants
in MEC1381. pKSI-gItA(W) plasmid (pHR-glItA) containing a point mutation in gltA was used
as donor DNA for chromosomal integration. The point-mutated gltA variant, kanamycin cassette
and 500 bp of flanking homology region were amplified from the respective plasmid and used to
transform electrocompetent MEC1381 expressing the lambda red system from pKD46 (Datsenko
and Wanner, 2001). Transformants were grown on LB plates supplemented with kanamycin (Wu
et al., 2020). The kan® marker was removed, confirmed by PCR using external primers to the
gene target (Table 4.3). Point-mutated gltA genes were amplified from the chromosome, gel
purified, and sequenced to confirm correct mutations (ACGT, Inc., Wheeling, IL, USA).
Plasmid construction

Plasmids were constructed using NEBuilder HiFi Assembly (New England Biolabs,
Ipswich, MA, USA) or Escherichia coli DH5a-mediated assembly (Moxley and Eiteman, 2021).
Phusion High-Fidelity Polymerase (New England Biolabs, Ipswich, MA, USA) or PrimeStar

Max High-Fidelity Polymerase (Takara Bio, Mountain View, CA, USA) was used to amplify
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DNA for cloning and genome integration. Quick-DNA Miniprep and Zyppy Plasmid Miniprep
Kits were used to purify genomic and plasmid DNA (Zymo Research, Irvine, CA, USA). DNA
Clean and Concentrator and Zymoclean Gel DNA Recovery Kits were used to purify PCR
fragments (Zymo Research, Irvine, CA, USA). Plasmids were confirmed by restriction digest
(New England Biolabs, Ipswich, MA, USA) and sequencing (ACGT, Inc., Wheeling, IL, USA).

To construct pHR-gItA for sited-directed mutagenesis, a kanamycin cassette was
amplified from pKD4 (Datsenko and Wanner, 2001), the gItA gene from E. coli W with 570 bp
of flanking DNA upstream and 584 bp downstream were cloned into the pKSI vector (Yang et
al., 2014) using NEbuilder® Hifi assembly. The assembled plasmid was transformed into E. coli
DH5a cells using chemical transformation. Point mutations were introduced to the plasmid using
method described previously (Wu et al., 2020).

The genes phaA and phaB from Cupriavidus necator were codon optimized (Invitrogen,
Thermo Fisher Scientific, Waltham, MA, USA) and cloned into the pTrc99A plasmid (Amann et
al., 1988) to form plasmid pHR-AB. Each gene was constructed in an operon containing the trc
promoter and the rrnB T1 terminator. The plasmid size was determined by restriction digest, and
the sequence was confirmed by DNA sequencing method. The low copy plasmid pACYC184
(Chang and Cohen, 1978; Rose, 1988) containing the native thioesterase yciA (pHR-yciA),
thioesterase tesB (pHR-tesB), or pantothenate kinase coaA (pHR-coaA) used Anderson promoter
J23107 (http://parts.igem.org/Promoters/Catalog/Anderson; strength = 0.34), ribosome binding
site RBS_B0034 (http://parts.igem.org/Part:BBa_B0034), and terminators identical to the native
E. coli W genes. Each gene was cloned into the multiple cloning site of the vector using

NEbuilder® Hifi assembly (NEB, Ipswich, MA, USA), chemically transformed into E. coli
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DHS5a cells, and colonies isolated on plates with appropriate antibiotic. Each plasmid was
confirmed by restriction digest and sequencing.

The plasmid pHR-AB was electroporated in all the gltA variant strains, the AgItA strain
MEC1381, and the strain with the wild-type gltA gene (MEC1365). The pHR-yciA, pHR-tesB, or
pHR-coaA plasmid was transformed into strains containing pHR-AB plasmid by electroporation.
Media and Growth Conditions

The strains were routinely cultured and maintained in Lysogeny Broth. For production of
3-HB, a defined medium to which glucose was added contained (per L): 8.0 g NH4Cl, 1.2 g
KH2PO4, 1.0 K2HPOg4, 2.0 g K2SO4, 0.6 g MgSO4-7H20, 0.02 g thiamine HCI, 0.25 mg
ZnS04-7H20, 0.125 mg CuCl-2H20, 1.25 mg MnS0O4-H20, 0.875 mg CoCl,-6H,0, 0.06 mg
H3BOs3, 0.25 mg Na2MoO4-2H:0, 5.5 mg FeSO4-7H20, 50 mg citric acid, and 5.23 g (25 mM) or
31.35 g (150 mM) 3-[N-morpholino]propanesulfonic acid (MOPS) as indicated. Thiamine and
trace metals solutions were filter sterilized, while other medium components were autoclaved in
compatible mixtures and combined. Calcium pantothenate (final concentration 1 mM) was filter
sterilized when used, as were antibiotics as required for plasmid maintenance or strain selection:
ampicillin (150 pg/mL), kanamycin (40 pg/mL), and chloramphenicol (30 pg/mL).

Shake Flask Cultures

All shake flask studies were initiated by transferring a single colony from an LB plate to
3 mL LB liquid culture.

For growth rate studies of strains lacking plasmids, after 6-10 h of growth the LB culture
was used to inoculate 3 mL defined medium containing 5 g/L glucose to an initial optical density
(OD) of 0.05. When the OD reached 2-4, this culture was used to inoculate triplicate 250 mL

baffled shake flasks containing 50 mL of defined medium with 5 g/L glucose in 150 mM MOPS
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to an initial OD of 0.02. Growth rate was determined by measuring the OD of 6-8 samples of
each culture during an exponential growth (Wu et al., 2020).

For studies on 3-HB production using strains containing one or two plasmids, after 6-10 h
of growth the LB culture was used to inoculate 3 mL defined medium containing 5 g/L glucose
to an initial OD of 0.05. When the OD reached 2-4, 200 uL of this culture was used to inoculate
triplicate 250 mL baffled shake flasks containing 20 mL of defined medium with 8 g/L glucose
in 150 mM MOPS. Cultures of MEC1381 (the AgltA strain) were additionally supplemented
with 1 g/L glutamate (Wu and Eiteman, 2016). After growth to an OD of 0.4-0.6, cultures were
induced with 200 uM IPTG (Isopropyl p-D-1-thiogalactopyranoside) (Wu and Eiteman, 2017),
and after 6 h, samples were collected for the measurement of extracellular products. All shake
flasks cultures were grown at 30°C on a rotary shaker at 250 rpm.

Batch and repeated batch processes

A single colony from an LB plate was used to inoculate 3 mL LB. After 6 h of growth,
this culture was used to inoculate a 500 mL shake flask containing 50 mL of defined medium
with 30 g/L glucose in 150 mM MOPS to an initial OD of 0.02. When the shake flask culture
reached an OD of 1.5-2, the entire 50 mL contents were used to inoculate a 2.5 L bioreactor
(Bioflo 2000, New Brunswick Scientific Co., New Brunswick, NJ, USA) containing 1.2 L
defined medium with 30 g/L glucose in 25 mM MOPS. Cultures were induced with 50 uM IPTG
at an OD of 0.6-0.8 (Muhlmann et al., 2017). Duplicate batch processes at 30°C and 400 rpm
were performed.

A repeated batch study was conducted with identical initial composition except 40 g/L
glucose, 0.9 g/L MgS0O4-7H20 and 10 g/L NH4Cl. The process was induced at an OD of ~ 1 with

50 uM IPTG. At OD of ~18, 5 mM betaine was added as an osmoprotect (Zu et al., 2008). After
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depletion of glucose and pyruvate, a solution of 52 mL containing 39 g glucose and 50 mg
ampicillin was introduced into the fermenter.

In all bioreactor processes the dissolved oxygen was maintained above 40% of saturation
by sparging air with oxygen as necessary at 1.25 L/min, with agitation at 400 rpm (batch) or 500
rpm (repeated batch). The pH was controlled using either 30% KOH (w/v) or 20% H2SOa4 (W/v).
Antifoam 204 (Sigma) was used as necessary (Moxley et al., 2023).
Analytical methods

The optical density at 600 nm (OD) (UV-650 spectrophotometer, Beckman Instruments,
San Jose, CA, USA) was used to monitor cell growth. Samples were routinely frozen at -20°C
analysis, and thawed samples were centrifuged (13000 x g for 5 min) and filtered (0.45 pm
nylon filter, 13 mm, Agilent Technologies, CA, USA). High performance liquid chromatography
using 4 mN H2SO4 at 60°C and 0.6 mL/min with a Coregel 64-H ion-exclusion column
(Transgenomic Ltd., Glasgow, United Kingdom), and refractive index detector was used to
quantify glucose and organic acids (Eiteman and Chastain, 1997). Student’s t-test was used to
compare data statistically, with 95% confidence interval the basis for significance.
4.4 RESULTS
Growth Rates of GItA Variant Strains

This study compared a strain expressing a wild-type citrate synthase, five citrate synthase
variants identified previously to decrease citrate synthase activity in E. coli, with substitutions
K167A, A267T, M372S, V361A and F383M (Stokell et al., 2003, Wu et al., 2020, Tovilla-
Coutifio et al., 2020), and a citrate synthase knockout strain. E. coli MEC1365 containing IdhA,
poxB, and pta-ackA deletions was selected as the background strain for comparison to mitigate

carbon loss due to acetate production (Wu and Eiteman, 2017). MEC1365 attained a growth rate

184



of 0.580 + 0.008 h'* with the production of pyruvate (0.016 + 0.002 g/g) and acetate (0.004 +
0.007 g/g). Compared to the wild-type GItA strain, the GItA variant strains showed similar,
lower growth rates (0.434 — 0.503 h) and greater pyruvate (0.000 — 0.148 g/g) and acetate
(0.016-0.024 g/g) yields (Figure 4.2). Though acetate yields were not significantly different
among GItA variants, the A267T variant accumulated nearly double the pyruvate as the other
variants. The growth rate of MEC1381 (AgItA) was not examined because this strain is unable to
grow on glucose as the sole carbon source.
Production of 3-HB by GItA Variant Strains

Plasmid pHR-AB expressing phaA encoding -ketothiolase and phaB encoding
acetoacetyl-CoA reductase (Figure 4.1) was transformed into all E. coli strains to evaluate 3-HB
production in shake flask culture. The conversion of 3-hydroxybutyryl-CoA to 3-
hydroxybutyrate was assumed to be mediated by native thioesterases. Shake flasks were
conducted at 30°C using glucose as the sole carbon source, except cultures of MEC1381 (AgltA)
which was supplemented with glutamate (Figure 4.3). MEC1365 (wild-type GItA) generated the
lowest 3-HB (0.02 £ 0.00 g/g) and pyruvate (0.01 g/g + 0.00 g/g) yields. Four GItA variant
strains generated significantly greater 3-HB (0.10 + 0.00 g/g) than the wild-type, although no
significant difference was observed between the four variants (K167A, A267T, V361A, F383M).
These four GItA variant strains also accumulated more pyruvate (>0.18 g/g) than MEC1365.
MEC1567 (GItA[M372S]) produced 0.04 £ 0.01 g/g 3-HB and did not accumulate pyruvate and
acetate (Figure 4.3). The AgltA knockout strain produced the greatest 3-HB (0.12 + 0.01 g/g) and

pyruvate (0.24 = 0.02 g/g).
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Production of 3-HB by GItA Variant Strains Expressing Thioesterases

Accumulation of pyruvate in GItA variants expressing phaA/phaB suggested a bottleneck
between pyruvate and acetyl-CoA, a step mediated in E. coli by the pyruvate dehydrogenase
complex under aerobic conditions. One potential cause of pyruvate accumulation could be a
limited conversion of 3-hydroxybutyryl-CoA to 3-HB by native thioesterases. In addition to
potentially reducing flux through the reversible steps of this introduced pathway, a bottleneck in
this conversion could limit the availability of CoOASH which acts as a substrate for pyruvate
dehydrogenase. To test whether pyruvate accumulation could be attributed to insufficient
conversion to 3-HB, native acyl-CoA hydrolases (EC 3.1.2.20) coded by the tesB gene (Tseng et
al., 2009) or the yciA gene (Guevera-Martinéz et al., 2019) were each individually overexpressed
in a low copy number plasmid under a constitutive promoter J231007 and introduced into strains
containing the pHR-AB plasmid.

