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Abstract

Living organisms such as bacteria are often exposed to continuous changes in the
nutrient availability in nature. Therefore, bacteria must constantly monitor the
environmental condition, and adjust the metabolism quickly adapting to the change in
the growth condition. For this, bacteria must orchestrate (coordinate and integrate) the
complex and dynamically changing information on the environmental condition. In
particular, the central carbon metabolism (CCM), monomer synthesis, and
macromolecular synthesis must be coordinately regulated for the efficient growth. It is a
grand challenge in bioscience, biotechnology, and synthetic biology to understand how
living organisms coordinate the metabolic regulation systems.

Here, we consider the integrated sensing of carbon sources by the

phosphotransferase system (PTS), and the feed-forward/feedback regulation systems
incorporated in the CCM in relation to the pool sizes of flux-sensing metabolites and

ketoacids. We also consider the metabolic regulation of amino acid biosynthesis (as well
as purine and pyrimidine biosyntheses) paying attention to the feedback control systems
consisting of (fast) enzyme level regulation with (slow) transcriptional regulation. The
metabolic engineering for the efficient amino acid production by bacteria such as
Escherichia coli and Corynebacterium glutamicum is also discussed (in relation to the
regulation mechanisms). The amino acid synthesis is important for determining the rate
of ribosome biosynthesis. Thus, the growth rate control (growth law) is further
discussed on the relationship between (p)ppGpp level and the ribosomal protein

synthesis.

Key words: Metabolic regulation, flux sensing, feed-forward regulation, amino acid

synthesis, purine and pyrimidine syntheses, aketoacid, metabolic engineering, feedback
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regulation, robustness, growth rate control.

1. Introduction

Living organisms such as bacteria are often exposed to continuous changes in the
growth environment, which would endanger their survival without proper adjustment
against such environmental fluctuations. Therefore, bacteria have evolved complex but
efficient (global) regulatory systems that enable them to monitor the growth
environment, and modulate the metabolism in order to rapidly adapt to the
environmental changes for survival. To accomplish this, bacteria must integrate the
complex and dynamically changing information on the environmental condition, and
must make decision on how efficiently uptake nutrients and effectively modulate the
metabolism for the cell growth and survival. It is a grand challenge in bioscience (in
particular for systems biology), biotechnology (for the design of microbial cell
factories), and synthetic biology (for the design of gene networks and for the minimum
genome engineering) to understand how living organisms perceive a variety of growth
environment, and orchestrate (coordinate and integrate) the metabolic regulation
systems for the cell growth and survival.

The primary concern of the cell is the nutrient availability around the cell (as well as
physicochemical conditions). Various sensing systems that can mediate the diverse and
temporally distinct responses have evolved in bacteria. In particular, canonical
two-component systems which comprise several sensors and the cognate response
regulators are typically used for sensing and signaling by phosphorylation upon sensor
activation (Alvarado et al 2020, Francis and Porter 2019). Integration of the inputs
(sensor information) of various nutrient sources (obtained by such sensors) forms a
bow-tie structure, in which various inputs are fed into a central core such as glycolysis
(fan-in) to produce energy and precursor metabolites, and ‘fan-out’ for the synthesis of
building blocks of macromolecules (Whitacre 2012). This architecture has evolved
(Friedlander et al 2015), enabling the robustness of the metabolic networks (Csete and
Doyle 2004).

Among nutrients, carbon sources are of primal importance for energy generation
(catabolism) and for the production of the precursor metabolites for the cell synthesis
(anabolism). The phosphoenolpyruvate (PEP): carbohydrate phosphotransferase system
(PTS) plays important roles for this in bacteria. PTS is shared by eubacterial species
(Deutscher et al 2014), and it can handle more than 20 different sugars (hexoses and

hexitols) (Barabote and Saier, Jr. 2005). PTS is made up of two components: (sugar
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independent) enzyme I (EI) and histidine phosphorylatable protein (HPr), and (sugar
specific) enzyme II consisting of EIIA and EIIBC (Gorke and Stulke 2008). The
phosphate is transferred from PEP via EI, HPr, EIIA, and EIIBC to the incoming sugar.
Thus, PEP is crucial (as the phosphate donor) for the phosphorylation of PTS. The
information obtained by the individual sugar-specific PTS components is integrated
through phosphotransfer reactions via (sugar-independent) EI and HPr. Thus, the core
part (EI) senses the overall influx of PTS sugars, and serves as a global sensor of carbon
source availability (Somavanshi et al 2016). Namely, the phosphorylation states of PTS
components serve as the sensors of carbon source availability (and its ‘quality’).

Among PTS components, EIIA plays an important role for carbon catabolite
repression (CCR) as a central processing unit, where its phosphorylation state
modulates the activity of adenylate cyclase (Cya), and in turn regulates the level of the
signaling molecule, cyclic adenosine monophosphate (cAMP). Then, the cAMP
combined with cAMP receptor protein (Crp), cAMP-Crp controls the carbohydrate
uptake (selective carbon source uptake) in Escherichia coli (Golke and Stulke 2008). In
addition to EIIA, the phosphorylation state of HPr can be also a sensor of exogenous
sugar availability (Rodinova et al 2017, Choe et al 2017). Moreover, the
phosphorylation state of EI monitors the overall influx of carbon sources, and affects the
chemotaxis signaling (Somavanshi et al 2016, Lux et al 1995, Neumann et al 2012).

Once the nutrient availability was monitored, the next step is to modulate the
metabolism. In order to control the metabolism in response to the environmental
changes, hundreds of transcription factors (TFs) regulate thousands of gene expression
(for the transcriptional regulation) (Liu, R. et al 2020, Santos-Zavaleta et al 2019), and
thus, the regulation system seems to be quite complex with entangle of many regulation
loops. This must be disentangled by the coordination of different regulation loops, in
which some specific metabolites integrate different sources of information, thus
significantly reducing the complexity of the regulation systems (Kotte et al 2010,
Kochanowski et al 2013, 2017, Chubukov et al 2014, Huergo and Dixon 2015,
Monteiro et al 2019). Namely, the information obtained by many sensors is rather
integrated into the limited number of flux sensors in the elegant with economic way
(Kotte et al 2010, Litsios et al 2018).

Catabolism provides energy and building blocks for the cell synthesis, in which the
intracellular a-ketoacids also play important roles as the signaling metabolites for the
coordination between protein (cell) synthesis (anabolism) and carbon source uptake (via
PTS) (catabolism) in E. coli (You et al 2013).

The metabolic intermediates of the central carbon metabolism (CCM) must be
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converted to monomers such as nucleotides, amino acids, and lipids for biomass
synthesis. Therefore, CCM, monomer synthesis, and macromolecular synthesis must be
coordinately regulated for the cell growth. In particular, amino acid synthesis is
important for determining the rate of ribosome biogenesis. Amino acids (AAs) are
synthesized in the species-dependent manner, and also depending on the growth
condition (Liu, Y.-K. et al 2020). Aminoacyl-tRNA synthetases implement the correct
assignment of AAs to their codons, and link tRNA molecules with their AA cargo for
protein synthesis (Kaiser et al 2020). Thus, each amino acid must be produced properly
(timely) when it is needed for ribosome synthesis (by need-based regulation). This can
be typically attained by the end-product inhibition (feedback regulation), which can act
on enzyme abundance (through transcriptional regulatory cues) and enzyme activities
(through allosteric feedback inhibition). Understanding of the regulation systems also
contributes to the metabolic engineering for the efficient AA fermentation. In particular,
deregulation of the feedback control system allows the overproduction of the specific
amino acid, while reducing the other amino acid production, thus affecting the cell
growth rate (and productivity). In relation to AA synthesis, purine and pyrimidine
biosyntheses are also important due to their close link with AA synthetic pathways. A
long-standing hypothesis postulates that the bacterial growth rates are determined by the
numbers of highly efficient ribosomes (factories that produce proteins) per cell in
response to the availability of nutrients (Potrykus and Cashel 2018). The availability of
nutrients (via amino acid synthesis) affects the translational responses involving
dynamic folding of ribo-switches during translation initiation or the synthesis of
alarmones, thus modulating the cellular physiology and metabolism.

The feed-forward and feedback control systems play important roles for the
metabolic (glycolytic) regulation (Locasale 2018). In particular, the negative-feedback
control system is robust against disturbances (disturbance rejection) and uncertainties,
and plays an important role to keep the process at the desired state, and thus underlies
homeostasis (Agrawal et al 2019). Moreover, the feedback control system is effective in
speeding up the responses. The concept of ‘robustness’ is closely related to
‘homeostasis’ (Kitano 2004, 2007, Stelling et al 2004). The notion of robustness (in
contrast to fragility) is important for the engineering system in general, and in a broad
sense, robustness of a system refers to its ability to withstand adverse (perturbed)
conditions (Khammash 2016).

Here, we consider the integrated sensing of carbon sources by PTS, and the

feed-forward/feedback regulation systems incorporated in the central carbon
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metabolism (CCM) in relation to the pool sizes of flux-sensing metabolites and oketo

acids. We also consider the metabolic regulation of amino acid biosynthesis (as well as
purine and pyrimidine biosyntheses) paying attention to the feedback regulation by
enzyme abundance (transcriptional regulation) and its activity (allosteric regulation).
Metabolic engineering practices for the efficient amino acid fermentation are also
reviewed in relation to the metabolic regulation systems. Moreover, we also consider
how the availability of nutrients (via AA availability) affects the translational responses
(activities) by the synthesis of alarmones. Although attention is somewhat focused on
the metabolic regulation/engineering of Gram-negative bacteria such as E. coli, the
similarities to and differences from Gram-positive bacteria such as Bacillus sp. and

Corynebacterium sp. will be also discussed.

2. Regulation of the central carbon metabolism

2.1 Feed-forward/feedback regulation of the glycolytic flux by the phosphorylation
state of PTS

The regulation of the glycolytic flux is important for the cell growth and overflow
metabolism (Shimizu and Matsuoka 2019a). The glycolytic flux has been shown to be
inferred by the flux-signaling metabolite, fructose 1,6-bisphosphate (FBP) via
feed-forward (allosteric) activation of pyruvate kinase (Pyk), giving linear relationship
between FBP concentration and the glycolytic flux (thus flux-sensing ability is
incorporated) in E. coli (Kotte et al 2010, Kochanowski et al 2013), allowing quick
adjustment of the glycolytic flux (van Heerden et al 2014). Such flux-sensing ability
allows the cell to recognize the on-going (time-varying) metabolism quantitatively
(Litsios et al 2018) by integrating the information on the available nutrients
(Somavanshi et al 2016). However, the feed-forward regulation system is
noise-sensitive, which must be compensated by the feedback control to retain the
robustness.

In accordance with the increase in the glycolytic flux, the PEP/PYR (pyruvate) ratio
decreases due to the feed-forward activation of Pyk and PEP carboxylase (Ppc) by the
increased pool size of FBP, and thus EIIA becomes more dephosphorylated in E. coli
(Hogema et al 1998, Bettenbrock et al 2007, Kremling et al 2008). This means that the
feed-forward regulation system is closed by the feedback regulation by the decreased

phosphorylation of PTS (and in turn by decreasing the carbon source uptake). Moreover,
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the feed-forward activation of Pyk and Ppc by FBP causes the pool sizes of oketoacids

such as pyruvate (PYR) and oxaloacetate (OAA) to increase, in which pyruvate is then

converted to acetyl coenzyme A (AcCoA), and in turn OAA and AcCoA are condensed

to yield aketoglutaric acid (aKG) (Fig. 1). The accumulated oKG inhibits EI of PTS

(Doucette et al 2011) by binding to the C-terminal region of EI, in which two ligands,
PEP and aKG, compete for the ‘same’ binding site of EI, thus affecting (interrupting) the
phosphorylation of PTS by PEP (Venditti et al 2013, 2015). This forms another nested

feedback regulation (Fig. 1). Namely, there exist two routes for the modulation of Cya
by oketoacids, one by inhibiting the phosphorylation of PTS (in particular EIIA)

through EI, and the other by directly inhibiting Cya (Fig. 1). Both cause the reduction of
the cAMP level, resulting in the enhanced CCR.