TesB is a native promiscuous thioesterase in E. coli that mediates the irreversible one-
step hydrolysis of short-chain acyl-CoAs (Naggert et al., 1991). In shake flask experiments,
overexpressed TesB in MEC1365 expressing the wild-type citrate synthase resulted in a 2.5%
increase in 3-HB yield (0.05 £ 0.00 g/g) and a 2.0% increase in acetate yield (0.04 £ 0.00 g/g). In
GItA variant strains and the AgltA knockout strain, overexpression of TesB significantly
decreased pyruvate accumulation but consistently increased acetate formation about 5-fold
(Figure 4.4). The AgltA knockout strain MEC1381 showed the greatest 3-HB yield (0.19 + 0.00
0/g), 1.6x greater than the yield observed in absence of TesB overexpression. The GItA[K167A]
variant attained the greatest 3-HB yield (0.16 £ 0.00 g/g) among the variants, about 1.6x greater

than observed in the same strain without overexpression of TesB. The GItA[M372S] variant
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showed a similar 3-HB yield (0.05 £ 0.00 g/g) as the wild-type citrate synthase strain MEC1365
(Figure 4.4).

YciA is one of the seven “hot dog” fold thioesterases in E. coli, containing a conserved
fold of a five-stranded anti-paralled B-sheet wrapped around an elongated a-helix (Zhuang et al.,
2008). Similar to TesB, YciA is a promiscuous thioesterase with substrates ranging from short to
long-chain acyl-CoAs since hot dog fold structures lack defined non-solvated binding pockets
and a conserved catalytic residue leading to multiple catalytic residues (Caswell et al., 2021).
When YciA was overexpressed in variant strains which also contained the pHR-AB plasmid, the
formation of both pyruvate and 3-HB was significantly diminished (Figure 4.5). For example,
the GItA[A267T] variant expressing pHR-AB generated 0.10 g/g 3-HB and 0.20 g/g pyruvate in
the absence of YciA (Figure 4.3), but only 0.03 g/g 3-HB and 0.006 g/g pyruvate with YCiA
overexpression. Instead, overexpression of YciA resulted in 7-18x greater acetate formation: for
example, the GItA[A267T] variant expressing pHR-AB generated 0.02 g acetate/g glucose
(Figure 4.3), but this variant additionally expressing pHR-yciA generated 0.18 g acetate/g
glucose (Figure 4.5). The greatest acetate yield was generated by the AgltA knockout strain
MEC1381 (0.35 £ 0.00 g/g).

The overexpression of either thioesterase, TesB or YciA, did significantly diminish
pyruvate accumulation in 3-HB generating E. coli GItA variants. However, in both cases
thioesterase overexpression simultaneously increased the formation of acetate. In the case of
TesB, decreased pyruvate was balanced by increased 3-HB and acetate, whereas in the case of
YCiA, acetate formation increased at the expense of pyruvate and 3-HB. These results suggest

that buildup of acetyl-CoA was indeed a factor in pyruvate synthesis in GItA variants.
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Production of 3-HB by GItA Variants Strains Expressing Pantothanate Kinase

Considering the central role of the conversion of pyruvate to acetyl-CoA in the formation
of 3-HB in GItA variants, we next examined the effect of overexpressing pantothenate kinase
with medium supplementation of pantothenate (vitamin Bs) on 3-HB formation. Pantothenate
kinase (CoaA or PanK) mediates the ATP-dependent conversion of pantothenate to 4P-
pantothenate as the first step in the CoASH biosynthetic pathway. The enzyme is inhibited by
intracellular CoASH and its thioesters (Vallari et al., 1987). Overexpression of CoaA did result
in significantly lower pyruvate accumulation in all strains examined (Figure 4.6). For example,
the GItA[A267T] variant with overexpressed CoA generated 0.121 + 0.003 g/g pyruvate, 40%
less than the same variant with only native CoaA expression. This decreased formation of
pyruvate was not however accompanied by a concomitant increase in 3-HB or acetate formation.
Batch processes

Shake flask studies were conducted to screen for the best GItA variants, though such
cultures have several disadvantages including absence of pH control necessitating a high buffer
concentration, inability to use high glucose concentration, and lack of oxygen mass transfer to
support high cell density. We therefore selected MEC1365 (wild-type GItA), and the variants
GItA[A267T], GItA[M372S] and GItA[K167A] for batch studies with 30 g/L glucose as the sole
carbon source. Each strain was transformed the plasmid pHR-AB expressing the phaA and phaB
genes coding for enzymes 3-HB pathway (Figure 4.1). MEC1365 generated 0.71 g/L 3-HB with
the productivity of 0.054 g/L-h and also accumulated 0.47 g/L pyruvate (Figure 4.7a). The
GItA[A267T] variant produced 4.9 g/L 3-HB with a productivity of 0.14 g/L-h and yield of 0.17
o/g (Figure 4.7b). This variant also accumulated about 8.8 g/L pyruvate, which was at the time

of glucose depletion (22 h) itself metabolized for additional biomass and 3-HB formation.
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GItA[M372S] generated 1.0 g/L 3-HB at the rate of 0.08 g/L-h and yield of 0.041 g/g (Figure
4.7c). The GItA[K167A] variant MEC1411 generated 4.6 g/L 3-HB with a yield of 0.16 g/g
(Figure 4.7d). Similar to GItA[A267T], 6.0 g/L pyruvate accumulated and was quickly
metabolized at the time of glucose depletion. In all four strains acetate accumulated to less than
0.4 g/L.

Because TesB modestly improved 3-HB yield in shake flask culture, we repeated the
batch processes using the wild-type GItA strain MEC1365 and the GItA[K167A] variant
MEC1411, both expressing phaA, phaB, and tesB on two plasmids. Although no pyruvate was
generated in either case, MEC1365 generated 1.5 g/L 3-HB and 1.7 g/L acetate, while
GItA[K167A] generated 4.3 g/L 3-HB and 3.2 g/L acetate (data not shown). Unlike the
consumption of pyruvate observed after glucose was depleted in strains not overexpressing
TesB, in this case acetate was not converted into 3-HB after glucose depletion.

Repeated Batch processes

MEC1394 (GItA[K167A])/pHR-AB generated the greatest 3-HB titer and yield in the
batch process (Figure 4.7b), and therefore was selected for a high cell density fermentation.
Because pyruvate accumulated and itself was consumed after glucose was depleted (Figure
4.7b), a repeated batch process whereby glucose was added three times approximately after both
glucose and pyruvate were consumed. GItA[K167A] produced 15.9 g/L 3-HB (effective
concentration of 21.3 g/L without dilution) with an overall yield of 0.16 g/g glucose and 0.23
g/L-h productivity (Figure 4.8). The glucose consumption rate decreased with each glucose
addition: 5.9 g/L-h, 3.9 g/L-h, and 1.6 g/L-h during the final period. Acetate was continuously

generated and reached 3.4 g/L final concentration.

189



4.5 DISCUSSION

The goal of this study was to assess targeted substitutions in citrate synthase (GItA) and
their affect on the generation of an acetyl-CoA derived product, (R)-3-hydroxybutyric acid (3-
HB). Citrate synthase is a key enzyme in central metabolism at the entry of acetyl-CoA into the
TCA cycle which serves as a metabolic control site between central carbon metabolism and
biomass synthesis (Weitzman 1966a; Danson and Weitzman, 1973). Type Il citrate synthases
form hexamers which are allosterically regulated by NADH under aerobic conditions (Weitzman
1966b; Weitzman and Dunmore, 1969; Duckworth and Tong, 1976). The E. coli enzyme has
been extensively studied in the context of structure and function, typically using site-directed
mutagenesis to understand important residues for activity and allosteric inhibition by NADH
(Handford et al., 1987; Donald et al., 1991; Pereira et al., 1994; Stokell et al., 2003; Maurus et
al., 2003). For example, the F383 residue is highly conserved in Type Il enzymes and forms an
“unusual edge-on interaction” with the acetyl group of acetyl-CoA (Weigand and Remington
1986; Pereira et al., 1994). The F383A substitution leaves a large cavity which destabilizes the
active site, reducing kcat by 97% (Pereira et al., 1994), while the less severe F383M substitution
decreases kcat by 93% (Wu et al., 2020). Similarly, the K167A substitution weakens allosteric
binding for NADH and discourages hexamer formation (Stokell et al., 2003). The K167A variant
increases K for acetyl-CoA by 2x and Km for NADH by 2.6x but does not change the K for
oxaloacetate and the catalytic activity (Stokell et al., 2003). In absence of acetyl-CoA, residues
267-297 possess high thermal factors indicating mobility, and in the presence of acetyl-CoA this
mobile loop undergoes considerable conformational changes (Ayed and Duckworth, 1999).
Substitutions in this mobile loop can affect both catalytic activity and acetyl-CoA affinity (Ayed

and Duckworth, 1999; Nguyen et al., 2001; Tovilla-Coutifio et al., 2020). For example, the
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A267T substitution increases apparent K for acetyl-CoA by 2.3x and decreases kcat from 34 to
2.1 s (Tovilla-Coutifio et al., 2020). In this work we selected several citrate synthase
substitutions characterized in previous studies (Stokell et al., 2003; Tovilla-Coutifio et al., 2020;
Wu et al., 2020) to modulate the activity of the enzyme to affect E. coli physiology and to alter
the availability of acetyl-CoA for the production of 3-HB: A267T (located in the mobile loop
proximal to the active residue H264), F383M (involved in stabilization of acetyl-CoA binding),
K167A (affecting NADH and acetyl-CoA binding), V361A, and M372S (located in the a-helix
adjacent to catalytic residue D362). Importantly, the residues F383, K167, A267, and V361 are
highly conserved in Type Il citrate synthase (Eikmanns et al., 1994; Nguyen et al., 2001).
Therefore, these substitutions likely would have similar effects on other prokaryotes expressing a
Type Il enzyme and which are of interest for the production of any acetyl-CoA-derived
biochemical product.
Altering citrate synthase affects growth rate and by-product formation