Figure 2a shows how the fraction of the phosphorylated EIIA changes with respect
to the cell growth rate, where the phosphorylation state is higher for the non-PTS
carbohydrates than the PTS sugars (Bettenbrock et al 2007, Kremling et al 2008). This
is the enzyme level regulation, and it indicates that EIIA becomes less phosphorylated
(which enhances CCR) as the cell growth rate increases. The cAMP level or the LacZ
expression level (as a reporter of cCAMP-Crp activity) also exhibits a negative linear
correlation with the specific growth rate (Fig. 2b) (designated as C-line) (You et al 2013,
Towbin et al 2017). This indicates that cAMP-Crp activity decreases (which enhances
CCR) as the cell growth rate increases. The C-line is a common response pattern
represented by carbon-catabolic genes, mediated by cAMP-Crp regulation, where both
PTS-sugars and non-PTS carbohydrates are located on the same line, unlike the case of
EIIA phosphorylation (Fig. 2a). Namely, the C-line reflects the coordination of the
cell’s proteome depending on the demands for ribosomes and metabolic enzymes for the
cell synthesis (Scott et al 2010, You et al 2013). This C-line is determined by different
carbon sources, including the case of using multiple carbon sources (Hermsen et al
2015) (rectangular symbol in Fig. 2b), where the availability of multiple carbon sources
allows the cell to grow faster than the case of using glucose (Wang, X. et al 2019). Thus,
the ‘quality’ of carbon source(s) can be measured by the cAMP level.

From the time-scale point of view, the regulation system represented by C-line is
effective for the steady state with slow transcriptional regulation, while the fast

regulation is realized by the phosphorylation state of PTS components. Thus, the
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inhibition of EI by aKG (and also the lower PEP/PYR ratio by the increased FBP

concentration) is effective for detecting the rapid change in the nutrient availability. This

is the enzyme level closed-loop (negative feedback) regulation. Namely, even though o

ketoacids can directly inhibit Cya (You et al 2013), the inhibition of EI by aKG

(signaling route) is useful for the rapid response, independent of the direct inhibition of
Cya. This implies that the knockout of PTS components affects the response speed (as
well as C-line), resulting in less sugar uptake rate and less growth rate (Liang et al 2015,
Jung et al 2019). Therefore, if pts genes were knocked out, the activation of Cya by
EIIA-P (signaling route) is not expected, and thus the C-line becomes lower as
compared to the wild-type strain (as shown by the grey triangle in Fig. 2b) (You et al
2013).

2.2 Activation of Cra by FBP via F1P and the coordination between Cra and
cAMP-Crp

The feed-forward regulation of the glycolysis by FBP is reinforced by the
transcriptional regulation via the catabolite repressor/activator (Cra) in E. coli. It has
long been believed that FBP regulates Cra (FruR) in E. coli (Ramseier et al 1993, Saier
and Ramseier 1996, Kotte et al 2010), and thus, the glycolytic flux-dependent biosensor
has been developed by utilizing Cra-regulated promoter such as ppsA promoter
(Lehning et al 2017). However, FBP may not directly bind to Cra at the millimolar
concentration, while fructose 1-phosphate (F1P) does bind to Cra in vitro (Folly et al
2018), where in vivo FBP concentrations are less than about 10 mM (Kochanowski et al
2013, 2017), one or two orders of magnitude lower than that can induce Cra (Ramseier
et al 1993, Folly et al 2018).

The problem of low affinity of FBP to Cra can be overcome by the indirect signaling
via F1P through the reaction by fructose kinase (FruK), where FruK can catalyze the
reaction from FBP to F1P, and thus FBP information (pool size) may be converted to
F1P by FruK in E. coli (Singh et al 2017). Note that the expression of fruBKA operon is
activated by cAMP-Crp (Shimada et al 2011a), and thus this signaling becomes active at
lower glycolytic flux or under gluconeogenesis. This can be verified by the fruK gene
knockout (Molchanova et al 1992, Singh et al 2017). This implies the existence of the
signal transduction via enzymatic conversion of FBP to F1P by FruK, followed by FI1P
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binding to Cra (Fig. 3) (Singh et al 2017). In fact, the pool sizes of both FBP and F1P
are certainly (negatively) correlated with the activity of Cra (in response to the cell
growth rate) (Kochanowski et al 2017, Gerosa et al 2015). Note that FBP inhibits Cra
activity (via FIP), in which Cra represses the expression of the rate-controlling
glycolytic genes, and thus this system forms the ‘positive’ feedback regulation (Fig. 3).
This must be closed by the negative feedback regulation to retain the stability and
robustness. Namely, Cra is involved in the inner feed-forward regulation with positive
feedback regulation, while PTS (and cAMP-Crp) is involved in the outer
negative-feedback regulation in E. coli.

On the other hand, Folly et al. (2018) also showed that FBP does bind to the central
glycolytic genes repressor (CggR) within the millimolar physiological concentrations in
Bacillus subtilis. In Gram-positive bacteria like B. subtilis, CggR controls the
transcription of the gapA operon composed of five glycolytic genes, where FBP acts as
an inhibitor of CggR (Zorrilla et al 2007, Chaix et al 2010), and thus FBP activates the
lower glycolysis via CggR (by the positive feedback regulation). Many Gram-positive
bacteria (including B. subtilis) do not possess cAMP for CCR (Fujita et al 2009).
Instead, FBP is involved in CCR by the pleiotropic catabolite control protein A (CcpA)
(Ludwig et al 2002). CcpA uses phosphoprotein from HPr, where FBP and glucose
6-phosphate (G6P) stimulate the binding to CcpA, and function as co-repressors to
fine-tuning of CcpA. Thus, HPr (instead of EIIA) plays the central role for CCR in
Gram-positive bacteria such as Bacillus species (Deutscher et al 2014, Fujita et al 2009).
CCR occurs by the binding of the complex of CcpA and P-Ser-HPr
(seryl-phosphorylated form of HPr) to the catabolite responsive elements (cre) of the
target operons (Fujita 2009). Thus, CggR is involved in the inner positive feedback
regulation of the glycolysis via FBP, while CcpA is involved in CCR (with negative

feedback regulation).

2.3 Coordinated regulation of the glycolytic flux by Csr and cAMP-Crp

The Csr (carbon storage regulator) (or Rsm: repressor of secondary metabolites),
also plays an important role in the adaptation to the change in the nutrient availability,
where CsrA is the transcription factor for switching the direction of the glycolytic and
gluconeogenic fluxes. Namely, CsrA activates the expression of the glycolytic pathway
genes (such as pfkA and pykF), while represses the expression of the genes (fbp, ppsA,
and pckA) encoding gluconeogenic enzymes (Sabnis et al 1995, Timmermans and
Merderen 2010, Revelles et al 2013, Morin et al 2016, Potts et al 2017) in the reverse
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fashion as regulated by Cra in E. coli.

The cAMP-Crp and CsrA are closely linked via PTS (Leng et al 2016, Pannuri et al
2016, Potts et al 2017), where unphosphorylated EIIA of PTS dominates during the
uptake of preferred carbon source such as glucose, and binds to the GGDEF-EAL
domain of CsrD, where the turnover of non-coding small RNAs (sRNAs) CsrB/C is
regulated by CsrD for cleavage by RNase E (Suzuki et al 2006, Vaklskas et al 2016,
Leng et al 2016). The CsrA activity is antagonized (repressed) by CsrB/C, which
contain multiple CsrA binding sites. Namely, at higher glycolytic flux,
unphosphorylated EIIA becomes dominant, which activates CsrD, and in turn activates
CsrA by decreasing the activity of CsrB/C, thus activating the glycolysis, forming the
‘positive’ feedback regulation (Fig. 4). Moreover, the CsrD is activated by the direct
binding of the uphosphorylated EIIA, and it is repressed by CsrA, forming the feedback
loop (Fig. 4) to speed-up the response to the steady state (Adamson and Lim 2013, Leng
et al 2016). Therefore, there exist multiple regulation loops, in which PTS is involved in
the positive feedback regulation via CsrA, and it is also involved in the outer negative
feedback regulation by cAMP-Crp.

CsrA is widely observed among eubacteria (White et al 1996, Mercante et al 2006),
and regulates the expression of the genes related to virulence factors (Bhat et al 2009),
quorum sensing, motility (by modulating flh gene expression) (Wei et al 2001, Yakhnin
et al 2013), stringent response (Edwards et al 2011), ion storage regulation (Potts et al

2017, Pourciau et al 2019), (o® dependent) cell envelope stress response (Yakhnin et al

2017), biofilm formation, cyclic di-GMP synthesis, and peptide uptake etc. (Edwards et
al 2011). CsrA is also involved in the carbon storage regulation (glycogen synthesis)
(Romeo et al 1993, Yang et al 1996) in maintenance of the energy charge during
metabolic adaptation during glycolysis/gluconeogenesis as well as nutrient starvation
for survival (Morin et al 2017), where CsrA represses the expression of glgCAP genes
encoding the enzymes for glycogen synthesis (Sabnis et al 1995, Timmermans and
Merderen 2010, Revelles et al 2013). As the cell growth rate increases (with higher
glycolytic flux), the metabolism changes from energetically efficient respiration to
inefficient respiro-fermentative metabolism (Shimizu and Matsuoka 2019a, 2019b), in
which the activity of cytochrome, Cyo of the respiratory chain is repressed, while the
activity of Cyd is enhanced by CsrA at higher growth rate (Potts et al 2019). Note that
the reverse regulation is made by cAMP-Crp at lower growth rate (Shimada et al 2011a,
Kim, D. et al 2018). In the absence of glucose, the BarA-UvrY two-component signal

transduction system 1is also involved in CsrA system, and activated by the
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phosphorylation of membrane-bound BarA in response to the short-chain-carboxylic
acid-containing (R-COOH) metabolites such as formate and acetate (Fig. 4) (Suzuki et
al 2002, Chavez et al 2010, Zere et al 2015, Pannuri et al 2016) and by ppGpp (Edwards
et al 2011, Zere et al 2015). The phosphorylated BarA then trans-phosphorylates UvrY.
The phosphorylated UvrY in turn interacts with ¢srB/C transcription, affecting CsrA
system, when short-chain fatty acids are present, and the gluconeogenesis is activated
(Suzuki et al 2002, Chavez et al 2010) (Fig. 4).

3. Metabolic regulation and engineering of amino acid biosynthetic pathways

In addition to the metabolic regulation of CCM, the regulation of amino acid
synthesis is also important for the cell growth in view of ribosome synthesis. Moreover,
understanding on the metabolic regulation of the amino acid biosynthesis is useful for
the metabolic engineering for the efficient amino acid fermentation. Among amino acid
producers, E. coli and C. glutamicum have attracted much attention for their use in
industrial (amino acid) fermentation (Ginesy et al 2015, D’Este et al 2018, Dong et al
2016a).

Allosteric feedback inhibition (in biosynthetic pathways) allows to retain the
homeostasis of end-products. Although the primary target of metabolic engineering for
the specific amino acid production is to remove such allosteric feedback inhibition, it
must be careful by considering how the deregulation affects the metabolism. Namely,
even if the allosteric inhibition was removed, additional regulatory mechanisms
accomplish the homeostasis, keeping the similar levels of fluxes through the
corresponding pathways (Sander et al 2019), in which the abundance of the pathway
enzymes is regulated by the transcriptional regulation either by the transcriptional
attenuation (Yanofsky 1981) or via transcription factors (Cho et al 2013).

In principle, metabolic engineering practice may be initiated by considering the
followings: (1) overexpression of the target amino acid biosynthetic pathway genes
(including the feedback-inhibition-resistant genes), (2) disruption of the
degradation/branched pathway genes, (3) modification of the (membrane) transport
system, (4) reduction of cytotoxicity caused by the products (and solvent tolerance for
the pretreated ligno-cellulosic biomass), and (5) modulation of CCM for the
over-production of precursor metabolites and cofactors (such as NADPH). In particular,
metabolic regulation analysis is useful for the development of the cell factories for the
useful metabolite production (Shimizu 2017). The disruption/repression of the

by-product pathway affects the cell growth, causing the decrease in the productivity,

10
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while contributing to the increase in the yield and titer of the target amino acid.

3.1 One carbon amino acid and cysteine biosyntheses

The one carbon network generates the carbon units to be used for the nucleotide
precursors for anabolic metabolism, redox maintenance, and the substrates for
methylation (Yang et al 2016). L-serine is the central for this, and it is currently used for
the cosmetic and pharmaceutical industries, as well as a platform for the production of
ethanolamine and ethylene glycol (Pereira et al 2016). Current attention is focused on
the microbial production of L-serine from renewable feedstocks (Zhang, X. et al 2018).

In bacteria, L-serine is synthesized from 3-phosphoglycerate (3PG) in the glycolysis,
where 3PG is oxidized to yield 3-phosphohydroxypyruvate (3PHP) by the reaction
catalyzed by 3-phosphoglycerate dehydrogenase (PHGDH) (encoded by serA), in which
PHGDH is allosterically inhibited by L-serine (Fig. 5).

The basic strategy for the efficient L-serine production is the overexpression of
serA™" (feedback-inhibition resistant to L-serine), serC, serB, and exporter genes, and
the deletion of the degradation pathway genes such as glyA (encoding serine
hydroxymethyltransferase, SHMT) and the deaminase genes sdaAB and tdcG (encoding
deaminases 1, 1I, and III, respectively) as well as the genes encoding L-serine uptake
transporters in E. coli (Fig. 5). Although the suppression of the cleavage of serine to
pyruvate and NH4* (by deaminase) is effective for the accumulation of L-serine, loss of
the ability to deaminate L-serine severely impairs the cell growth (and cell division),
due to the interference with peptidoglycan synthesis, thus weakening the cell wall
(Zhang et al 2010). L-serine is also metabolized by SHMT to yield glycine, as well as
5,10-methylenetetrahydrofolate (the source of single-carbon (Ci) compounds, important
for the biosynthesis of purines, thymidine, methionine, choline, and lipids). Therefore,
the complete inactivation of glyA gene negatively affects the biomass synthesis, causing
starvation of C; units, which are usually formed from serine via SHMT or via glycine
cleavage (GCV). Thus, it is better to modulate the g/lyA gene expression by the
modification of its regulatory region. Note that glycine can be also produced from
threonine via threonine dehydrogenase (Simic et al 2002). Recent metabolic engineering
practices for L-serine production and the performances are summarized in Tables 1 and
2 (Mundhada et al 2015, 2016, Zhu et al 2015, Gu et al 2014, Wang, C. et al 2020,
Zhang, X. et al 2020, Xu et al 2015).

Cysteine biosynthesis is the primary pathway for incorporating sulfur into cellular
components. Cysteine is a precursor of methionine, thiamine, and coenzyme A, and it

plays an important role in the biogenesis of [Fe-S] clusters. Moreover, cysteine-derived
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proteins such as thioredoxin and glutathione play important roles in protecting the cells
against oxidative stress (Guedon and Martin-Verstraete 2006). As a result of crucial role
in cellular physiology and the reactivity of SH group, cysteine metabolism is tightly
controlled. The 1* step in the cysteine biosynthesis (from serine) involves the serine
acetyltransferase (SAT), encoded by cysE, where SAT is strictly inhibited by L-cysteine
(Fig. 5), and thus the appropriate mutation of cysE can desensitize the feedback
inhibition by L-cysteine. The intracellular cysteine level is sensed via O-acetylserine
(OAS) by the master regulator CysB, which activates the expression of most of the
genes encoding the proteins involved in the sulfur transport system and cysteine
biosynthetic pathway (Fig. 5) (Takumi and Nonaka 2016, Jovanovic et al 2003). Thus,
the (allosteric) feedback inhibition of SAT by L-cysteine is coupled with the ‘positive’
transcriptional regulation by CysB.

In E. coli, cysteine is decomposed by cysteine desulfidase (encoded by yhaM) into
hydrogen sulfide, pyruvate, and ammonium (Nonaka and Takumi 2017). The cysteine

desulfhydrase (CD) is responsible for L-cysteine degradation, and CD activity is caused

by tryptophanase (TNase) (encoded by tnaA) and cystathionine [ -lyase (CBL)

(encoded by metC), where CBL catalyzes the conversion of cystathionine to homoserine,
pyruvate, and ammonia, while TNase contributes primarily to L-cysteine degradation
(Awano et al 2003, 2005). Therefore, the basic strategy for L-cysteine production is the
overexpression of serA™ serB, serC, cysEfbr, cysB, cysM etc. and the deletion (or the
repression of the expression) of tmaA, sdaA, yhaM etc. (Takumi et al 2017, Kondo and
Hirasawa et al 2019, Liu, H. et al 2018, 2020) (Tables 1 and 2).

3.2 Histidine biosynthetic pathway

In bacteria, histidine biosynthesis is associated with ten biochemical reactions with
the enzymes that catalyze the conversion of two precursors, phosphoribosyl
pyrophosphate (PRPP) and ATP into histidine (Fig. 6) (Winkler and Ramos-Montanez
2009, Alifano et al 1996). The 1* step, the condensation of PRPP and ATP to form
phosphoribosyl-ATP, catalyzed by the ATP-PR transferase (HisG) is the limiting
pathway for histidine biosynthesis. Allosteric feedback inhibition of HisG by histidine is
made by the competitive inhibition by AMP and ADP, and the competitive product
inhibition by PR-ATP. Thus, the histidine-mediated feedback inhibition of HisG plays a
critical role in the regulation of histidine biosynthesis. Histidine biosynthesis is also
regulated at the transcriptional level by the hisLGDCBHAFI operon (Winkle and
Ramos-Montanez 2009). Therefore, the feedback-inhibition resistant hisG (hisG™)
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together with the enhancement of this operon is the main determinant for the efficient
L-histidine production. Moreover, 5-aminoimidazole-4-carboxyamide ribonucleotide
(AICAR), which is formed not only during histidine biosynthesis but also during the
purine biosynthesis, acts as a natural analogue of AMP, and HisG is also inhibited by
AICAR (Fig. 6) (Malykh et al 2018). Note that the expression of the histidine
biosynthetic pathway genes is also repressed by ArgR (Cho et al 2013, Santos-Zavaleta
et al 2019). Moreover, PurR is a global regulator for the control of purine and
pyrimidine biosynthesis, which interferes with histidine biosynthesis via the common
precursors, in which PurR represses the PRPP synthesis, catalyzed by Prs (PRPP
synthetase). Therefore, deletion of purR contributes to the histidine production in E. coli
(Doroshenko et al 2013), but careful analysis must be made as mentioned later in the
section of purine and pyrimidine syntheses. Metabolic engineering practices for

histidine fermentation are given in Tables 1 and 2.

3.3 Glutamate family amino acid synthetic pathways

The glutamate family amino acids (GFAAs) such as ornithine, proline, citrulline,
and arginine are of industrial interest due to their uses as feed and food additives, in
cosmetics, and for the synthesis of pharmaceuticals (Jensen et al 2015). There are
typically two types of metabolic control mechanisms. In E. coli (and B. subtilis),
arginine biosynthesis follows a linear pathway, where N-acetylglutamate (NAG) is first
synthesized from glutamate and AcCoA by N-acetylglutamate synthase (NAGS)
(encoded by argA), which is strongly inhibited by L-arginine (and also by L-citrulline)
(Fig. 7a). The ornithine acetyltransferase (OAT) is also feedback-inhibited by
L-ornithine and L-citrulline (Hao et al 2015, Udaka 1966). On the other hand, in C.
glutamicum (and Brevibacterium sp.), arginine biosynthesis follows a cyclic pathway,
where N-acetylglutamate synthase (NAGS) (encoded by argJ) catalyzes the 1% step by
the transacetylation reaction between glutamate and N-acetylornithine (NAO) to form
NAG and ornithine, and not inhibited by L-arginine. Instead, the enzyme of the next
step, N-acetylglutamate kinase (NAGK) (encoded by argB) is (allosterically) inhibited
by L-arginine (and also by L-citrulline) (Utagawa 2004) (Fig. 7b).

ArgR (in a complex with L-arginine) represses the transcription of the genes
involved in the biosynthesis and transport of arginine (and histidine) (Caldala et al 2006,
Maas 1994), and activates the transcription of the genes responsible for arginine
metabolism. Therefore, in order to enhance the arginine production, it has been
considered to overexpress the feedback resistant argA together with the knockout of
argR in E. coli (Ginesy et al 2015).
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In C. glutamicum, the arginine biosynthetic pathway genes are arranged in two
operons, argCIBDFR and argGH. These operons are repressed by ArgR (lkeda et al
2009). The enzyme activity of NAGK 1is feedback inhibited by L-arginine and
L-citrulline (Xu, M. et al 2012). Therefore, the metabolic engineering strategy for
L-arginine production (Man et al 2016) and L-ornithine production (Wu, X.-Y. et al
2020, Zhang, B. et al 2018a,b, Zhang, B. et al 2017) is to relax such feedback inhibition,
and modulate the CCM to increase the supply of NADPH and precursor metabolites
(Wu, X.-Y. et al 2020). ArgR is also involved in the regulation of gltB and gdh. The
expression of argCJBDF and argGH operons is repressed not only by ArgR but also by
FarR, where acyl-responsive transcription factor, FarR also represses the expression of
gdh gene (Zhan et al 2019). Several metabolic engineering strategies have been
attempted by deregulating the feedback control systems for L-arginine fermentation
(Ikeda et al 2009, Xu et al 2012, Shin et al 2014, Park et al 2014, Zhan et al 2019, Xu,
M. et al 2020) (Tables 1 and 2).

In C. glutamicum, ArgB is inhibited by both arginine and citrulline, and therefore,
the combined mutation (argB26 and argB31) together with AargR gave efficient

arginine/citrulline fermentation. In the citrulline fermentation, argG may be deleted to
prevent the conversion from citrulline to L-arginine, but the complete knockout
significantly affects the cell growth (Hao et al 2015, Eberhardt et al 2014) (Tables 1 and
2).

Proline is also synthesized from glutamate via essentially three steps of enzymatic
reactions by consuming two moles of NADPH, in which the 1* enzyme, ¥-glutamyl
kinase (GK) (encoded by proB) is (allosterically) inhibited by L-proline (Fig. 7).
Several metabolic engineering strategies with proB™ (feedback-inhibition resistant
proB) allow efficient L-proline fermentation (Noh et al 2017, Long et al 2020) (Tables 1
and 2).

In the L-ornithine production, argF gene may be disrupted to block the pathway
from L-ornithine to L-citrulline (Fig. 7), thus relieving the feedback inhibition of
NAGK by L-citrulline and L-arginine at the same time (Zhang, B. et al 2017). Moreover,
the proB gene may be also deleted (Kim, S. Y. et al 2015, Shu et al 2018) (Tables 1 and
2). However, the deletion/inactivation of argF and proB negatively affect the cell
growth, and the strain becomes arginine (and proline) auxotrophy (Wu, X.-Y. et al 2020).
This problem may be overcome to some extent by attenuating argF and proB by
changing the ribosome binding site and translational initiation codon (Zhang, B. et al
2018a, Wu, X.-Y. et al 2020).
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3.4 Branched chain amino acid biosynthesis

The biosynthetic pathways of the branched chain amino acids (BCAAs) such as
L-valine, L-leusine, and L-isoleusine can be used for the components of cosmetics,
pharmaceuticals, animal feed additives, and precursors for the chemical synthesis of
herbicides (Park and Lee 2010). In E. coli, three acetohydroxy acid synthase (AHAS)
isoenzymes (encoded by ilvBN, ilvGM, and ilvIH) have distinct biochemical properties
and regulatory mechanisms (Park et al 2012). On the other hand, C. glutamicum
possesses only one AHAS (encoded by ilvBN) (Dong et al 2016b), and B. subtilis
possesses AHAS (encoded by ilvHB) or ALS (encoded by alsS) (Gao et al 2021). The
AHAS catalyzes the condensation of two molecules of pyruvate to form 2-acetolactate
(for L-valine and L-leusine biosyntheses), while it also catalyzes the condensation of
one molecule of pyruvate and 2-ketobutyrate (produced from L-threonine) to form
2-aceto-2-hydroxybutyrate (for L-isoleusine biosynthesis) (Fig. 8).

The 2-acetolactate is converted (with NADPH) to 2,3-dehydroxyisovalerate by
acetohydroxy acid isomeroreductase (AHAIR) encoded by ilvC, of which expression is
induced by 2-acetolactate, mediated by the positive transcription factor IlvY. Namely,
2-acetolactate and 2-aceto-2-hydroxybutyrate are the substrates for IIvC, and
co-inducers of (LysR-type regulator) IlvY, which enhances ilvC gene expression via
positive regulation (Fig. 8). Thus, the modification of this regulation system enabled
L-valine production by E. coli (Geraskina et al 2019) (Tables 1 and 2).