Citrate synthase variants having substitutions close to the active site (F383M, A267T,
V361A) or involved in NADH (K167A) or acetyl-CoA binding (F383M, A267T, K167A) affect
cell physiology, and this study with a different strain was consistent with previous work (Wu et
al., 2020; Tovilla-Coutifio et al., 2020). The maximum specific growth rates of all variants were
13-25% lower than MEC1365 expressing the wild-type citrate synthase (Figure 4.2). The
GItA[M372S] variant showed the highest growth rate among the variants (only 13% lower than
MEC1365). Though V361 and M372 are located on the same a-helix and neither is involved in
catalytic activity or substrate binding, the GItA[V361A] variant showed a 21% lower specific
growth rate than MEC1365, probably because of the proximity of V361 to the catalytic residue

residue D362 (Nguyen et al., 2001). Nevertheless, our results provide further evidence in
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support of the conclusion that any restriction of flux through citrate synthase with the aim of
improving acetyl-CoA availability for the production of biochemicals will also lead to a strain
having a lower growth rate on glucose as the sole carbon source.

Because of the poxB pta-ackA deletions in all examined strains, cells would be expected
not to accumulate acetate, and indeed less than 0.005 g/g acetate was observed in MEC1365
(Figure 4.2). However, all variants except GItA[M372S] surprisingly showed elevated acetate
(Figure 4.2). For example, the GItA[A267T] variant produced 0.15 g/g pyruvate and 0.022 g/g
acetate. Although the route for acetate formation is uncertain given the absence of
phosphotransacetylase and pyruvate oxidase, clearly the introduction of modifications in citrate
synthase creates a metabolic bottleneck at acetyl-CoA which leads to accumulation of both
pyruvate and acetate.

Altering citrate synthase affects 3-HB production

Citrate synthase has long been recognized as a key conduit controlling entry into the TCA
cycle, and genetic tools have sought to modify citrate synthase expression/activity to increase or
decrease the carbon flow to the TCA cycle. For example, placing expression under an inducible
promoter (Walsh and Koshland, 1985), engineering a less active promoter (van Ooyen et al.,
2012), using mRNA based lysine riboswitches (Zhou and Zheng, 2015), artificial micro RNA
inhibition (Tillbrook et al., 2014) and CRISPRi-based inhibition (Heo et al., 2016) have been
used in several organisms in the context of improving formation of acetyl-CoA-derived products
such as butanol and polyhydroxybutyrate or oxaloacetate-derived products such as lysine. These
strategies can be limited by lack of scalability and need for medium supplementation. An
outright deletion of GItA does improve formation of acetyl-CoA-derived products (e.g., Figure

4.3), but also requires supplementation with glutamate or another TCA cycle intermediate
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(Gilvarg and Davis, 1956; Satowa et al., 2020; Wu and Eiteman, 2016). The chromosomal GItA
variants used in the current study are stable and can be grown without medium supplementation.
In shake flask culture, four of the five citrate synthase variants showed >5-fold increase
in 3-HB yield from glucose compared to MEC1365 expressing the wild-type enzyme, while
GItA[M372S], which also attained the highest growth rate of the variants, showed a 2.2-fold
increase in 3-HB generation (Figure 4.3). In controlled batch culture, the GItA[A267T] variant
formed 3-HB at a yield of 0.17 + 0.01 g/g from glucose as the sole carbon source (Figure 4.7b),
equivalent to the yield reported when both zwf and yciA were overexpressed (Guevera-Martinez
et al., 2019). The use of GItA variants offers a complimentary strategy to increase yield of
acetyl-CoA-derived products during unrestricted growth without overexpressing any other gene.
The 3-HB production appears to be inversely proportional to growth rate (Figure 4.2;
Figure 4.3) and correlates with the severity of citrate synthase substitutions studied previously
for growth and acetate production (Tovilla-Coutifio et al., 2020). The GItA[K167A] variant in
Klebsiella pneumoniae increased 1,3-propanediol yield from glycerol by only 10% though
biomass and acetate yields, and growth rate, were not significantly affected (Lee et al., 2019).
Interestingly, the stated goal in that work was to increase the activity of citrate synthase using
the K167A substitution by reducing the NADH binding during a microaerobic process. In
contrast in our work, GItA[K167A] decreased growth rate by 20% but increased 3-HB yield by a
factor of 5 under fully aerobic conditions. These results with E. coli suggest that diminished
NADH-binding in GItA[K167A] which might increase citrate synthase flux under aerobic
conditions is much less than the effect of reduced acetyl-CoA binding (Stokell et al., 2003).
Though different microbes are being compared, the evidence suggests GItA[K167A] could

enhance citrate synthase flux under anaerobic conditions but reduce citrate synthase flux under
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aerobic conditions, and thus examining product formation using the K167A substitution under
various levels of oxygenation would be of great interest. Note that the 1,3-propanediol pathway
is biochemically separated from citrate synthase, while the 3-HB pathway commences with two
moles of acetyl-CoA. Finally, since the K167A substitution affects hexamer formation (Stokell
et al., 2003), this substitution may also play a role in the ability of citrate synthase to participate
in multienzyme complexes which channel substrates, which might also differ under aerobic and
anaerobic conditions (Bulutoglu et al., 2016).
Pyruvate accumulation suggests a metabolic bottleneck

We encountered significant pyruvate accumulation in most GItA variants during the cell
growth rate studies (i.e., without the 3-HB pathway), as well as in the context of 3-HB
production. Numerous studies focused on products from acetyl-CoA have also reported pyruvate
accumulation. For example, deletion of pta-ackA genes with the goal of ethanol production led
to a 30-fold increase in pyruvate accumulation compared to the strain without these knockouts
(Seol et al., 2014), while pyruvate also accumulated as a consequence of the pta knockout during
tryptophan (Liu et al., 2016) and valine (Park et al., 2010) production and pta and poxB
knockouts in 3-HB production (Perez-Zabaleta et al., 2019). Although maintaining the presence
of the pta-ackA genes largely prevents pyruvate accumulation during the formation of an acetyl-
CoA-derived product, acetate then accumulates with no benefit to the desired product (Sekar et
al., 2016, Perez-Zabaleta et al., 2019). Accumulation of pyruvate by the deletion of the pta gene
has been attributed to intracellular CoOASH imbalance (Ohtake et al., 2017). In the current study,
though modest pyruvate was observed in MEC1365 (with wild-type GItA), pyruvate formation
reached 0.20 g/g in variants and 0.23 g/g for the AgltA strain (Figure 4.3), suggesting a

bottleneck for the variants which could be due to a variety of factors related to citrate synthase.
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One hypothesis explored was that, because CoOASH regeneration via citrate synthase is
diminished in variants, the hydrolysis of 3-hydroxybutyryl-CoA to CoASH limited CoASH
availability for the conversion of pyruvate to acetyl-CoA via the pyruvate dehydrogenase
complex.

To improve the hydrolysis of 3-hydroxybutyryl-CoA we compared overexpression of two
native E. coli thioesterases, TesB and YciA. These thioesterases have been used in a wide range
of studies, including the formation of adipic acid (Kallscheuer et al., 2017), butyrate (Wang et
al., 2019) and 3-hydroxyvalerate (Miscevic et al., 2020). Generally understood to have broad
specificity to Cs — C14 acyl-CoAs (McMahon and Prather, 2014) and 3-hydroxyacyl-CoA esters
(Zheng et al., 2004), the presence of TesB previously improved 3-HB formation without acetate
accumulation (Liu et al., 2007). In the current study in shake flasks, overexpression of TesB did
increase 3-HB yield slightly and essentially eliminate pyruvate formation, however, acetate
accumulation increased dramatically (Figures 4.3, 4.4). For example, overexpression of TesB in
the GItA[K167A] variant with the 3-HB pathway led to a 58% increase in 3-HB formation but a
5.8-fold increase in acetate compared to GItA[K167A] expressing TesB at the native activity.
Inexplicitly, in the controlled bioreactor the improvement in 3-HB yield observed in the shake
flasks disappeared while acetate accumulation was even greater. Specifically, under unrestricted
growth in the bioreactor using a medium with a greater concentration of glucose, overexpression
of TesB in GItA[K167A] led to slight decrease in 3-HB (4.3 g/L versus 4.6 g/L without TesB),
but led to greater acetate formation (3.2 g/L versus 0.3 g/L without TesB). Thus, overexpression
of TesB did eliminate a bottleneck of pyruvate formation in variants caused by curtailing citrate
synthase activity, but TesB merely shifted the product to acetate. Clearly, a careful tuning

between the hydrolysis of acetyl-CoA and 3-hydroxybutyryl-CoA is necessary.
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The thioesterase YciA was also examined in shake flask cultures with all the variants.