The global regulator, leusine responsive protein (Lrp) is involved in the regulation
of BCAA biosynthesis in E. coli. It activates the expression of the i/lvIH genes and
represses the expression of the ilvGMEDA operon. Lrp also represses the expression of
the livJ and livK genes (encoding the BCAA transporter) and leuE (yeaS) gene
(encoding the L-leusine exporter). In fact, Lrp is a global regulator, that controls many
genes (Shimada et al 2015, Kroner et al 2019), and the deletion of /rp gene causes the
decrease in the cell growth rate (Shimada et al 2015), while its overexpression
contributes to the L-isoleusine production (Park et al 2012).

Several metabolic engineering approaches have been attempted for L-valine
fermentation using C. glutamicum (Chen et al 2015, Wang, X. et al 2018, Schwentner et
al 2018) (Tables 1 and 2).

In C. glutamicum, the leuA-encoded 2-isopropylmalate synthase (IPMS) is inhibited
by L-leusine (Appendix 1), and thus the primary target for the L-leusine production is
to construct the feedback-inhibition-resistant variant (leuA™). Moreover, deletion of

IthR (encoding LtbR, which represses the expression of the leusine biosynthetic
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pathway genes leuBCD) and the feedback-inhibition-resistant AHAS have been
considered for the efficient L-leusine production (Vogt et al 2014). Along this line,
several approaches have been attempted for L-leusine production (Huang et al 2017,
Wang, Y.-Y. et al 2019, Feng et al 2018) (Tables 1 and 2).

The threonine dehydratase (encoded by ilvA) is under the feedback inhibition by
L-isoleusine (Fig. 8), and thus the primary target for isoleusine production is to
deregulate such inhibitory effect (as well as other mutation as explained in the next

section).

3.5 Aspartate family amino acid biosynthesis

The aspartate family amino acids (AFAAs) such as threonine, isoleusine, methionine,
and lysine (as well as homoserine) have wide industrial applications for the feed
additives (animal feeds) and as precursors for the synthesis of high value-added drug
intermediates (Dong et al 2011).

Three aspartate kinase (Ask) isoenzymes, Ask I, II, and III, each encoded by thrA,
metL, and lysC, respectively, differ in their regulation mechanisms in E. coli (Fig. 9)
(Chassagnole et al 2001), while Ask is encoded only by lysC, and its activity is
synergistically inhibited by L-threonine and L-lysine in C. glutamicum (and
Brevibacteium flavum) (Shiio and Miyajima 1969) (Appendix 2). The regulation of the
thr operon is attenuated by the leader sequence (thrL), and this must be mutated for
L-threonine fermentation (Zhao et al 2018). Thus, the primal target for L-threonine
production is the removal of the allosteric feedback inhibition of Ask, and the
transcriptional attenuation by zhrL in E. coli. The strategy of overexpression of thrABC
cluster is often used to increase the L-threonine production (Zhao et al 2018). Although
L-threonine binds to the allosteric sites of Ask and homoserine dehydrogenase (HSDH),
serving as a non-competitive inhibitor, it acts as a competitive inhibitor on homoserine
kinase (Hsk). Thus, the reduction of the feedback inhibition of Hsk enhances the
L-threonine biosynthesis (Petit et al 2018). Several metabolic engineering strategies
have been considered for L-theronine production (Zhao et al 2018, Dong et al 2016b,
Yang et al 2019, Lee et al 2018) (Tables 1 and 2).

L-isoleusine is produced from threonine, and its production can be enhanced by the
overexpession of thrABC™ ilvA™", ilvIH™, ilvCED, as well as lrp in E. coli (Park et al
2012), and in C. glutamicum (Wang et al 2019, Yin et al 2013, 2014, Dong et al 2016b)
(Tables 1 and 2).

L-methionine is the sulfur-containing amino acid, essential in mammals, and it is

also involved in methyl group transfer via its derivative, S-adenosylmethionine (SAM),
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intermediate in the polyamine biosynthetic pathway. Homoserine succinyltransferase
(HST) (encoded by metA) is allosterically inhibited by both methionine and SAM (Ferla
and Patrick 2014) (Fig. 9). Moreover, the expression of the methionine biosynthetic
pathway genes, metA, metB, metC, metE, as well as metL (encoding Ask), and metK
(encoding SAM synthetase, SAMS) is repressed by methionine repressor, Met] (Usuda
and Kurahashi 2005) (Fig. 9). Thus, the deletion of metJ and thrBC, together with the
mutation of metK, followed by the metA mutation allowed the efficient methionine
production in E. coli (Usuda and Kurahashi 2005). Along this line, several strategies
have been attempted for the efficient L-methionine production (Huang et al 2017, 2018,
Park et al 2017) (Tables 1 and 2).

Homoserine (hydroxybutyric acid) is the intermediate for the production of
L-threonine and L-methionine from aspartate (Fig. 9). Therefore, L-homoserine
concentration can be increased by inactivating the expression of thrBC genes (to prevent
L-threonine production) and metA gene (to prevent L-methionine production) as well as
lysA gene (to prevent L-lysine production) (Li, Y. et al 2016). Moreover, the
overexpression of thrA, metL, and lysC can contribute to the enhanced L-homoserine
production in E. coli (Li, H.B. et al 2016, Liu, P. et al 2020) (Tables 1 and 2).

Lysine is used in the animal feedstock, pharmaceuticals, and cosmetics, comprising
a multibillion-dollar market (Yokota and Ikeda 2017). The L-lysine biosynthetic
pathway starts from L-aspartate with pyruvate by dihydrodipicolinate synthase (DDPS)
(encoded by dapA gene), and enters into the diaminopimelate (DAP) pathway. Whereas
the E. coli DDPS activity is inhibited by L-lysine (Fig. 9), no such control is observed
in C. glutamicum (Li et al 2017) (Appendix 2).

The diaminopimelate (DAP) pathway starts from aspartyl-semialdehyde, where
there exist four variant pathways in bacteria: succinylase, acetylase, dehydrogenase, and
aminotransferase pathways (Xu, J.-Z. et al 2019a). E. coli uses only the succinylase
pathway for meso-DAP synthesis, while Corynebacterium sp. uses both succinylase and
dehydrogenase pathways, Bacillus sp. posesses the acetylase and dehydrogenase
pathways, and Clostridium sp. utilizes dehydrogenase and aminotransferase pathways
(Xu, J.-Z. et al 2019b). Among them, the dehydrogenase pathway converts
tetrahydrodipicolinate (THDP) to meso-DAP in a single step, catalyzed by
diaminopimelate dehydrogenase (encoded by ddh), which is useful for the L-lysine
production (Liu et al 2015). Various strategies have been attempted for L-lysine
production by E. coli and C. glutamicum (Xu, J.-Z. et al 2019b, Wu, W. et al 2019, Xu
et al 2018, Lindner et al 2013) (Tables 1 and 2).
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3.6 Aromatic amino acid biosynthesis

The aromatic amino acids (phenylalanine, tyrosine, and tryptophan) are the final
products of the aromatic biosynthetic pathway, which contains the shikimic acid (SA)
pathway, followed by the chorismic acid (CHA) synthetic pathway (Fig. 10). Aromatic
amino acids can be used as the precursors of various aromatic compounds
(Huccetogullari et al 2019, Li et al 2020). In E. colii DAHP
(3-deoxy-D-arabino-heptulosonate-7-phosphate) synthase (DAHPS) isoenzymes, AroG,
AroF, and AroH are subject to allosteric inhibition by L-phenylalanine, L-tyrosine, and
L-tryptophan, respectively. AroG contributes about 80 %, AroF about 15 %, and AroH
about 5 % of the overall DAHPS activity (Tribe et al 1976, Sprenger 2007), and thus the
mutation of aroG becomes important for the aromatic amino acid fermentation.

The bi-functional enzyme, chorismate mutase/prephenate dehydrogenase
(TyrA/PheA), catalyzes the shared 1% step (conversion of CHA to prephenate, PPA) in
the L- phenylalanine and L-tyrosine biosynthetic pathways, as well as the 2™ step in the
L-tyrosine  synthetic pathway (the subsequent NAD®"-dependent oxidative
decarboxylation of prephenate to 4-hydroxyphenylpyruvate, HPP), and the 2™ step in
the L-phenylalanine biosynthetic pathway (prephenate to phenylpyruvate, PPY) (Fig.
10). TyrA subunit (encoded by fyrA) and PheA subunit (encoded by pheA) of the
chorismate mutase are allosterically inhibited by L-tyrosine and L-phenylalanine,
respectively. Tyrosine aminotransferase (encoded by tyrB) is allosterically inhibited by
L-tyrosine (Keseler et al 2013, Sprenger 2007). Feedback-inhibition-resistant mutants of
TyrA and PheA enzymes have been used for the efficient production of L-tyrosine and
L-phenylalanine (Rodriguez et al 2014).

Noting that AroL and AroA are the limiting pathway enzymes for the phenylalanine
production, the overexpression of pheAfbr, aroL, and aroA, together with inactivation of
TyrR gave the efficient L-phenylalanine production (Ding et al 2016, Liu, Y. et al 2018,
Wu, J. et al 2019) (Tables 1 and 2). Note that two shikimate kinases are encoded by
aroL and aroK, where the expression of aroL is regulated by TyrR (with tyrosine or
tryptophan as a co-repressor) (Polen et al 2005), while the activity of AroK is free from
such regulation (Ding et al 2016).

The L-tyrosine biosynthesis is affected by the TyrR-mediated repression, affecting
the expression of aroF, aroL, tyrP, aroP (encoding aromatic amino acid permease), and
aroG genes (Rodriguez et al 2014). The basic strategy for L-tyrosine production is thus
the deletion of tyrR as well as the overexpression of the feedback-inhibition-resistant
derivatives of aroG and ryrA. These mutations enabled the efficient L-tyrosine
production (Lutke-Verloh and Stephanopoulos 2007, Santos et al 2012, Chavez-Bejar et

18



© O 1 > U A W N

W W W W W W W NN N DN DNDNDDNDDNDNDN E = e
S O A W N O ©W 0900t WND RO WO WD+ O

al 2008, Kim, S.C. et al 2015, Kim, B. 2018) (Tables 1 and 2).

L-tryptophan is a hydrophobic aromatic amino acid with an indole side chain.
Feedback inhibition by L-tryptophan is exerted on DAHP synthase (encoded by aroH)
and anthranillate synthase, AS (encoded by trpED) in E. coli (Fig. 10). Furthermore, the
genes of trpLEDCBA operon are repressed by TrpR. Another regulation is made by the
attenuation through trpL (Trondle et al 2020). Several metabolic engineering approaches
have been attempted so far (Panichkin et al 2016, Niu et al 2019, Liu et al 2019, Trondle
et al 2020) (Tables 1 and 2). In the L-tryptophan biosynthesis, the overexpression of
aroG™, aroF™, and trpE™, as well as the tryptophan synthetic pathway genes,
trpEDCBA must be considered. Moreover, the deletion of trpR and trpL genes is
effective (Azuma et al 1993, Chen et al 2018b, Gu et al 2012, Jing et al 2018).

In the L-tryptophan biosynthetic pathway, the indole glycerol phosphate synthase
(IGPS) is feed-forward inhibited by anthranilate (ANT) non-competitively in E. coli
(Fig. 10), while it is feed-forward activated in S. cerevisiae and Aspergillus niger (Chen
et al 2018a). Since the feed-forward inhibition prevents the flux toward L-tryptophan
biosynthesis, the replacement of the feed-forward inhibition by the feed-forward
activation system with the heterologous expression of #rpC (encoding IGPS) is effective
for L-tryptophan synthesis in E. coli (Chen et al. 2018a) (Tables 1 and 2).

In the case of L-tryptophan biosynthesis, additional precursors such as L-serine,
PRPP, and glutamine are required (Fig. 10), and thus the metabolic engineering
approach to increase such precursors is also useful (Panickkin et al 2016, Trondle et al
2020, Li, M. et al 2020). PRPP can be increased by the overexpression of prs gene. The
2" reaction catalyzed by PSAT (encoded by serC) in the L-serine synthetic pathway
requires glutamate, while glutamine is required at the reaction of anthranillate synthase

(AS) (encoded by trpE), and thus these reactions are coupled.

4. Metabolic regulation of purine and pyrimidine syntheses and the interaction

with amino acid synthesis

In relation to the amino acid synthesis, the synthesis of purine and pyrimidine is also
important for biomass synthesis, where purine and pyrimidine nucleotids are subunits of
nucleic acids and precursors for the synthesis of nucleotide cofactors (such as NAD etc.)
(Moffatt and Ashihara 2002). The biosynthetic pathways of purine and pyrimidine are
closely linked with amino acid synthetic pathways, and thus the proper understanding of
the metabolic regulation mechanisms of purine and pyrimidine biosyntheses is also

important for amino acid fermentation. In particular, histidine and arginine synthetic
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pathways are closely connected with purine and pyrimidine synthetic pathways.

The biosynthetic pathway of histidine is closely entwined with purine biosynthesis
(and C; metabolism). Namely, PRPP is the common precursor for both histidine and
purine synthetic pathways. The 1% intermediate (in the histidine synthetic pathway),
PR-ATP is formed by the condensation of PRPP and ATP, catalyzed by HisG, in which
ATP is synthesized in the purine synthetic pathway. Moreover, AICAR (formed in the
5% step of the histidine synthetic pathway) is rerouted to the purine biosynthesis,
enabling to regenerate ATP (Fig. 11a).

The de novo purine synthetic pathway begins with the transfer of an amino group
from glutamine to PRPP, giving phosphoribosylamine, PRA. Then, the subsequent
reactions yield AICAR. One molecule of AICAR is also produced in the synthesis of
each histidine molecule, and thus AICAR tends to accumulate unless it is appropriately
consumed in the latter part of purine synthesis. In the histidine production, HisG is
inhibited by purine nucleotides, in particular ADP and AMP via competitive inhibition
with PR-ATP (Malykh et al 2018). Moreover, HisG is sensitive to the inhibition by
AICAR, a structural analog of AMP, and thus the inhibitory effect of AICAR on HisG
must be reduced for the efficient histidine fermentation by activating the conversion of
AICAR to purine synthesis, where this can be attained by the overexpression of purH
and purA encoding the latter part of the purine synthetic pathway in E. coli (Fig.11a)
(Malykh et al 2018). As mentioned above, AICAR is synthesized by the parallel
pathway from PRPP, and thus the former purine synthetic pathway may be removed by
the knockout of the 1% purine synthetic pathway gene, purF, thus reducing the AICAR
production (Wu, H. et al 2020). Note that de nove biosynthesis of purines is linked with
Ci  metabolism, in which the conversion of AICAR by PurH is
10-formyltetrahydrofolate (fTHF) dependent, and thus the C; metabolism must also be
activated to enhance the reaction catalyzed by PurH (Fig. 11a). The major source for
THF is the reaction of SHMT (encoded by g/yA) that converts serine to glycine, and
simultaneously generates 5,10-methylene-tetrahydrofolate (mTHF) (Fig. 11a). The
GCV (glycine cleavage) system may be activated to enhance the fTHF production via
mTHF production (Kikuchi et al 2008, Zhang et al 2018b, Schwentner et al 2019). Note
that C. glutamicum does not possess GCV system, and thus this must be heterologously
expressed (Schwentner et al 2019).

The arginine and pyrimidine biosynthetic pathways are connected through a
common metabolite, carbamoylphosphate (CP), in which CP is a precursor common to
the synthesis of arginine and pyrimidine (Fig. 11b) (Charlier et al 2018). In most

Gram-negative bacteria (including E. coli), CP is produced by a single enzyme,
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carbamoylphosphate synthase (CPSase), encoded by the carAB operon. Namely,
CPSase must distribute the high-energy CP for the needs of both pathways (Caldara et
al 2008, Charlier et al 2018). All CPSases use one molecule of bicarbonate, two
molecules of Mg?*ATP, and one molecule of glutamine (or ammonia) to synthesize CP.
E. coli CPSase consists of two subunits, a small glutaminase subunit (encoded by carA)
and a large subunit (encoded by carB), that catalyzes the synthesis of CP (from
ammonia), and also carries the effector binding sites (Charlier et al 2018). The large
subunit of CPSase is composed of four domains, in which the C-terminus constitutes the
allosteric domain. Namely, CPSase 1is activated by ornithine and inosine
5’-monophosphate (IMP), and inhibited by uridine monophosphate (UMP) (Fig. 11b)
(Caldara et al 2008; Charlier et al 2018). The activation of CPSase by ornithine is
crucial in accelerating the ornithine transcarbamylase (OTCase) reaction via the
accumulation of CP for the arginine synthesis. The antagonistic effects of UMP and IMP
on CPSase allow the correct balance between purine and pyrimidine syntheses for
biomass synthesis. Moreover, the expression of carAB is transcriptionally repressed by
ArgR, and thus argR gene knockout contributes to the formation of CP for arginine
fermentation. The antagonistic effects of ornithine (activator) and UMP (inhibitor) on
CPSase activity and the consumption of CP as a substrate by two carbamoylating
enzymes (OTCase and aspartate transcarbamylase, ATCase, a paralog of OTCase)
involved in the synthesis of arginine and UMP further ensure this delicate balance
between CP production and its consumption for the requirements in both pathways (Fig.
11b) (Charlier et al 2018).

In the arginine fermentation, the (allosteric) feedback-inhibition resistant mutant
argA* together with the transcriptional mutant AargR has been employed (Tables 1 and
2). However, ArgR is the global regulator, and has a regulatory function beyond arginine
metabolism (Cho et al 2011), and the cell growth rate of argA*AargR mutant becomes

low, thus deceasing the productivity, while increasing the titer (and yield). The arginine
titer can be further increased by the overexpression of the arginine exporter gene argO,
but the specific growth rate becomes significantly low (by about 70 %) as compared to
the wild-type strain (Sander et al 2019). The decrease in the cell growth rate i1s mainly
due to the limitation of the pyrimidine synthesis. Namely, the pyrimidine nucleotide
biosynthesis competes with arginine biosynthesis at the branch point of OCTase
(encoded by argFI) and ACTase (encoded by pyrBI) (Fig. 11b) (Caldara et al 2008), in
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which pyrimidine nucleotide synthesis becomes limited by AargR mutation for the

enhanced arginine production, and in turn affects the cell growth. Therefore, the
appropriate knockdown (instead of complete knockout) of argR (by CRISPR-Cas9) may
be considered for the trade-off between arginine synthesis and the cell growth (Sander et
al 2019).

The purine repressor (PurR) plays the essential role for the homeostasis of purine
and pyrimidine concentrations in the cell. Upon availability of purine and pyrimidine
nucleotides, PurR tightly regulates (represses) the expression of the genes encoding the
enzymes involved in the biosynthesis of IMP and the conversion of IMP to AMP and
GMP (Fig. 11a) (Cho et al 2011). Moreover, PurR also regulates the expression of prs
(He et al 1993) and serine transport and metabolic pathways to produce fTHF (Cho et al

2011). Therefore, purR gene knockout in hisG™AhisL strain can improve the histidine

producion by increasing the cell growth rate to some extent as compared to hisG™ AhisL

strain, but not to the level of the wild-type strain (E. coli) (Doroshenk et al 2013). Note
that PRPP is not only a precursor of histidine and purine syntheses, but also a precursor
of other synthesis of pyrimidine, tryptophan, and NAD (Jensen et al 2008). Moreover,
PurR also represses the expression of the enzymes of the early steps of pyrimidine
biosynthesis (and transport), in which PurR directly regulates pyrB and pyrl genes
(which encode the catalytic and regulatory subunits of ATCase, respectively), and also
the initial step enzymes encoded by pyrC and pyrD, as well as carAB (encoding
CPSase) (Fig. 11b) (Cho et al 2011). Therefore, the effect of purR gene knockout on the
metabolism is complex, and the effect of modulating the expression of purR gene must

be carefully analyzed for the efficient amino acid fermentation.
S. Growth rate control

In order to optimize the growth rate under various environmental conditions, the cell
must adjust the metabolism for the optimal resource allocation through balancing the
cellular investment on the metabolic and ribosomal proteins (Scott et al 2010, You et al
2013), where protein synthesis lies at the core of the cell growth (Dai et al 2016, 2018,
Klumpp et al 2013). Ribosome drives protein translation, and thus the cell growth rate is
enhanced by increasing the amount of ribosomes. As shown in Fig. 12a, the fraction of

ribosomal protein is linearly correlated with the growth rate, in which the slope of the
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line quantitatively matches the rate of ribosome translation in E. coli (Scott et al 2010,

Dai et al 2016). The mass fraction of ribosomal protein, @ can be expressed as the

linear equation with respect to the cell growth rate, | (Scott et al 2010, Dai et al 2016)

such that

@r= Qo+ Wx (1)

whereo is the intercept, and ¥ is the constant (that determines the translational

efficiency) (Scott et al 2010).

Many bacteria (and also Archaea) induce a stringent response under nutrient
starvation and other stressful conditions. The alarmone signal, guanosine (penta) tetra
phosphate, (p)ppGpp is a key secondary messenger, and reshapes the metabolism and
physiology by coordinately modulating the cell growth, transcription, translation, and
ribosome assembly, thus enabling the survival under stressful condition (Steinchen and
Bange 2016). The alarmone, (p)ppGpp accumulates in response to the starvation of
nutrients (via AA limitation), and inhibits rRNA transcription. The cell growth rate and
the ribosome content are linearly correlated by the so-called growth rate control (GRC)
(Scott et al 2010). The relationship between (p)ppGpp and the ribosomal protein
synthesis during the exponential growth remains to be long standing puzzle (Zhu et al
2019).

The intracellular concentration of (p)ppGpp is determined by RelA-SpoT
Homologues (RSHs), which are used to integrate and transform environmental cues into
(p)ppGpp levels in Beta-proteobacteria and Gamma-proteobacteria (Ronneau and
Hallez 2019), where (p)ppGpp is synthesized by the mono-functional alarmone
synthetase, RelA, while it 1s degraded by the bi-functional SpoT (Hauyliuk et al 2015).
On the other hand, in genera outside of such bacteria, there is typically a single
RelA/SpoT homologue protein (termed as Rel or RSH) with linked functional hydrolase
and synthetase domains (Hauryliuk et al 2015, Atkinson et al 2011, Hogg et al 2004).

The source of ribosomal protein is amino acids (AAs), where AA availability is
sensed by RelA, which then generates (p)ppGpp upon AA limitation in E. coli, where
(p)ppGpp is known as magic spot, as it affects diverse set of biochemical and
biophysical events such as antibiotic tolerance (persistence), biofilm formation,
competence, virulence/pathogenesis, motility, sporulation (Steinchen and Barge 2016,
Hauryliuk et al 2015), as well as the cell size control (Westfall and Levin 2018, Vadia et
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al 2017). Its synthesis is activated by the presence of uncharged transfer RNA (tRNA)
(without AA) by the allosteric regulation by RelA. During the exponential growth phase
with enough nutrients, AAs are delivered in the form of aminoacylated tRNA to the
ribosomal acceptor site (A-site), resulting in the lower level of (p)ppGpp (Hauryliuk et
al 2015). Upon AA starvation, deacylated tRNAs (not conjugated to AAs) accumulate,
and enter the A-site, which then activates RelA (Traxler et al 2008). The regulatory
mechanism for the linear relationship between the ribosomal protein synthesis (and the
cell growth rate) is thus enforced by ppGpp, as it (together with DksA) inhibits rRNA
transcription, thereby limiting the formation of ribosomes (Bosdriesz et al 2015,
Klumpp et al 2013, Ross et al 2016, Shin et al 2021).

The ppGpp (or pppGpp) is synthesized by the transfer of pyrophosphate moiety
from GDP (or GTP) and ATP (Atkinson et al 2011, Hauryliuk et al 2015). The (p)ppGpp
level is modulated by the synthetase activities of RelA and SpoT, and by the hydrolase
activities of SpoT and guanosine pentaphosphate phosphohydrolase (Gpp) to keep the
basal (p)ppGpp at the optimal level. Rapid conversion of pppGpp to ppGpp by Gpp
implies that ppGpp plays the main regulatory role (as compared to pppGpp) (Mechold
et al 2013). The increased (p)ppGpp promotes the amplification of RelA-mediated
positive feedback regulation (Beljantseva et al 2017, Sanyal and Harinarayanan 2020),
which is effective for the rapid increase in (p)ppGpp for the stringent response. This is
compensated by the hydrolysis activity of SpoT and Gpp (Fig. 13). This system makes
the allosteric regulation to be inherently faster without de novo production of mRNA
and protein (Shyp et al 2012), enabling the rapid amplification of a small input response,
but may become noise sensitive inherent to the positive feedback regulation, while
SpoT can dampen the (p)ppGpp synthesis, and play the noise-filtering role (Traxler et al
2008).