YciA possess lower affinity (2.45x Kw) and catalytic activity (90% lower) towards acetyl-CoA
compared to higher chain carbon acyl groups like butyryl-CoA (Zhuang et al., 2008). Moreover,
previous research showed no increased acetate formation during 3-HB with overexpressed YCiA
(Guevera-Martinez et al., 2019). Surprisingly, in the current study overexpression of YciA led a
20-fold increase in acetate formation at the expense of 3-HB formation (Figure 4.5). Thus, we
found YciA behaved much like TesB in eliminating the bottleneck of pyruvate accumulation, but
performed worse in the sense of shifting the acetyl-CoA derived product from 3-HB to acetate.
We interpret these results to be the consequence of a significant increase in acetyl-CoA pool in
citrate synthase variants. A much greater intracellular acetyl-CoA concentration could result in
this thioester being the predominate reaction substrate, regardless of the kinetics of these
thioesterases (i.e., acetyl-CoA compared to 3-hydroxybutyryl-CoA). Thus, the results with both
TesB and YciA suggest value in using a thioesterase with either lower expression or low affinity
for acetyl-CoA.
Pantothenate kinase overexpression decreases pyruvate accumulation but does not improve
3-HB production

Although overexpression of either thioesterase did eliminate pyruvate formation, little
improvement was observed in 3-HB formation. Another approach to reduce pyruvate
accumulation is to increase the total COASH pool. The approach of reducing citrate synthase
activity would be expected to promote accumulation of acetyl-CoA (Wu et al., 2020), which is a
potent inhibitor of pyruvate dehydrogenase (Schwartz et al., 1968), leading to pyruvate
accumulation. One way to improve CoASH availability directly is by the overexpression of

pantothenate kinase (CoaA), which is the rate limiting step in CoOASH biosynthesis (Jackowski
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and Rock, 1981). Previous research has confirmed that the total CoASH/acetyl-CoA
concentration is increased by overexpression of this enzyme (Vadali et al., 2004a). Moreover,
overexpression of pantothenate kinase has been studied before to improve acetyl-CoA derived
products including isoamyl acetate (Vadali et al., 2004b), succinate (Lin et al., 2004), and fatty
acids (Satoh et al., 2020). When we overexpressed CoaA on a low copy number plasmid with
pantothenate supplementation, pyruvate accumulation indeed did diminish in all the GItA
variants by about 40-75% compared to the same variants with only native expression of CoaA,
although both 3-HB and acetate formation were not significantly changed (Figures 4.3 and 4.6).
The pantothenate kinase from E. coli is tightly controlled by CoAs and acyl-CoAs (Vallari et al.,
1987; Ogata and Chohna, 2015), and therefore the enzyme could be suppressed in variants in
which the acetyl-CoA pool is expected to be elevated. Nevertheless, the absence of pyruvate
accumulation demonstrates that overexpressed CoaA did relieve the bottleneck between pyruvate
and acetyl-CoA, and demonstrates that the accumulation of pyruvate is a consequence of
insufficient CoOASH and/or accumulation of acetyl-CoA. The observation that 3-HB formation
did not benefit from CoaA overexpression, despite the reduction of pyruvate, suggests that the
activity of B-ketolase remains insufficient to direct the increased availability of acetyl-CoA into
the pathway. Other classes of pantothenate kinase may also be worth pursuing: Type Il found in
Staphylococcus aureus and Type 111 found in Helicobater pylori and Pseudomonas aeruginosa
are not regulated by free CoAs and acyl-CoA (Brand and Strauss, 2005, Hong et al., 2006).
Overexpression of CoaA from P. putida and the heterologous pathway for polyhydroxyalkanoate

production in E. coli improved the polymer content 50% (Kudo et al., 2023).
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Competition between citrate synthase and 3-HB pathway

During heterologous production of biochemical, controlling the competition for the
essential precursor between central carbon enzyme and the introduced pathway is critical to
improve the biochemical production. Compared to the secondary or intermediate pathways,
catalytic efficiency of primary central metabolism pathway such as glycolysis is generally high
(Bar-Even et al., 2011). Therefore, when a heterologous pathway is introduced, the first enzyme
in that pathway will compete directly for precursors with the efficient host enzyme. In this case,
acetyl-CoA is the precursor for the introduced 3-HB pathway and native citrate synthase. Under
aerobic conditions, acetyl-CoA pools are reported to be 20-600 uM in E. coli cells (Takamura
and Nomura, 1988). Wild-type GItA has a Kmacetyl-coa) Of 120-151 uM and a kcar of 34-81 s™
(Duckworth et al., 2013; Quandt et al., 2015; Tovilla-Coutifio et al., 2020). The first step of 3-
HB production pathway is catalyzed by overexpression of PhaA from C. necator, for which
kinetic parameters with respect of acetyl-CoA are not available, though the kinetic parameters
for the enzyme from Gram-negative Zoogloea ramigera are Kmacetyl-coa) 0f 390 UM and a kcat
of 2.1 s (Nishimura et al., 1978; Anderson et al., 1990). To estimate competition between the
two enzymes by taking average kinetic values for GItA of Ky equal to 135 uM and kcat =50 s
1 a maximum stated acetyl-CoA concentration of 600 uM, and applying Michaelis-Menten
kinetics, the wild-type GItA will operate at 82% of its maximum rate (41 s*) while PhaA at will
operate at 61% of its maximum (about 1.3 s). Naturally this analysis is simplistic since the
actual activity is impacted by numerous factors such as the presence of cofactors and
complicated by regulatory networks. Nevertheless, the overexpression of PhaA would tend to
decrease the concentration of acetyl-CoA, and at 200 uM, the wild-type GItA will operate at

60% (30 s™) while PhaA will operate at 34% (0.1 s). The ratio of activity between the two
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competing enzymes (rate of GItA/rate of PhaA) has therefore increase from 32 at 600 uM to 42
at 200 uM acetyl-CoA concentration. This estimation shows that increasing the overexpression
of PhaA can the counterproductive effect of decreasing the effectiveness of the PhaA protein
relative to the native GItA. One approach which is the focus of this work to rebalance the
competition between the native enzyme and the competing heterologous pathway is to change
the kinetic parameters of the native enzyme. For example, the GItA[A267T] variant possesses
kinetic parameters very similar to PhaA: a Kwmcetyl-coa) Of 351 UM and a kcar of 2.1 s (Tovilla-
Coutifio et al., 2020). At 600 uM acetyl-CoA, the ratio of activity between GItA and PhaA is
1.54, while at 200 uM acetyl-CoA, the ratio of activity between GItA and PhaA is essentially
unchanged at 1.58. Not only does altering kinetic parameters of native enzymes offer the
prospect of allowing a heterologous pathway more effectively to compete kinetically with native
pathways, but careful design of the modification on the native enzyme can create a system which
is less sensitive to changes in intracellular concentrations which may occur with changes in
nutrients or in operational mode.
Redox imbalance and nutrient limitation strategies

To increase the productivity and titer for 3-HB, strategies such as repeated batch, N-
starvation/depleted/limited, and P-starvation/depleted/limited have been reported (Gao et al.,
2002; Guevera-Martinez et al., 2015; Jarmander et al., 2015; Perez-Zabaleta et al., 2016;
Guevera-Martinez et al., 2019). Compared to N-limitation, P-limited strategies provided greater
3-HB yield and productivity which was attributed to higher metabolic activity under P-limitation
due to internal phosphate storage (Guevera-Martinez et al., 2015). Previous research using
phosphate-limited B. subtilis glucose cultures at 0.1 h"* demonstrated increased carbon flux

towards the pentose phosphate pathway and transhydrogenase flux toward NADH compared to
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C-limited growth (Dauner et al., 2001). Because PhaB catalyzing acetoacetyl-CoA to
hydroxybutyryl-CoA requires NADPH and is speculated to be a rate-limiting step for 3-HB
production (Abe and Doi, 2003), a phosphate depleted process was selected for the repeated
batch using GItA[A267T]. In this study, this phosphate- starved repeated batch strategy produced
a 15.9 g/L 3-HB (effective concentration of 21.4 g/L considering dilution effect of acid/base
addition and glucose feed) with a yield of 0.16 g/g glucose (Figure 4.8) without overexpressing
additional genes such as zwf and yciA/tesB/coaA or supplementing glutamate. Low
concentrations of phosphate in the beginning of the batch was used to allow the cultures to be
phosphate depleted after OD reached 30 (end of first repeated batch). Despite deleting genes
responsible for acetate formation, the 3.4 g/L acetate titer was observed that can be attributed to
the the promiscuous native thioesterase activity

GItA variants in combination of process engineering offer an effective strategy to
generate acetyl-CoA derived products by modulating carbon flow between TCA cycle for
biomass production and an introduced pathway for the product formation. Modifying kinetic
parameters of enzymes involved in the introduced pathway is another strategy to increase acetyl-
CoA derived products. In case of 3-HB production, increasing Km for acetyl-CoA or/and kcat of
PhaA via protein engineering can divert greater acetyl-CoA towards 3-HB production. Pyruvate
accumulation can be reduced by modifying PDH to eliminate inhibition due to the increased
acetyl-CoA or/and NADH formation. In addition to protein engineering, chromosomal
integration of 3-HB pathway under constitutitve promoter will further improve the process by
eliminating the need of antibiotic/inducer addition and reducing the metabolic burden to maintain

the plasmid.
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Table 4.1- Strains used in this study.

Strain Relevant characteristics Reference
ATCC 9637 Escherichia coli W Wild-type
MEC1316 ATCC 9637 ApoxB AldhA Moxley et al., 2023
MEC1353 ATCC 9637 AgltA This study
MEC1365 MEC1316 ApoxB AldhA Apta-ackA This study
MEC1381 MEC1365 AgItA This study
MEC1394 MEC1381 AgltA::gItAlA%67T] This study
MEC1410 MEC1381 AgltA::gItAr33M] This study
MEC1411 MEC1381 AgltA::gItAK1e7Al This study
MEC1482 MEC1381 AgltA::gItAlV361Al This study
MEC1567 MEC1381 AgltA::gltAM372S] This study
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Table 4.2- Plasmids used in this study.

Name Relevant characteristics Description Source

pKD4 AmpR, KanR; R6K ori Source of KanR cassette Datsenko and Wanner,
2000

pKD46 AmpR; pSC101 ori (ts); araBAD A-Red helper plasmid Datsenko and Wanner,

promoter for A-Red genes 2000

pCP20 AmpR, CamR; pSC101 ori (ts) Expression of FLP recombinase Datsenko and Wanner,
2000

pTrc99A AmpR: pBR322 ori IPTG inducible expression, trc promoter Amann et al., 1988

PACYC184 CamR, TetR; p15A ori Low copy number plasmid ATCC Product-37033™

pKSI-1 AmpR; pUC ori pBluescript 11 KS(-) backbone with I-Scel Yang et al., 2014

site—MCS—I-Scel site cassette

pHR-gltA  AmpR; pUC ori pKSI-I + gltA + Kan® This study

pHR-AB AmpR; pUC ori pTrc99A::trc-phaA-rrB1, trc-phaB-rrB1l This study

pHR-tesB  AmpR; pUC ori pACYC184::J23107- RBS_B0034-tesB-tesB This study

terminator
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Table 4.3- Primers used in this study

Name Description Sequence 5'-3"

MEP310  Up-gltA-F TCATGCAAAACACTGCTTCCAGATG

MEP328  gltA-F ACTACGGGCACAGAGGTTAACTTTC

MEP330  Seq-F CTTTCCGCCTGATGGGCTTCG

MEP417  M13R CAGGAAACAGCTATGAC

MEP477  pKSI-HA-gItA-R CTTGATATCGAATTCCTGCAGTCATGCAAAACACTGCTTC
MEP505  pksUps HACS TGCTTTTGTATCAGCCATTTAAGGTCTCCTTAGCGCC
MEP508  CSend HAKan GGACCATGGCTAATTCCCATTAACGCTTGATATCGCT
MEP509  Kan_HApksDwn ACAACTTAGCAATCAACCAGTGTAGGCTGGAGCTGCTTC
MEP510  Kan_HACSend AGCGATATCAAGCGTTAATGGGAATTAGCCATGGTCC
MEPS20  gItA PBaseF GCCTGGTAGGGATAACAGGGTAATTGCG

MEC521  gItA PBaseR CGCAATTACCCTGTTATCCCTACCAGGC

MEP522  Kan_Verf CTGCCATCACGAGATTTCGATTCC

MEP525  V361A F GATGATACCAGAGTAGAAATCCGCGTTCGGGTACAGTTTC
MEP526  V361A R GAAACTGTACCCGAACGCGGATTTCTACTCTGGTATCATC
MEP529  M372S F CATGGAAGACGGAATACCGCTCGCTTTCAGGATGATAC
MEP330 M372S R GTATCATCCTGAAAGCGAGCGGTATTCCGTCTTCCATG
MEP339  A267T F CCGCTTCGTTGGTACCACCGTGCGCAG

MEP540  A267T R CTGCGCACGGTGGTACCAACGAAGCGG

MEP632  F383M_F GGTACGTGCCATTGCCATAATGACGGTGAACAT

MEP633  F383M_R ATGTTCACCGTCATTATGGCAATGGCACGTACC

MEP659  gItA K168A F GTTCCGCCTGCTGTCGGCGATGCCGACCATGGCCGC
MEP660  gItA K168A R GCGGCCATGGTCGGCATCGCCGACAGCAGGCGGAAC
MEP698  phaA_fwd GCTCGGTACCCGGGGATGACCGATGTTGTTATTGTTAG
MEP699  phaA rev TCGACTCTAGAGGATTTATTTACGTTCAACTGCCAG
MEP700  pTrc99A fwd GTTGAACGTAAATAAATCCTCTAGAGTCGACCTGCAG
MEP701  pTrc99A rev AACAACATCGGTCATCCCCGGGTACCGAGCTCG
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MEP714
MEP715
MEP716
MEP717
MEP735
MEP736
MEP737
MEP738
MEP739
MEP740
MEP741
MEP742
MEP827
MEP828
MEP829
MEP1070
MEP1071
MEP1145
MEP1146
MEP1147
MEP1148
MEP1149

MEP1150
MEP1151
MEP1152
MEP1153
MEP1154

phaB_fwd
phaB_rev

pTrc99A fwd
pPTrc99A rev
phaA_b5'

phaA_3'

phaB_5'

phaB_3'

ptrc99A phaA fwd
ptrc99A phaA rev
phaB_fwd
phaB_rev
MEP329 F
MEP310_F

gltA_R

KS (gltA-W)-fwd
DS (gltA-W)- rev
pACYC184-F
pACYC184-R
tesB-(pACYC184)-F
tesB-(pACYC)-R

yciA (pPACYC184)-F
yciA (pPACYC184)-R
pACYC184-gene-seq F
pACYC184-gene-seq R
pTrc99A-phaA-seq R
pTrc99A-phaB-seq R

GCTCGGTACCCGGGGATGACCCAGCGTATTGCATATG
TCGACTCTAGAGGATTTAACCCATATGCAGACCAC
CTGCATATGGGTTAAATCCTCTAGAGTCGACCTGCAG
AATACGCTGGGTCATCCCCGGGTACCGAGCTCG
ATGACCGATGTTGTTATTGTTAGCGC
TTATTTACGTTCAACTGCCAGGGC
ATGACCCAGCGTATTGCATATGTTAC
TTAACCCATATGCAGACCACCAT
GGCGGGCAGGACGCCCGCCCGCCATAAACTGCC
CGCAAAAAACATTATAATCCGCTCCCGGCGGAT
CGCCGGGAGCGGATTATAATGTTTTTTGCGCCGACATCATAACGGTTCTGGC
AGTTTATGGCGGGCGGGCGTCCTGCCCGCCACC

CCAGTGCGGCCAATGTTTTTTGT
ACTGATTAATGTGGCTGGTGG

CACAGTTGACTAAGCGCAGG
CCACCAGCCACATTAATCACCGGGGGATCCACTAGTTCTAG
CTAGAACTAGTGGATCCCCCGGTGATTAATGTGGCTGGTGG
GAGTCAACGCCATGAGCGGCCTCATTTCTTATTCTGAGTT
CTTTCACTAGTAATAATACCTAGGGCTGAGCTAGCCGTAAAtcagtcatagtatcgtgg
CCTAGGTATTATTACTAGTGAAAGAGGAGAAATACTACatgagtcaggcgctcaaa
GCCGCTCATGGCGTTGACTCGGCGAGAATGCCTATAACGC

CCTAGGTATTATTACTAGTGAAAGAGGAGAAATACTACATGTCTACAACACATA
ACGT

GGCCGCTCATGGCGTTGACTCTAACGGCACCACCGAAATT
GGTTTCCGTGTTTCGTAAAGTC

GCGGACTGTTGTAACTCAGA
GGATCACCTTTACGCTGCGG
CCTCTTGTGCCAGTGCCATG
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Figure 4.1- Biochemical pathway to 3-hydroxybutyrate. The strains studied each had deletions
in the poxB, IdhA, pta, and ackA genes (x). Several strains additionally had chromosomal
mutations in the gltA gene coding citrate synthase (valve, green). The phaA and phaB genes

from C. necator (blue) were expressed on the pTrc99A plasmid.
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Figure 4.2- Growth rate (black) and product yield (pyruvate, blue; acetate, red) for E. coli citrate
synthase variants. E. coli W strains with ApoxB AldhA Apta-ackA background were grown in
triplicate in a 250 mL baffled shake flask with 50 mL defined medium containing glucose as the

sole carbon source.
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Figure 4.3- Effect of citrate synthase (GItA) substitutions on product yields using glucose as the
sole carbon source in shake flask culture. Yields of 3-hydroxybutyrate (green), pyruvate (blue)
and acetate (red) are shown for variants containing the plasmid pHR-AB. All strains have

deletions in poxB, IdhA, pta and ackA genes.
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Figure 4.4- Effect of TesB expression on product yields using glucose as the sole carbon source
in shake flask culture using GItA variant strains. Yields of 3-hydroxybutyrate (green), pyruvate
(blue) and acetate (red) are shown for variants containing the plasmids pHR-AB and pHR-tesB.

All strains have deletions in poxB, IdhA, pta, and ackA genes.
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Figure 4.5- Effect of YciA expression on product yields using glucose as the sole carbon source
in shake flask culture using GItA variant strains. Yields of 3-hydroxybutyrate (green), pyruvate
(blue) and acetate (red) are shown for variants containing the plasmids pHR-AB and pHR-yciA.

All strains have deletions in poxB, IdhA, pta, and ackA genes.
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Figure 4.6- Effect of CoaA expression on product yields using glucose as the sole carbon source
in shake flask culture using GItA variant strains. Yields of 3-hydroxybutyrate (green), pyruvate
(blue) and acetate (red) are shown for variants containing the plasmids pHR-AB and pHR-coaA.

All strains have deletions in poxB, IdhA, pta, and ackA genes.
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Figure 4.7- Controlled growth of W AldhA ApoxB Apta-ackA strains expressing different
chromosomal gltA genes coding citrate synthase enzymes in defined medium with 30 g/L
glucose and 25 mM MOPS, induced with 50 uM IPTG. Each strain expressed genes in the 3-HB
pathway via plasmid pHR-AB in 1.25 L fermenter. Concentrations of glucose (#), pyruvate
(V), OD (@), acetate (A ), 3-HB (=) were measured during the course of the 1.25 L batch
processes. (a) wild-type GItA, (b) GItA[A267T], (c) GItA[M372S], (d) GItA[K167A].
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Figure 4.8- Controlled repeated batch growth MEC1394 (W AldhA ApoxB Apta-ackA
AgItA::gItAlA267T]y containing plasmid pHR-AB in a defined medium supplemented with 40 g/L
glucose and 25 mM MOPS, induced with 50 uM IPTG. A 52 mL solution of 39 g glucose and 50
mg ampicillin was added in the beginning of repeated batch (three times). Concentrations of

glucose (@), pyruvate (V), OD (®), acetate (A ), 3-HB (=) were measured during the course of
the 1.25 L batch processes.
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CHAPTER 5

COMBINATION OF ESCHERICHIA COLI CITRATE SYNTHASE AND

PHOSPHOFRUCTOKINASE A VARIANTS FOR THE PRODUCTION OF MEVALONATE

'Rajpurohit, H. and Eiteman, M.A. To be submitted to Biotechnology Letters
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5.1 ABSTRACT

Chromosomally expressed citrate synthase (GItA) and phosphofructokinase A (PfkA)
variants containing a single amino acid substitution in either of these two enzymes were
constructed in Escherichia coli. These strains were transformed with a plasmid expressing the
atoB gene from E. coli, and the mvaE, and mvaS genes from Lactobacillus casei, and compared
for mevalonate formation from glucose in shake flasks. The strain with wild-type GItA and PfkA
formed 0.20 g/g mevalonate. PfkA variants and the ApfkA strain generated less mevalonate
relative to the wild-type, while GItA variants led to greater mevalonate formation. The

PTKA[R77A] GItA[A267T] variant attained 0.30 g/g mevalonate.

5.2 INTRODUCTION

The goal of metabolic engineering is to engineer microbial cell factories to create
efficient systems to generate biochemicals (Han et al., 2023). Common strategies include
knocking out unnecessary pathways (Tomar et al., 2003; Parimi et al., 2017), and enhancing
product formation by optimizing pathway enzymes (Atsumi and Liao, 2008; Steiner and Schwan
etal., 2012; Chen et al., 2018; Moxley et al., 2022; Li et al., 2023), expressing genes under
strong or synthetic promoters (Deuschle et al., 1986; van Ooyen et al., 2012) and tuning
transcription (Engstrom and Pfleger, 2017; Shin et al., 2022). In addition to targeting the
introduced pathway, approaches also aim to increase required precursors (Bogorad et al., 2013;
Wu and Eiteman, 2016; Ku et al., 2020) or redox factors (Ng et al., 2015; Han and Eiteman,
2017).