As shown in Fig. 12b, ppGpp concentration decreases with respect to the cell
growth rate. Since the transcription of ribosomal RNAs is inhibited by ppGpp (Dennis

et al 2004), the ribosome synthesis rate decreases as ppGpp level increases (Bosdriesz et

al 2015, Giordano et al 2016), and @, may be expressed as

¢@r =k+/(1 + [ppGpp)/Ki ppGpp) 2)

where k; and K; ppcpp are the constants. By equating Eqs.(1) and (2), we have

[ppGpp] =b/(p+a) —c 3)
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where a= @o¥, b=Kjppcpprks, and ¢ =Kippopp. Thus, the ppGpp level deceases with

respect to the cell growth rate as shown in Fig. 12b.

It is important to understand the long-standing paradigms for the key regulatory
steps of translation (Tollerson II and Ibba 2020). Translation is a complex and dynamic
process that must occur rapidly to optimally decode genetic information (Morgan et al
2018, Dai et al 2016, 2018). Initiation of mRNA translation is usually the rate-limiting
step of protein synthesis. The initiation phase of translation begins with the formation of
the 30S initiation complex, which is then joined by the large 50S ribosomal subunit to
yield 70S initiation complex with the aminoacyl-tRNA, carried to the ribosomal A-site
by the elongation factor, EF-Tu. Three initiation factors such as IF1, IF2, and IF3
determine the kinetics and fidelity of the overall initiation process (Gualerzi and Pon
2015). The mRNA translation requires the action of several guanosine
nucleotide-binding factors. In addition to their substrates such as GDP and GTP, IF2 and
the elongation factor G (EF-G) interact with ppGpp, and inhibits the activity of GTPase,
where IF2 is more responsive to ppGpp than EF-G during the stringent response in vivo
(Mitkevich et al 2010).

The ribosome-associated GTPase (G-protein) (CgtA, ObgE, Obg, or Yhbz) interacts
with SpoT to enhance the hydrolase activity under nutrient rich condition in E. coli
(Jiang et al 2007, Raskin et al 2007, Zhang Y. et al 2018). CgtA primarily functions as a
sensor of phosphorylated guanosines (Wout et al 2004, Persky et al 2009, Feng et al
2014). In the nutrient rich condition, GTP pool size becomes higher, and CgtA
transiently associates with ribosome and acts as a 50S assembly factor favoring
translation (Feng et al 2014). On the other hand, it becomes a 50S-anti association
factor when the intracellular (p)ppGpp concentration increases (upon nutrient
starvation), where GTPase strongly binds to ppGpp and stick to the 50S subunit, thereby
preventing its association with 30S subunit (Feng et al 2014). In addition to ribosomes,
CgtA also interacts with SpoT (but not RelA) in E. coli (and Vibrio cholerae) (Wout et
al 2004, Raskin et al 2007). Namely, CgtA can be a gate keeper that maintains (p)ppGpp
levels low under nutrient rich condition (Fig. 14) (Jiang et al 2007, Raskin et al 2007).

6. Concluding remarks
The cell metabolism changes upon mutation of the pathway genes in CCM, in which
the pool sizes of the precursor metabolites for the amino acid synthesis also change

(Ishii et al 2007). The feedback regulation systems for CCM and amino acid
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biosynthesis play important roles for the robustness and homeostasis, in which the

interface metabolites (oketo acids) play important roles for the coordination between

the two systems. Namely, the feedback regulation system via cAMP-Crp (or the
phosphorylation state of PTS) serves for the homeostasis of oketoacids, while the

allosteric feedback regulation systems of amino acid biosynthesis allow the homeostasis
of the terminal amino acids (to be utilized for the ribosomal protein synthesis for the

cell growth) (Fig. 15). Thus, the perturbation of amino acid synthesis affects the pool
sizes of aketo acids (and PEP and AcCoA), and in turn affects the CCM. In fact, when

E. coli was cultivated with glucose minimum medium supplemented with casamino
acids (CAA), an undefined mixture of amino acids and oligopeptides, the high growth

could be attained by the catabolism of amino acids (in CAA), causing the accumulation
of aketo acids such as pyruvate and OAA, which inhibit PTS, resulting in the reduced

glucose uptake rate (Zampieri et al 2019). In this way, each subsystem of CCM and
amino acid biosynthesis retains robustness by the feedback regulation systems, while

the overall system is resilient to variations in the growth environment, in which the
interface metabolites (such as oketo acids) play important roles for the coordination

between the two systems. In fact, the overall system consists of CCM, AA synthesis,
and also macromolecular (protein) synthesis, each having the negative feedback system
for the robust cell growth, and the coordination is made by the interface metabolites.

The integration of fluxes by the specific metabolites (flux sensing metabolites and
aketo acids) is useful in the sense that the noises of the fluxes at some points in time

(Patang et al 2018, Fuentes et al 2021) can be smoothed over the past time, and thus the
signal transduction to the transcription factors can be made reliably, similar to the
integral feedback control for the robust adaptation in noisy bio-molecular systems (Briat
et al 2016).

Allosteric feedback regulation plays an essential role in the fast adaptation to the
abrupt environmental changes, while transcriptional regulation plays important roles for
fine-tuning of the expression of the pathway genes toward the new steady state. Thus, a
major reorganization of metabolism must be made first by the enzyme level regulation

in response to the nutrient shifts, but it is not enough to cope with the change in the flux
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direction, and requires the transcriptional regulation. Namely, if the preferred carbon
source (such as glucose) was switched to gluconeogenic carbon source (such as acetate),
the lag phases occur until the new steady state is attained, in which sole enzyme level
regulation cannot cope with the requirement of the reversed flux changes (for
gluconeogenesis), and must wait for the change in the abundance of the required
pathway enzymes (and the expression of the new pathway enzymes) by the
transcriptional regulation. Therefore, there is a tradeoff between the cell growth rate and
the lag times for the adaptation to the gluconeogenic condition in E. coli (Basan et al
2020, Schinck et al 2021). Namely, during growth on glucose, the expression of the
irreversible glycolytic enzymes such as Pfk and Pyk is activated, while the expression
of the corresponding (irreversible) gluconeogenic pathway enzymes such as Fbp and
Pps (and also Pck) is repressed by the lower activity of Cra (Shimada et al 2011b) in
response to the increased concentration of FBP to avoid futile cycling, in which FBP is a
flux sensor of the glycolysis. Thus, the faster growing cells (with preferred carbon
source) require a longer time to activate the transcription factors for gluconeogenesis in
response to the new (gluconeogenic) medium, while slow growing cells resume the new
steady state more quickly, implying universal tradeoff between growth and adaptability.
The similar trade-off exists between rapid growth (or proliferation) and survivability, in
which the cell death rate becomes higher for the nutrient starvation as the pre-growth
rate is higher (Biselli et al 2020). Note that the enzymes ‘sandwiched’” between the two
irreversible enzymes are reversible, and can be lumped into ‘super-enolase enzyme’
(Schink et al 2021) or can be integrated for channeling (Hollinshead et al 2016).

In the growth-starvation switch (Lempp et al 2019, Xu, Y.-F. et al 2012),
glucose-acetate transition (Enjarbert et al 2013, 2015, Kotte et al 2014), and
glucose-nitrogen starvation switch (Brauer et al 2006, Doucette et al 2011), the pool
sizes of the upper glycolysis (such as G6P/F6P, FBP, and DHAP/GAP) sharply drop,
while the concentration of PEP (and also 3PG/2PG) in the lower glycolysis increases.
The reason for the rapid accumulation of PEP is due to the shut-down of PTS and the
shut-off of Ppc (and Pyk) via ultrasensitive allosteric regulation by FBP (and also by
AcCoA) (Xu, Y.-F. et al 2012). Because of the drain of the metabolites in the upper
glycolysis, the pool sizes of the pentose phosphate (PP) pathway also decrease
accordingly. Therefore, the limited gluconeogenic flux soon after the switch of the
carbon sources prevents the biomass synthesis, in which R5P and E4P are required for
the biosynthesis of nucleotides and aromatic amino acids. This causes the lag phases,
where the amino acid limitation is detected by RelA, causing ppGpp level to increase to
stop the cell growth. Moreover, the shut-off of Pyk (and Ppc) causes pyruvate and
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AcCoA pool sizes to be significantly decreased. The carbon starvation can then be
detected by SpoT due to lower level of fatty acid via the low pool size of AcCoA, thus
increasing the ppGpp level to stop the ribosome synthesis for the cell growth. Namely,
the cell growth rate is tightly regulated via RelA and also SpoT by the different

signaling routes in the case of carbon source starvation. The pool sizes of the TCA cycle

intermediates (including aKG) decrease upon carbon starvation (Lempp et al 2019, Xu,

Y.-F. et al 2012), and thus NAD(P)H and ATP (GTP) concentrations decrease, while
ADP and AMP pool sizes increase. The TCA cycle and the glyoxylate pathway are
eventually activated as the gluconeogenic carbon source is assimilated (Lempp et al
2019).

On the other hand, during the nutrient up-shift (from acetate medium to rich
medium including glucose), the ppGpp level drops to nearly zero by the feed-forward
regulation, while it eventually increases in accordance with the nutrient consumption.
Production of amino acids with acylated (charged) tRNA allows the resumption of
translation, which causes the reduction of RelA-mediated (p)ppGpp production, thus
providing a slow negative feedback regulation (by activating the transcription of AA
biosynthetic genes) (Traxler et al 2011). Therefore, a fast positive feedback regulation
system is compensated by the slow negative feedback regulation (Fig. 13). This system
gives a very sensitive toggle system, where such system rapidly turns on the response to
the stimuli, robustly maintain its status, and turns off the regulatory action when the
stimuli disappeared (Kim et al 2007).

Although living organisms must adjust the metabolisms in response to the change in
the (growth) environmental condition, the cell’s adaptation to the fluctuating nutrient
availability may not be optimized at the single-cell level. For example, if the available
carbon sources were changed from the preferred carbon source (such as glucose) to the
gluconeogenic carbohydrate such as acetate (or vice versa), the enzyme level regulation
cannot cope with such changes quickly, but has to wait for the (slow) transcriptional
regulation for the induction of gluconeogenic (glycolytic) pathway genes (as the lag
phases). It seems to be too late with such a strategy under certain competitive
circumstances. This may be overcome to some extent by the non-active ribosome,
preparing for the rapid response to the newly available nutrients (Kafri et al 2016, Dai et
al 2016, Metzl-Ras et al 2017). In addition to this strategy, the cells may cope with the
change in the nutrient condition and uncertainty by the heterogenity of the population
(Kotte et al 2014, Dai et al 2016). Namely, the lag times after nutrient shifts can be

explained from the two stochastically generated subpopulations depending on the
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concentrations of the gluconeogenic carbon source (such as acetate) with conditional
bet-hedging (Kotte et al 2014). In fact, bifurcation analysis on the positive feedback
regulation via Cra indicates the emergence of multiple steady states (two stable and one
unstable) depending on the acetate concentration (Kotte et al 2014). Moreover, even if
the mixture of non-preferred carbon sources is consumed in a hierarchical way, the
single-cell analysis revealed ‘all-or-none’ behavior for the induction of nutrient-specific
transport gene expression, where sub-populations consume one, the other, or both
sugars through cross-repression (for example, in the case of L-arabinose over D-xylose),
and the population size (fraction of each sub-population) depends on the concentration
of each carbon source (Koirala et al 2015, Beisel and Afroz 2016).

In relation to the feedback regulation, the (transient) dynamics becomes important,
where the feedback control system with higher order system (with multiple enzyme
reaction steps) inherently causes damped oscillation. Namely, the allosteric (negative)
feedback regulation of the multi-step enzymatic process causes damped oscillations,
while monotonic changes are observed for the system without feedback regulation but
with slow responses (Chevalier et al 2019). There exists a trade-off between the quick
response and the overshoot of the damped oscillation, where the strength of the
feedback regulation is determined by the binding of the terminal metabolite (amino
acid) to the active site of the 1% enzyme of the corresponding pathway, which may have
been optimized by evolution.

The metabolic regulation systems consist of the (fast) enzyme level and the (slow)
transcriptional regulation systems, where the time scales of such regulation systems are
(one or two orders of magnitude) different (He et al 2019, Lempp et al 2019), and thus
those can be decoupled, and may be controlled rather independently without much
interaction between the two control loops. However, the allosteric inhibition of the 1*
enzyme of the amino acid synthetic pathway affects the transcriptional regulation of the
pathway genes. Namely, in the amino acid synthetic pathways, the closer the enzyme is
to the beginning of the pathway, the shorter the response time of the activation of its
promoter and the higher its promoter activity (Zaslaver et al 2004). This ensures that
pathway enzymes are only made when they are needed (Schmidt et al 2016, Zaslaver et
al 2004, Gerosa et al 2013). This ‘just-in-time’ transcription program can be attained by
the relax of the allosteric feedback inhibition of the 1*' enzyme of the pathway, followed
by the transcriptional regulation of the subsequent genes. On the other hand, in the
(continual) rapid nutrient fluctuations (second-to-minute scale), the cells must cope with
only the (allosteric) enzyme level regulation, while the transcriptional regulation cannot

catch up with the rapid nutrient fluctuations, resulting in the different growth response
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as compared to the nutrient shift once, in which both enzyme level and transcriptional
regulations determine the biosynthesis (Nguyen et al 2021).

Finally, the conventional metabolic engineering approaches must be reconsidered
from the point of view of robustness against perturbations in view of metabolic
regulation. In the typical metabolic engineering approach for the amino acid
fermentation, the 1* attempt is to remove the allosteric feedback inhibition (and then to
modulate the transcriptional repression). However, care must be taken from the point of
view of robustness against genetic perturbations. For example, in the
feedback-dysregulated mutants, all the concentrations of the terminal amino acids
certainly increase, which then activate the transcriptional regulation via transcription
factors (such as ArgR, TrpR, TyrR, and Lrp) and leader peptides (such as hisL, trpL, and
thrL), and repress the abundances of the corresponding pathway enzymes (Fig. 15).
Thus, the enzyme abundance becomes lower in the dysregulated pathways. Even though
the mutant shows the similar growth, the feedback-dysregulated mutant with lower
enzyme abundance becomes sensitive (and fragile) against perturbation of gene
expression (Sander et al 2019), and thus it must be careful in the industrial application.
Moreover, although the knockout of (global) transcription factors and the leader
peptides can contribute to the increase in the terminal amino acid, it causes the increase
in the abundances of the corresponding pathway enzymes (and others in the case of
global regulators) (more than those required for the biosynthesis). This also negatively
affects the cell growth rate due to the increased protein cost, and therefore, it must be

careful in the industrial application.
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ANT: anthranilate

AICAR: 5-aminoimidazole-4-carboxyamide ribonucleotide
AS: anthranillate synthase

Ask: aspartkinase

ATP: adenosine triphosphate

cAMP: cyclic adenosine phosphate

CCR: carbon catabolite repression

CHA: chorismic acid

Cra: catabolite repressor/ activator

Crp: cAMP receptor protein

Csr: carbon storage regulator

Cya: adenylate cyclase

DADH: diaminopimelate dehydrogenase

DAHP: 3-deoxy-D-arabino-heptulosonate-7-phosphate

DAHPS: 3-deoxy-D-arabino-heptulosonate-7-phosphate synthase

DAP: diaminopimelate

DAPDH: diaminopimelate dehydrogenase
DDPS: dihydrodipicolinate synthase
DHAP: dihydroxy acetonephosphate
EA4P: erithrose 4-phosphate

El: enzyme I of PTS

EIL: enzyme II of PTS
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F6P: fructose 6-phosphate

FBP: fructose 1,6-bisphosphate

Fbp: fructose bisphosphatase

FruK: fructose kinase

G6P: glucose 6-phosphate

GAP: glyceraldehyde 3-phosphate

GK: ¥-glutamyl kinase

Gpp: guanosine pentaphosphate phosphohydrolase
GRC: growth rate control

HPP: 4-hydroxyphenylpyruvate

HPr: histidine phosphorylatable protein
HSDH: homoserine dehydrogenase

HSK: homoserine kinase
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HST: homoserine succinyltrasferase
IF: initiation factor

IGPS: indole glycerol phosphate synthase
IPMS: 2-isopropylmalate synthase
Lrp: leusine responsive protein
NAG: N-acetylglutamate

NAGK: N-acetylglutamate kinase
NAGS: N-acetylglutamate synthase
OAA: oxaloacetate

OAT: ornithine acetyltransferase
OCD: ornithine cyclodeaminase
Pck: pyruvate carboxykinase

PDH: pyruvate dehydrogenase
PEP: phosphoenol pyruvate

PHDH: 3-phosphoglycerate dehydrogenase

PRPP: phosphoribosyl pyrophosphate
Prs: PRPP synthetase

PSAT: 3-phosphoserine aminotransferase
PSPH: 3-phosphoserine phosphatase
Pfk: phosphofructokinase

ppGpp: tetra phosphate

pppGpp: penta phosphate

PPA: prephenate

Ppc: PEP carboxylase

PP pathway: pentose phosphate pathway
Pps: PEP synthase

PPY: phenylpyruvate

PTS: phosphotransferase system

Pyk: pyruvate kinase

PYR: pyruvate

RS5P: ribulose 5-phosphate

rRNA: ribosomal RNA

SA: shikimic acid

SAM: S-adenosylmethionine

SEDH: serine dehydratase

SHMT: serine hydroxymethyltransferase
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TCA cycle: tri-carboxylic acid cycle
TF: transcription factor

THDPA: tetrahydrodipicolinate
tRNA: transfer RNA
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Appendix

Appendix 1
Branched chain amino acid synthetic pathway in C. glutamicum (blue line shows enzyme

level regulation, while red line shows transcriptional regulation):
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In C. glutamicum, only one AHAS (encoded by ilvBN) catalyzes the first reaction of condensing
two molecules of pyruvate to yield 2-acetolactate. Others are similar as shown in Fig. 8 for E.

coli.

34



1  Appendix 2
2 Aspartate family amino acid synthetic pathways in C. glutamicum (blue line shows enzyme

3  level regulation, while red line shows transcriptional regulation):
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In C. glutamicum, aspartate kinase is encoded only by the /ysC gene, and its activity is
synergistically inhibited by L-threonine and L-lysine. The homoserine dehydrogenase is
encoded by hom, and its expression is slightly feedback repressed by L-methionine, and the

activity of homoserine dehydrogenase (HSDH) is feedback inhibited by L-threonine.

© 00 3 O Ot &~

The expression of thrB is slightly repressed by L-methionine, and the activity of homoserine
10  kinase is feedback inhibited by L-theronine. C. glutamicum uses both succinylase and the
11  dehydrogenase variant to synthesize lysine. The last step of lysine synthesis is catalyzed by
12 meso-DAP decarboxylase (DDC) encoded by lysA. Unlike E. coli, the lysine branch is almost

13 free from feedback inhibition in C. glutamicum.
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In C. glutamicum, homoserine is condensed with AcCoA to produce acetyl homoserine by
homoserine acetyltransferase (HAT) encoded by metX. The methionine synthesis is carried out
by two parallel pathways. Acetyl homoserine is converted into homocysteine either by
transsulfuration pathway or by direct sulthydrylation that utilizes inorganic sulfur instead of
cysteine. MetR complexed with L-homoserine controls transcription of several genes involved

in methionine biosynthesis.
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Figure captions

Figure 1. Three routes of affecting the cAMP level via Cya: @D Reduction of PEP level by the
feed-forward activation of Pyk and Ppc by FBP, () Modulation of Cya via inhibition of EI of

PTS by aKG, ® Direct inhibition of Cya by aKG. Feedback regulation scheme is shown in the

box.

Figure 2. (a) Phosphorylation of EIIA (EIIA-P) (%) for PTS sugars (Open symbol), and
non-PTS carbohydrates (filled black symbol) (Bettenbrock et al 2007, Kremling et al 2008). (b)
LacZ expression (as a reporter of cAMP-Crp activity) with respect to the cell growth rate. Open
and filled black symbols for the wild-type E. coli strain and grey symbols for Apts strain (You et
al 2010, Hermsen et al 2015).

Figure 3. The positive feedback regulation of glycolysis by the modulation of Cra by FBP via

F1P in E. coli. Feedback regulation scheme is shown in the box.

Figure 4. Activation of CsrD by the unphosphorylated EIIA, and activation of glycolysis by the
active CsrA via lower CsrB/C activities (red lines). This forms the positive feedback regulation
for the glycolysis by CsrA as shown in the box. A variety of regulation by CsrA and cAPM-Crp

is also shown.
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Figure 5. One carbon metabolism and cysteine metabolism (blue line shows enzyme level
regulation, while red line shows transcriptional regulation): L-serine is synthesized from
3-phosphoglycerate (3PG) in the glycolysis, where 3PG is oxidized to yield
3-phosphohydroxypyruvate (3PHP) catalyzed by 3-phosphoglycerate dehydrogenase (PHGDH)
encoded by serA, in which PHGDH is allosterically inhibited by L-serine. Subsequent
transamination leads to the formation of 3-phosphoserine (3PS) catalyzed by 3-phosphoserine
aminotrasferase (PSAT) encoded by serC. The 3-phosphoserine is then dephosphorylated to
yield L-serine by phosphoserine phosphatase (PSPH) encoded by serB. L-Serine is further
converted to L-glycine by serine hydroxymethyltransferase (SHMT) encoded by glyA, and
L-serine is also converted to pyruvate by serine dehydratase (SEDH) encoded by sdaA.

The 1% step in the cysteine biosynthesis (from serine) involves the serine acetyltransferase
(SAT), encoded by cysE, where SAT is strictly inhibited by L-cysteine. CysE catalyzes the
reaction of serine and AcCoA to give O-acetylserine (OAS). The 2" step involves
OAS-sulfhydrylase (OASS), which converts OAS and sulfide into cysteine and acetate. The
cysteine level is detected by the master regulator CysB, which controls the transcription of most

of the genes that encode proteins involved in sulfur assimilation.

Figure 6. Histidine biosynthetic pathway (blue line shows enzyme level regulation, while red
line shows transcriptional regulation): The 1* key step in the histidine biosynthetic pathway, the
condensation of PRPP and ATP to form phosphoribosyl-ATP, is catalyzed by the ATP-PR
transferase (HisG). Allosteic feedback inhibition of HisG by histidine is made by the
competitive inhibition by AMP and ADP, and competitive product inhibition by PR-ATP. HisG
is also allosterically inhibited by AICAR. HisG, ATP phosphoribosyltransferase; PR-ATP,
phosphoribosyl-ATP; HisE, phosphoribosyl-ATP pyrophosphatase, PR-AMP,
phosphoribosyl-AMP; Hisl, phosphoribosyl-AMP cyclohydrolase; HisN, histidinol phosphate
phosphatase; 5°-ProFAR, 1-(5-phosphoribosyl)-5-[(5-phosphoribosylamino) methylideneamino]
imidazol-4-carboxamide; HisA, 5’-ProFAR isomerase, PR-FAR,
5-[(5-phospho-1-deoxyribulose-1-ylamino) methylideneamino]-1-(5-phosphoribosyl)
imidazol-4-carboxamid; HisF, synthase subunit of IGP synthase; HisH, glutaminase subunit of
IGP synthase; IGP, imidazole-glycerol phosphate; HisB, imdazoleglycerol phosphate
dehydratase; IAP, imidazole-acetol phosphate; HisC, histidinol phosphate aminotransferase;
Hol-P, L-histidinol phosphate; HisN, histidinol phosphate phosphatase; His-ol, histidinol; HisD,
histidinol dehydrogenase; AICAR, 1-(5’-phosphoribosyl)-5-amino-4-imidazolecarboxamide;
PurH, bifunctional AICAR formyltransferase/IMP cyclohydrolase; FAICAR,

5-formamidoimidazole-4- carboxamide ribotide; PurA, adenylosuccinate synthase; IMP, inosine
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monophosphate; AS, adenylosuccinate; PurB, adenylosuccinate lyase; Adk, adenylate kinase;

PRPP, phosphoribosyl pyrophosphate; Prs, PRPP synthetase.