Several important metabolic junctures determine the availability of essential metabolites
and energy/redox cofactors. For example, during growth on glucose, many microbes partition

carbon between the pentose phosphate pathway and the Embden-Parnas-Meyerhof pathway.
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This partition is determined by the relative activities of glucose-6-dehydrogenase (coded by zwf
gene in Escherichia coli) leading to the pentose phosphate pathway and phosphoglucose
isomerase (pgi) and phosphofructokinase (pfkA) sequentially leading to the EMP pathway.
Similarly, entry into the tricarboxylic acid (TCA) cycle is controlled by citrate synthase (gltA).
The partitioning of carbon between metabolic pathways not only influences precursor
availability, but can also NADPH/NADH availability (Hua et al., 2003). Several studies have
focused on controlling flux at such junctures to improve the production of biochemicals. For
example, hydrogen (H.) yield during growth on glucose was improved from 1.44 g/g to 1.88 g/g
by increasing NADPH availability through overexpression of glucose 6-dehydrogenase (encoded
by zwf) and deletion of phosphofructokinase A (encoded by pfkA) (Sekar et al., 2016). The
formation of butanol, derived from acetyl-CoA, increased from 2.7 g/L to 6.1 g/L by the
combination of a pgi deletion with a 32% reduction in GItA activity by replacing the native
promoter (Saini et al., 2016). Increased mevalonate production was reported by using the non-
oxidative bifido pathway for acetyl-CoA availability, with the overexpression of zwf and
CRISPRi-based downregulation of the pfkA gene (Li et al., 2021).

Mevalonate is an important precursor for squalene, cholesterol, isoprenoids, terpenes and
flavonoids via the mevalonate pathway present in both eukaryotes and some prokaryotes (Martin
et al., 2003). The pathway uses three molecules of acetyl-CoA as the key metabolite to form
mevalonate via reactions catalyzed by acetoacetate-CoA synthetase (encoded by atoB), 3-
hydroxy-3-methylglutaryl-CoA (HMG-CoA) synthase (encoded by mvaS), and HMG-CoA
reductase (encoded by mvaE) (Ferguson et al., 1959). Acetyl-CoA is proposed to limit
mevalonate synthesis (Satowa et al., 2020), and various studies have sought to improve acetyl-

CoA availability. Another approach is to reduce flux through the EMP pathway to increase
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NADPH availability for HMG-CoA reductase. For example, deletion of the gItA and ppc genes
individually improved mevalonate production by 1.34-1.37-fold while the AgItA Appc strain led
to 1.42x greater mevalonate (Satowa et al., 2020) in a yeast extract-supplemented tube culture.
Deletion of pfkA with the goal of improving flux through the NADPH-generating pentose
phosphate pathway actually decreased mevalonate production by 9% (Wang et al., 2022). In
another study, various deletions (AaceBA, Apgi, ApfkA) with the goal of increasing NADPH
availability also decreased mevalonate as much as 30% compared to a wild-type control (Satowa
et al., 2020). Overexpressing phosphoketolase in a AgItA strain also did not improve mevalonate
(Satowa et al., 2020). Mevalonate production was predicted to improve with overexpression of
ArcA in a Apgi strain growing in the mixture of glucose and xylose (Matsuoka and Kurata,
2020). Outright deletion of genes associated with central metabolism (e.g., pgi, pfkA, gltA) as a
means to redirect carbon metabolism away from competing metabolic pathways has not been
successful in improving mevalonate formation.

An alternative to gene deletions is the reduction of expressed (in vivo) enzyme activity.
Modulation of enzyme activity may be accomplished by altering promoter strength (van Ooyen
et al., 2012). Another approach to modulate enzyme activity is by introducing targeted amino
acid substitutions in an expressed enzyme which alters the enzyme’s kinetic parameters, thereby
limiting but not eliminating flux through the competing pathway. Protein engineering has long
been used to alter the intrinsic Kinetic parameters of an enzyme (Fersht et al., 1984), although the
technique is typically used to improve activity or some other characteristic. In the case of
reducing enzyme in vivo activity, such a strategy has been applied to construct variants which
increase the formation of acetate (Tovilla-Coutino et al., 2020), citramalate (Wu et al., 2020),

pyruvate (Moxley and Eiteman, 2021) and acetoin (Moxley et al., 2023).
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In this work, a combination of GItA and PfkA E. coli variants is examined for the
production of mevalonate. The hypothesis is that a GItA variant which reduces but does not
eliminate the entry of acetyl-CoA into the TCA cycle will lead to greater acetyl-CoA availability
for mevalonate formation. Similarly, a PfkA variant which reduces but does not eliminate
glycolytic flux will lead to greater NADPH availability for HMG-CoA reductase. Thus, fine
tuning PfkA and GItA enzymes should improve the availability of precursors needed for

mevalonate.

5.3 MATERIAL AND METHODS
Media

Cultures were routinely grown on Lysogeny Broth (LB) during plasmid and strain
construction. As needed, antibiotics were included in medium (final concentration): ampicillin
(100 pg/mL), kanamycin (40 pg/mL), and chloramphenicol (30 pg/mL).

The defined basal medium to which carbon/energy sources were added contained (per L):
3.504 g NH4Cl, 1.2 g KH2POy4, 1.0 KzHPOy4, 2.0 g K2SO4, 0.6 g MgSO4-7H20, 0.25 mg
ZnS04-7H20, 0.125 mg CuCl-2H20, 1.25 mg MnSQO4-H20, 0.875 mg CoCl,-6H-20, 0.06 mg
H3BO3z, 0.25 mg Na2M004-2H-0, 5.5 mg FeSO4-7H20, 20 mg Na.EDTA-2H-0, 20 mg citric
acid, 20 mg thiamine-HCI, 2 g/L casamino acids and 20.9 g 2-[4-(2-hydroxyethyl)piperazin-1-
yl]ethanesulfonic acid (90 mM HEPES). Thiamine was filtered sterilized, and other medium
components were autoclaved or filtered in the compatible mixtures and combined such that final
pH is 7.2.
Strains and genetic modifications

Strains used in this study are shown in Table 5.1. Gene deletions in E. coli W were

constructed by methods previously described (Datsenko and Wanner, 2000). Knockouts were
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selected on plates supplemented with kanamycin. Forward primers external to the target gene
and reverse primers within the kanamyecin resistance cassette were used to confirm proper
chromosomal integration (Table 5.3). The kan® marker was removed by expression of FLP
recombinase from pCP20 (Datsenko and Wanner, 2000). Gene knockouts and removal of the
markers were verified by colony PCR.

For the construction of the variants, a lambda-red homologous recombination method
was used described previously (Wu et al., 2020; Rajpurohit and Eiteman, 2023 (to be
submitted)). Plasmids pHR-gItA(W) and pHR-pfkA(W) containing a point mutation in gltA and
pfkA were used as a donor DNA to generated GItA and PfkA variants respectively. A PCR
product containing a variant gene, kanamycin cassette and homology regions greater than 500 bp
was amplified from the donor plasmid and integrated chromosomally using pKD46 plasmid (Wu
et al., 2020). Point-mutated gltA and pfkA genes were amplified from the chromosome, gel
purified, and sequenced for the confirmed mutations (ACGT, Inc., Wheeling, IL, USA).
Plasmid construction

Plasmids used in this study are listed in Table 5.2. Plasmids were constructed using
NEBuilder® HiFi Assembly (New England Biolabs, Ipswich, MA, USA). PrimeSTAR® Max
High-Fidelity Polymerase (Takara Bio, Mountain View, CA, USA) was used to amplify DNA
for cloning and genome integration. Quick-DNA Miniprep and Zyppy™ Plasmid Miniprep Kits
were used to purify genomic and plasmid DNA (Zymo Research, Irvine, CA, USA).
Zymoclean™ Gel DNA Recovery Kits were used to purify PCR fragments (Zymo Research,
Irvine, CA, USA). Restriction enzymes were purchased from New England Biolabs. Plasmids
were confirmed by restriction digest and sequencing (ACGT, Inc., Wheeling, IL, USA).

Plasmids pHR-gItA and pHR-pfkA were constructed as described previously (Wu et al., 2020).
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The plasmid pMVAL expressing mevalonate production pathway was gifted by Morton
Otto Alexander Sommer (Rugbjerg et al., 2018).
Shake flask experiments

A single colony from an LB plate was used to inoculate 3 mL basal medium containing
10 g/L glucose. After 6-10 h of growth, this culture was used to inoculate three 125 mL baffled
flask containing 25 mL of basal medium with 10 g/L glucose to an initial optical density at 600
nm (OD) of 0.02. All cultures were grown at 37°C on a rotary shaker at 250 rpm. After glucose
depleted (24-36 h), samples were taken for extracellular metabolite concentrations.
Analytical methods

The optical density at 600 nm (OD) (UV-650 spectrophotometer, Beckman Instruments,
San Jose, CA, USA) was used to monitor cell growth. Samples were routinely frozen at -20°C
analysis, and thawed samples were centrifuged (13000xg for 5 min) and filtered (0.45 pum nylon
filter, 13 mm, Agilent Technologies, CA, USA). High performance liquid chromatography using
4 mN H2SO4 at 60°C and 0.6 mL/min with a Coregel 64-H ion-exclusion column (Transgenomic
Ltd., Glasgow, United Kingdom), and refractive index detector was used to measure glucose and
organic acids (Eiteman and Chastain, 1997). Student’s t-test was used to compare data

statistically, with 95% confidence interval the basis for significance.

5.4 RESULTS AND DISCUSSION

Citrate synthase (GItA) and phosphofructokinase A (PfkA) are crucial metabolic nodes in
glucose-utilizing central carbon metabolism. Modulating citrate synthase affects the acetyl-CoA
distribution between biomass and product formation (Wu et al., 2020) while altering PfkA
affects the glycolytic flux (Rajpurohit and Eiteman, in review). As a key intermediate in the

synthesis of terpene derived products such as fragrances, flavors, and pharmaceuticals (Martin et
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al., 2003), mevalonate was chosen to test the strategy of combining enzyme variants located at
primary metabolic junctions. Mevalonate producing pathway requires acetyl-CoA as a precursor
and NADPH as a redox cofactor (Wada et al., 2017). Previously, strategies such as
overexpressing pentose phosphate pathway genes (Satowa et al., 2020; Li et al., 2021) for
NADPH generation, or deletion of citrate synthase (Satowa et al., 2020) have yielded limited
benefit for mevalonate production. For example, the AgltA E. coli is unable to grow on glucose
as the sole carbon source (Gilvarg and Davis, 1956). Thus, the ideal activity of GItA lies
between the extremes of wild-type activity and the gene deletion.