Figure 7. Glutamate family amino acid biosynthetic pathways (blue line shows enzyme level
regulation, while red line shows transcriptional regulation): (a) In E. coli, N-acetylglutamate
(NAG) is first synthesized from glutamate and AcCoA by NAG synthase (NAGS) (encoded by
argA). NAG is phosphorylated by NAG kinase (NAGK) (encoded by argB) to form
N-acetylglutamyl phosphate (NAGP). NAGP is converted to N-acetylglutamate semialdehyde
(NAGSA) by argC-encoded N-acetylglutamate 5-semialdehyde dehydrogenase (NAGSDH)
(with NADPH), and NAGSA is in turn converted to N-acetylornithine (NAO) by argD-encoded
N-acetylornithine aminotransferase (NAOAT). NAO is then converted to L-ornithine by
ornithine acetyltransferase (OAT). Citrulline is then produced by argFl-encoded ornithine
carbamoyltransferase (OCT) from ornithine. N-argininosuccinate (NAS) is in turn produced
from citrulline by argininosuccinate synthase (ASS) encoded by argG, and then L-arginine is
produced by argH-encoded argininosuccinate lyase (ASL). The proline biosynthetic pathway
starts from glutamate by the phosphorylation of glutamate by ¥-glutamyl kinase (GK) (encoded
by proB), followed by reduction to glutamate-y-semialdehyde by x¥-glutamyl phosphate
reductase (GPR) (encoded by proA), a spontaneous cyclisation, and finally the reduction to
proline by pyrroline-5-carboxylate reductase (PSCR) (encoded by proC).

(b) In C. glutamicum, ornithine acetyltransferase (OAT)/N-acetylglutamate synthase (NAGS)
(encoded by argJ) catalyzes the conversion of N-acetylornithine (NAO) and glutamate to
ornithine and N-acetylglutamate (NAG), and the ornithine biosynthetic pathway is cyclic. NAG
kinase (NAGK) (encoded by argB) then phosphorylates it (by ATP) to form N-acetylglutamyl
phosphate (NAGP). NAGP is converted to N-acetylglutamate semialdehyde (NAGSA) by
argC-encoded  N-acetylglutamate  5-semialdehyde  dehydrogenase @ (NAGSDH) (or
N-acetyl-gamma-glutamyl-phosphate reductase, NAGPR) (with NADPH), and NAGSA is in
turn converted to N-acetylornithine (NAO) by argD-encoded N-acetylornithine
aminotransferase (NAOAT). NAO is then converted to L-ornithine by OAT. Citrulline is in turn
produced by argF-encoded ornithine carbamoyltransferase (OCT) from ornithine. L-arginine is
produced from citrulline by ornithine carbamoyltransferase and argGH-encoded
argininosuccinate synthase (ASS) and arginiosuccinate lyase (ASL) via N-arginino-succinate
(NAS).

Figure 8. Branched chain amino acid biosynthetic pathways (blue line shows enzyme level
regulation, while red line shows transcriptional regulation): In E. coli, acetohydroxy acid

synthase (AHAS) catalyzes the condensation of two molecules of pyruvate to form
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2-acetolactate, where three isoenzymes such as AHAS 1, I, and III are encoded by ilvBN, ilvGM,
and ilviH, respectively. The expression of the ilvGMEDA operon is controlled by the
transcriptional attenuation by all three amino acids, whereas the ilvBN operon is controlled by
the attenuation mediated only by L-valine and L-leusine.

The 2-acetolactate is converted (with NADPH) to 2,3-dehydroxyisovalerate by
acetohydroxy acid isomeroreductase (AHAIR) encoded by ilvC, and in turn
2,3-dehydoxyisovalerate is converted to 2-ketoisovalerate by dihydroxyacid dehydratase
(DHADH) encoded by ilvD. The expression of the ilvC gene is induced by acetolactate,
mediated by the positive transcriptional activator I1vY.

The 1% step specific to L-leusine biosynthesis is the conversion of 2-ketoisovalerate and
AcCoA to 2-isopropylmalate (2IPM) and CoA by 2-isopropylmalate syntase (IPMS) (encoded
by leuA), which is feedback-inhibited by L-leusine. The two further enzymes unique to leusine
synthesis are IPM dehydratase (IPMD) encoded by leuCD to yield 3-isopropylmalate (3IPM),
and IPM dehydrogenase (IPMDH) encoded by leuB to yield 2-ketoisocaproate. L-leusine is then
synthesized by the branched-chain amino acid transaminase (BCAAT).

On the other hand, the 1% step of L-isoleusine biosynthesis is the deamination of L-threonine
by threonine dehydratase, encoded by ilvA. This enzyme is sensitive to feedback inhibition by
L-isoleusine, and this inhibition is reversed by L-valine. The 2-aceto-2-hydroxybutyrate is

converted to 2,3-dehydroxy-3-methylvalerate (for L-isoleusine biosynthesis).

Figure 9. Aspartate family amino acid biosynthetic pathways (blue line shows enzyme level
regulation, while red line shows transcriptional regulation): In E. coli, the 1% step is the
conversion of aspartate to aspartyl phosphate catalyzed by aspartate kinase (Ask) in the

synthesis of all aspartate family amino acids (AFAAs), which are subject to feedback inhibition.
In E. coli, three Ask isoenzymes, Ask I, II, and |ll, differ in their regulation mechanisms. The

expression of thrA is repressed by L-threonine and L-isoleusine in a covalent manner, and Ask I

is feedback inhibited by L-threonine. Ask II (encoded by metL), and the expression of metL is

repressed by L-methionine. Ask lll is the product of lysC gene, of which expression is

repressed by L-lysine, and the activity of Ask Il is allosterically inhibited by also L-lysine.

In both E. coli and C. glutamicum, aspartyl semialdehyde dehydrogenase (ASADH) is
encoded by the asd gene. It catalyzes deoxidation of aspartyl-phosphate (Asp-P) to form
aspartyl semialdehyde. Expression of asd in E. coli is subjected to multivalent repression by

L-lysine, L-threonine, and L-methionine.
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Homoserine dehydrogenase (HSDH) is the 2™ key enzyme of the pathway, controlling the
carbon flux toward L-homoserine synthesis. In E. coli, the two isoenzymes of HSDH are present
(HSDH I and II), where HSDH I is subject to inhibition by L-threonine. Homoserine kinase is
the 3" key enzyme of the pathway, where it controls carbon flux toward L-threonine synthesis.
In E. coli, thrB and thrC are clustered with thrA in the thr operon, and their expression is subject
to covalent repression by L-threonine and L-isoleusine. The activity of homoserine kinase
(HSK)) is inhibited by L-threonine and L-isoleusine.

The 1* step of lysine synthesis is the condensation of aspartate semialdehyde (ASA) with
pyruvate by dihydrodipicolinate synthase (DDPS) encoded by the dapA gene, where the DDPS
activity is inhibited by L-lysine. The 2™ step is the reduction of dihydrodipicolinate (DHDP) to
tetrahydodipicolinate (THDP) catalyzed by dihydrodipicolinate reductase (DHDPR) encoded by
dapB. At this step, the diaminopimelate (DAP) pathway is at variance. Namely, E. coli uses the
succinylase variant with its four specific reactions to make the lysine precursor meso-DAP.

Methionine biosynthesis competes the precursor with the formation of threonine (and
subsequently isoleusine) at the homoserine branch point. In E. coli, homoserine undergoes
condensation with succinyl-CoA and produce succinyl homoserine by homoserine succinyl

transferase (HST) encoded by metA.

Figure 10. Aromatic amino acid biosynthetic pathways (blue line shows enzyme level
regulation, while red line shows transcriptional regulation): DAHP
(3-deoxy-D-arabino-heptulosonate 7-phosphate) is synthesized from PEP and E4P in the CCM
by DAHP synthase (DAHPS) encoded by aroF, aroG, and aroH. DAHP is then converted to
DHQ (3-dehydroquinate) by DHQ synthase encoded by aroB. DHQ is in turn converted to DHS
(3-dehydoshikimate) by DHQ dehydratase encoded by aroD. DHS is then converted to shikimic
acid (SA) by shikimate dehydrogenase encoded by aroE and shikimate dehydrogenase/quinate
dehydrogenase encoded by ydiB. SA is then converted to S3P (shikimate 3-phosphate) by
shikimic acid kinase (SHK) encoded by aroK and aroL. S3P is further converted to EPSP
(5-enolpyruvate-shikimate 3-phosphate) by 3-phosphoshikimate 1-carboxyvinyltransferase
(EPSPS) encoded by aroA. EPSP is then converted to chorismic acid (CHA) by CHA synthase
(CHAS) encoded by aroC.

In the L-tryptophan biosynthesis, additional precursors such as PRPP, L-glutamine, and
L-serine are required. The 1 step towards L-tryptophan biosynthesis, anthranillate synthase, AS
(encoded by trpED) is allosteically inhibited by L-tryptophan. Anthanilate is then converted to
phosphoribosyl-anthanilate (PRA) by PRA (encoded by frpD), and then PRA is converted to
carboxyphenylamino deoxyribulose phosphate (CDRP) by indole glycerol phosphate synthase
(IGPS) (encoded by trpC) to yield indole glycerol phosphate (IGP). IGP is then converted to

70



W O -1 > O A W b M

W W W W W N NN DN DN DNDNDNDDNIDN  H = = e
AW N B O © 00 0 Ot kW O © 00Otk WD~ O

(V)
Ot

L-tryptophan via indole by two steps catalyzed by two enzymes (encoded by trpA and trpB).

In C. glutamicum, two types of DAHPSs exist. One is an L-tyrosine sensitive, while another
one (Type II) is L-phenylalanine and L-tyrosine sensitive. Others are similar as stated above for
E. coli.

Fig. 11 Purine and pyrimidine synthetic pathways (Blue line shows enzyme level regulation,
while red line shows transcriptional regulation.): (a) Purine biosynthetic pathway together
with L-histidine synthetic pathway and C; metabolic pathway: purF encoding
amidophosphoribosyltransferase, purD encoding PRA-glycine ligase, purN encoding

phosphoribosylglycinamide formyltransferase, purL encoding
phosphoribosylformylglycinamide synthase, purM encoding
phosphoribosylformylglycinamide cycloligase, purk encoding
phosphoribosylaminoimidazole carboxylase, purE encoding

phosphoribosylaminoimidazole mutase, purC encoding phosphoribosylaminoimidazole
succininocarboxamide synthase,  purH  encoding bifunctional AICAR
formyltransferase/IMP cyclohydrolase, purA encoding adenylo succinate synthase, purB
encoding adenylo succinate lyase. PRPP: phosphoribosyl pyrophoshate, PRA:
phosphoribosylamine; GAR: glycinamide ribonucleotide; FGAR: phosphoribosyl
N-fomylglycineamide; FGAM: 5’-phosphoribosyl formylglycineamidine; AlIR:
5-aminoimidazole ribotide; CAIR: carboxy-5-aminoimidazole; SAICAR:
phosphoribosyl-aminoimidazole succininocarboxamide; AICAR: 5-amino 4-imidazole
4-carboxamide ribonucleotide; FAICAR: 5-formamidoimidazole 4-carboxamide
ribotide; IMP: inosine monophosphate; AS: adenylosuccinate; XMP: xanthosine
monophosphate; GMP: guanosine monophosphate; Adk: adenylate kinase. Others are
given in the histidine synthetic pathway (Fig. 6).

(b) Pyrimidine biosynthetic pathway together with arginine synthetic pathway: carAB
encoding carbamoylphosphate synthase (CPSase), pryl/pyrB encoding aspartate
carbamoyltransferase (ACTase), pyrC encoding dihydroorotase, pyrD encoding
dihydroorotate dehydrogenase, pyrE encoding phosphoribosyltransferase, pyrF
encoding orotidine 5’-phosphate decarboxylase. Others are given in the synthesis of

arginine (glutamate family amino acids) (Fig. 7).

Figure 12. (a) Fraction of the ribosomal protein (in the total protein) with respect to the cell
growth rate in E. coli (Scott et al 2010, Dai et al 2016). (b) The change in the ppGpp level with

respect to the specific growth rate, [, where the parameter values are as follows: =0.093 and
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1/¥=0.221 (obtained from Fig. 12a), and K; ypgpp=1.5 [uM] and k=7.0.

Figure 13. Positive feedback regulation of (p)ppGpp synthesis by RelA, compensated by the
hydrolase activity of SpoT, and the repression of the protein synthesis by ppGpp.

Figure 14. The mechanism of hydrolyzing (p)ppGpp by SpoT in response to its increase by
RelA via CgtA by sensing the available enegy.

Figure 15. Overall feedback regulation systems of amino acid biosyntheses by (allosteric)

enzyme level regulation (blue line) and transcriptional regulation (red line) (together with

aminotransferase reactions).
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