We first constructed an array of GItA and PfkA variants, and transformed the variants
with the pMVAL1 plasmid carrying the mevalonate pathway genes (Figure 5.1) (Rugbjerg et al.,
2018). Specifically, four PfkA variants were compared with the wild-type PfkA control and the
ApfKA strain (Figure 5.2). The ApfkA strain accumulated the least mevalonate at 0.04 + 0.01 g
mevalonate/g glucose, compared to the strain expressing the wild-type PkfA which attained a
yield of 0.20 + 0.01 g mevalonate/g glucose. The four PfkA variants showed intermediate
mevalonate yields from 0.06 g/g to 0.14 g/g (Figure 5.2), with the yield correlating with the
severity of the substitution (Rajpurohit and Eiteman, in review). These results suggest that
decreasing the PfkA activity, which itself reduces glycolytic flux (Rajpurohit and Eiteman, in
review), does not improve mevalonate formation through the prospect of greater NADPH
availability via the pentose phosphate pathway. Indeed, previous research demonstrates that a
reduction in PfKA activity lowers the intracellular acetyl-CoA concentration (Rajpurohit and
Eiteman, in review), which would be detrimental to the formation of an acetyl-CoA-derived

product such as mevalonate. These results are consistent with previous studies showing that a
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pfkA deletion decreases mevalonate formation significantly (Satowa et al., 2020; Wang et al.,
2022).

We next introduced two different single amino acid substitutions in these six PfkA
variants (i.e., wild-type PfkA, four variant PfkA strains and the ApfkA strain), resulting in 12
additional strains. The substitutions in GItA enzyme examined were K167A (Stokell et al.,
2003) and A267T (Tovilla-Coutino et al., 2020). In all strains except the wild-type PfkA strain
which was not studied, the GItA[K167A] and GItA[A267T] variants increased mevalonate yield
compared to the strain expressing the wild-type GItA. In general, GItA[A267T] accumulated the
greatest mevalonate, with PfKA[R77A] GItA[A267T] achieving a yield of 0.30 g/g, 50% greater
than the wild-type GItA/PfkA (p<0.05). Interestingly, the ApfkA strains additionally expressing
the GItA[A267T] or GItA[K167A] variant citrate synthase, both attained a yield equal to the
wild-type GItA/PfkA strain, and approximately 6x greater mevalonate than the ApfkA strain with
wild-type GItA. A variant GItA is able to overcome the reduction in glycolytic flux and acetyl-
CoA availability caused by the pfkA knockout.

Acetate formation was observed in the strains with PfKA[R77A] background (0.01 to
0.02 g/g glucose) whereas other strains produced acetate yield <0.01 g/g glucose (data not
shown). No pyruvate accumulation was observed in the shake flask screen.

Future controlled batch studies at the 1-liter scale with selected PfkA/GItA variants will
elucidate whether these improvements in mevalonate yield can also be achieved at higher cell

density.

234



ACKNOWLEDGMENTS

The authors acknowledge financial support of the U.S. National Science Foundation (CBET-
1802533). The authors also acknowledge the generous donation of the pMVAL plasmid from

Morten O.A. Sommer at Technical University of Denmark.

235



5.5 REFERENCES

Atsumi S, Liao JC. 2008. Directed evolution of Methanococcus jannaschii citramalate synthase
for biosynthesis of 1-propanol and 1-butanol by Escherichia coli. Appl Environ
Microbiol 74(24):7802-7808.

Bogorad I, Lin TS, Liao J. Synthetic non-oxidative glycolysis enables complete carbon
conservation. Nature 502:693-697.

Chen H, Liu C, Li M, Zhang H, Xian M, Liu H. 2018. Directed evolution of mevalonate kinase
in Escherichia coli by random mutagenesis for improved lycopene. RSC Adv 8:15021.

Datsenko KA, Wanner BL. 2000. One-step inactivation of chromosomal genes in Escherichia
coli K-12 using PCR products. Proc Natl Acad Sci USA 97:6640-6645.

Deuschle U, Kammerer W, Gentz R, Bujard H. 1986. Promoters of Escherichia coli: a hierarchy
of in vivo strength indicates alternate structures. EMBO J 5(11):2987-2994.

Engstrom MD, Pfleger BF. 2017. Transcriptional control engineering and applications in
synthetic biology. Synth Syst Biotechnol 2:176-191.

Farmer WR, Liao JC. 2001. Precursor balancing for metabolic engineering of lycopene
production in Escherichia coli. Biotechnol Prog 17:57-61.

Ferguson JJ, Durr IF, Rudney H. 1959. The biosynthesis of mevalonic acid. Proc Natl Acad Sci
USA 45(4):499-504.

Fersht AR, Shi J-P, Wilkinson AJ, Blow DM, Carter P, Waye MMY, Winter GP. 1984. Analysis
of enzyme structure and activity by protein engineering. Angew Chem Int Ed Engl

23:467-473.

236



Gilvarg C, Davis BD. 1956. The role of the tricarboxylic acid cycle in acetate oxidation in
Escherichia coli. J biol Chem 222:307-319.

Han Q, Eiteman MA. 2017. Coupling xylitol dehydrogenase with NADH oxidase improves -
xylulose production in Escherichia coli culture. Enzyme Microb Technol 106:106-113.

Han T, Nazarbekov A, Zou X, Lee SY. 2023. Recent advances in systems metabolic engineering.
Curr Opin Biotechnol 84:103004.

Holms WH. 1986. The central metabolic pathways of Escherichia coli: relationship between flux
and control at a branch point, efficiency of conversion to biomass and excretion of
acetate. Curr Top Cell Regulation 28:69-105.

Hua Q, Yang C, Baba T, Mori H, Shimizu K. 2003. Response of the central metabolism in
Escherichia coli to phosphoglucose isomerase and glucose-6-phosphate dehydrogenase
knockouts. J Bacteriol 185: 7053-7067.

Ku JT, Chen AY, Lan EI. 2020. Metabolic engineering design strategies for increasing acetyl-
CoA flux. Metabolites 10:166.

Li Y, Xian H, Xu Y, Zhu Y, Sun Z, Wang Q, Qi Q. 2021. Fine tuning the glycolytic flux ratio of
EP-bifido pathway for mevalonate production by enhancing glucose-6-phosphate
dehydrogenase (Zwf) and CRISPRI suppressing 6-phosphofructo kinase (PfkA) in
Escherichia coli. Microb Cell Fact 20:32.

Li Z, Gao C, Ye C, Guo L, Liu J, Chen X, Song W, Wu J, Liu L. 2023. Systems engineering of
Escherichia coli for high-level shikimate production. Metab Eng 75:1-11.

Maleki N, Safari M, Eiteman MA. 2018. Conversion of glucose-xylose mixtures to pyruvate

using a consortium of metabolically engineered Escherichia coli. Eng Life Sci 18:40-47.

237



Martin VVJJ, Pitera D, Withers ST, Newman JD, Keasling JD. 2003. Engineering a mevalonate
pathway in Escherichia coli for production of terpenoids. Nat Biotechnol 21(7):796-802.

Matsuoka Y, Kurata H. 2020. Computer-aided rational design of efficient NADPH production
system by Escherichia coli pgi mutant using a mixture of glucose and xylose. Front
Bioeng Biotechnol 8:227.

Moxley WC, Eiteman MA. 2021. Pyruvate production by Escherichia coli by use of pyruvate
dehydrogenase variants. Appl Environ Microbiol 87:e00487-21.

Ng CY, Farasat I, Maranas CD, Salis HM. 2015. Rational design of a synthetic Entner-
Doudoroff pathway for improved and controllable NADPH regeneration. Metab Eng
29:86-96.

Parimi NS, Durie 1A, Wu X, Niyas AMM, Eiteman MA. 2017. Eliminating acetate formation
improves citramalate production by metabolically engineered Escherichia coli. Microb
Cell Fact 16:114.

Rugbjerg P, Myling-Petersen N, Porse A, Sarup-Lytzen K, Sommer MOA. 2018. Diverse genetic
error modes constrain large-scale bio-based production. Nat Commun 9:787.

Saini M, Li S-Y, Wang ZW, Chiang C-J, Chao Y-P. 2016. Systematic engineering of the central
metabolism in Escherichia coli for effective production of n-butanol. Biotechnol Biofuels
9:69.

Satowa D, Fujiwara R, Uchio S, Nakano M, Otomo C, Hirata Y, Matsumoto T, Noda S, Tanaka
T, Kondo A. 2020. Metabolic engineering of E. coli for improving mevalonate
production to promote NADPH regeneration and enhance acetyl-CoA supply. Biotechnol

Bioeng 117:2153-2164.

238



Shin J, South EJ, Dunlop MJ. 2022. Transcriptional tuning of mevalonate pathway enzymes to
identify the impact on limonene production in Escherichia coli. ACS Omega 7:18331-
18338.

Steiner K, Schwab H. 2012. Recent advances in rational approaches for enzyme engineering.
Comput Struct Biotechnol J 2(3):€201209010.

Stokell DJ, Donald LJ, Maurus R, Nguyen NT, Sadler G, Choudhary K, Hultin PG, Brayer GD,
Duckworth HW. 2003. Probing the roles of key residues in the unique regulatory NADH
binding site of type Il citrate synthase of Escherichia coli. J Biol Chem 278:35435-
35443.

Sundar Sekar B, Seol E, Raj SM, Park S. 2016. Co-production of hydrogen and ethanol by pfkA-
deficient Escherichia coli with activated pentose-phosphate pathway: reduction of
pyruvate accumulation. Biotechnol Biofuels 9:95.

Tomar A, Eiteman MA, Altman E. 2003. The effect of acetate pathway mutations on the
production of pyruvate in Escherichia coli. Appl Microbiol Biotechnol 62:76-82.
Tovilla-Coutifio DB, Momany C, Eiteman MA. 2020. Engineered citrate synthase alters acetate

accumulation in Escherichia coli. Metab Eng 61:171-180.

van Ooyen J, Noack S, Bott M, Reth A, Eggeling L. 2012. Improved r-lysine production with
Corynebacterium glutamicum and systemic insight into citrate synthase flux and activity.
Biotechnol Bioeng 109(9):2070-2081.

Wada K, Toya Y, Banno S, Yoshikawa K, Matsuda F, Shimizu H. 2017. $3C-metabolic flux
analysis for mevalonate-producing strain of Escherichia coli. J Biosci Bioeng

123(2):177-182.

239



Wang S, Jin X, Jiang W, Wang Q, Qi Q, Liang Q. 2022. The expression modulation of the key
enzyme Acc for highly efficient 3-hydroxypropionic acid production. Front Microbiol
13:902848.

Wu X, Tovilla-Coutifio DB, Eiteman MA. 2020. Engineered citrate synthase improves citramalic

acid generation in Escherichia coli. Biotechnol Bioeng 117(9):2781-2790.

240



Table 5.1- Strains used in this study.

Strain Relevant characteristics Reference
ATCC 9637  Escherichia coli W Wild-type
MEC1377 ATCC 9637 ApfkA This study
MEC1603 MEC1377 AgltA::gItAIKIE7Al This study
MEC1605 MEC1377 AgltA::gItAlA2e7T] This study
MEC1606 MEC1377 ApfkA::pfkAIR7Al-Kan This study
MEC1607 MEC1603 ApfkA::pfkART"Al-Kan This study
MEC1608 MEC1605 ApfkA::pfkART"Al-Kan This study
MEC1609 MEC1377 ApfkA::pfkAIRIKI_Kan This study
MEC1610 MEC1603 ApfkA::pfkARIIKL.Kan This study
MEC1611 MEC1605 ApfkA::pfkARIIKL.Kan This study
MEC1612 MEC1377 ApfkA::pfkARYISL.Kan This study
MEC1613 MEC1603 ApfkA::pfkAR71SI-Kan This study
MEC1614 MEC1605 ApfkA::pfkAR72SI-Kan This study
MEC1615 MEC1377 ApfkA::pfkAH249Fl-Kan This study
MEC1616 MEC1603 ApfkA::pfkAH249Fl.Kan This study
MEC1617 MEC1605 ApfkA::pfkAl*249Fl.Kan This study
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Table 5.2- Plasmids used in this study.

Name Relevant characteristics Description Source

pKD4 AmpR, KanR; R6K ori Source of KanR cassette Datsenko and Wanner,
2000

pKD46 AmpR; pSC101 ori (ts); araBAD A-Red helper plasmid Datsenko and Wanner,

promoter for A-Red genes 2000

pCP20 AmpR, CamR; pSC101 ori (ts) Expression of FLP recombinase Datsenko and Wanner,
2000

pMVA1 CamR; p15 ori Expressing atoB, mvaS, and mvaE Rugbjerg et al., 2018

pHR-pfkA  AmpR; pUC ori pKSI-I + pfkA + KanR This study

pHR-gltA  AmpR; pUC ori pKSI-I + gltA + Kan® This study
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Table 5.3- Primers used in this study.

Name Description  Sequence 5'-3'
MEP144  pfkA _F TACGCATGGGATATGAGGCGGTACAG
MEP145 pfkA R GTGACTGACGAATCACCACGTTATCACC
MEP328  gltA-F ACTACGGGCACAGAGGTTAACTTTC
MEP829 gItA R CACAGTTGACTAAGCGCAGG
MEP520 pKSI-
plasmid_F GCCTGGTAGGGATAACAGGGTAATTGCG
MEP521  pKSiI-
plasmid_R CGCAATTACCCTGTTATCCCTACCAGGC
MEP522 Kan
confirmation
R CTGCCATCACGAGATTTCGATTCC
MEP645 KD4-pfkA_ F CTTCCGGCAACAGATTTTATTTTGCATTCCAAAGTTCAGAGGTAGTCATGGTGTAGGCTGG
AGCTGCTTC
MEP646 KD4-pfkA R CTAAAGGAATCTGCCTTTTTCCGAAATCATTAATACAGTTTTTTCGCGCACATATGAATATC
CTCCTTAG

MEP895 5' DS pfkA TAGAACTAGTGGATCCCCCGGGCAATTGCGTCCACGTCAT
MEP897 5'_UPS_pfkA CTTGATATCGAATTCCTGCATACGCATGGGATATGAGGCG
MEP898 3'_UPS_pfkA TGGACCATGGCTAATTCCCATGATAAGCGAAGCGCATCAG

MEP900 3'_Kan CTGATGCGCTTCGCTTATCATGGGAATTAGCCATGGTCCA

MEP901 5'_Kan TTGCAGAATTCATGTAGGCCGTGTAGGCTGGAGCTGCTTC

MEP107 5'_KSI CCTATGACGTGGACGCGATTGCCCGGGGGATCCACTAGTT
2

MEP903 3'_KSI CGCCTCATATCCCATGCGTATGCAGGAATTCGATATCAAG

MEP107 3'_DS_pfkA TAGAACTAGTGGATCCCCCGGGCAATCGCGTCCACGTCAT
3
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Figure 5.1- Biochemical pathway to mevalonate. Several strains additionally had chromosomal
mutations in the gltA gene coding citrate synthase (green) and phosphofructokinase (green). The
plasmid pMVAL expressed genes atoB from E. coli, mvaS, and mvakE from Lactobacillus casei.
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Figure 5.2- Comparison of phosphofructokinase (PfkA) substitutions (=) on mevalonate yields
using glucose with 2 g/L casamino acids in shake flask culture. Chromosomally integrated alleles

of GItAIKIS7Al (m) and GItAX267T] () were also compared with PfkA variants.
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CHAPTER 6

CONCLUSIONS AND FUTURE DIRECTIONS

6.1 CONCLUSIONS

The aim of this work was to modulate the key metabolic nodes in the glycolysis to
redirect the carbon flow. First metabolic node targeted was phosphofructokinase A, that
irreversibly phosphorylates fructose-6P and is allosterically regulated in E. coli. The metabolic
substrate for PfkA, fructose-6P, is a building block for various chemicals such as erythritol,
mannose, and psicose (Taylor et al., 2023). By decreasing activity of PfkA using site-directed
mutagenesis, carbon flow can be redirected towards pentose phosphate pathway for NADPH
derived products (Siedler et al., 2011), fructose-6P derived products (Taylor et al., 2023) or
glucose-6P derived products (Brockman and Prather, 2015). A second metabolic node studied
was citrate synthase which mediates the entry of acetyl-CoA and oxaloacetate to TCA cycle.
Previously, citrate synthase was modified to produce citramalate that requires equimolar ratio of
pyruvate and acetyl-CoA (Wu et al., 2020). Modifying citrate synthase to have lower catalytic
activity has potential applications towards acetyl-CoA derived products (Perez Zabaleta et al.,
2019; Satowa et al., 2020) as well as oxaloacetate derived products (van Ooyen et al., 2012).

Chapter 3 demonstrates that PfkA variants offer a means to control the glycolytic flux
and its metabolites. Unlike pyruvate dehydrogenase variants (Moxley and Eiteman, 2021),

seemingly mild amino acid substitutions in PfkA like G10A and G11A located near active site
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surprisingly led to a growth rate similar to the PfkA knockout strain. Most of the variants with
substitutions near the active site also showed similar growth phenotypes as PfkA knockout strain
when growing on glucose as the sole carbon source. This phenomenon demonstrates that PfkA is
highly regulated enzyme and is very sensitive to the modifications near active site. Based on
initial shake flask studies, three PfkA variants (F76A, R77A, and R171S) with a range of growth
rates were selected for nitrogen-limited, glucose-excess chemostat studies and were compared
with wild-type PfkA and pfkA deleted strain. The steady state N-limited cultures showed a direct
correlation between glycolytic intermediates fructose-1,6P2, glyceraldehyde-3P,
dihydroxyacetone, and acetyl-CoA and severity of PfkA variants. Interestingly, pta transcript
levels in PfkA variants were also dependent on the severity of amino acid substitutions and
acetate production is an indication of this effect. This library of single amino acid substituted
PfkA variants is a way to control glycolytic flux at the same growth rate using glucose-excess
steady state conditions.

Chapter 4 examined citrate synthase variants for the production of acetyl-CoA derived
(R)-3-hydroxybutyrate (3-HB), synthesized by three enzymes. Citrate synthase variants were
constructed based on previous research (Stokell et al., 2003; Wu et al., 2020; Tovilla-Coutifio et
al., 2020) to redirect acetyl-CoA flow from TCA cycle towards 3-HB. Variants were compared
with wild-type GItA and the gltA knockout strain in shake flask studies. Four of the five citrate
synthase variants showed 5-fold greater 3-HB yield on glucose than the wild-type, and 80% of
the yield observed with the gltA knockout growing with a glutamate supplement. More than 30-
fold pyruvate accumulated in these four GItA variants compared to the wild-type, which was
reduced using overexpression of thioesterases that redirected acetyl-CoA towards acetate

formation but did not increase 3-HB production. Among variants studied in 1.25 L batch reactor,
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allele gltAI*%67™ performed the best for 3-HB production with maximum titer of 4.9 g/L and yield
of 0.17 g/g glucose. This strain in a prolonged repeated batch study generated 16 g/L of 3-HB
with a yield of 0.16 g/g glucose.

In Chapter 5, a combination of both citrate synthase variants (acetyl-CoA precursor) and
phosphofructokinase variants (NADPH redox factor) was tested for mevalonate production.
Previous reports discussed that mevalonate-based isoprenoid pathway is limited by acetyl-CoA
and NADPH supply. Results showed that the mevalonate production is not limited by NADPH
supply as decreasing the glycolytic flux using PfkA variants also decreases the glycolytic
intermediate acetyl-CoA supply used for mevalonate synthesis. The combination of PfkA
(R77A) and GItA variants (A267T) improved the mevalonate yield on glucose by 50% compared
to the wild-type. This study shows that by using an appropriate combination of PfkA and GItA
variants, yield of products requiring NADPH and acetyl-CoA can be enhanced.

6.2 FUTURE DIRECTIONS

Use of PfkA variants established a proof of concept for controlling glycolytic flux at
PfkA metabolic node. The targeted approach to construct variants applied in this research was
based on existing structural knowledge and therefore led to a limited library. Alternatively, the
variant library can be expanded by random mutagenesis, which would likely generate more
variants with growth rates closer to the wild-type. Various NADPH-detecting biosensors (Ng et
al., 2015) could be used for screening a large library in microtiter plates. Also, PfkA variants
studied in this research could be examined in other organisms as many microbes share PfkA
sequence similarity.

The use of citrate synthase variants would tend to increase acetyl-CoA pools. The work

with 3-HB demonstrated that a consequence of blocking metabolism at citrate synthase can be
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pyruvate accumulation, which is not unexpected because acetyl-CoA inhibits pyruvate
dehydrogenase. Use of promiscuous native thioesterases produced acetate. These results
demonstrate the need for engineering the pathway enzymes, for example, by increasing their
affinity towards the specific substrate. For example, increasing the affinity of PhaA (thiolase) for
acetyl-CoA could increase acetyl-CoA conversion to acetoacetyl-CoA. Targeting acetoacetyl-
CoA binding sites in PhaA could decrease the reversibility of the reaction. Futhermore,
engineered pathway genes should be chromosomally integrated in the host genome to avoid
additional metabolic burden for plasmid maintenance (Wang et al., 2016).

In this work, E. coli was used as a model organism to target glycolytic metabolic nodes.
Since many organisms have similar PfkA and GItA enzymes, this work should be translated to
other non-model organisms. For example, targeting citrate synthase of Streptomyces could
increase the acetyl-CoA derived antibiotics under aerobic conditions (Viollier et al., 2001). Also,
citrate synthase in plants could be targeted to control TCA cycle (Tillbrook et al., 2014) to
produce flavanones, isoprenoids, and polyhydroxyalkanoates.

Finally, since E. coli W utilizes various carbon sources, in particular sucrose (sugar
beets), as well as glucose and xylose (lignocellulosic biomass), these are ideal strains to study the

conversion of renewable resources at larger scale.
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