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Abstract. L-Valine is one of the nine amino acids that cannot be synthesized de novo by higher organisms and must
come from food. This amino acid not only serves as a building block for proteins, but also regulates protein and energy
metabolism and participates in neurotransmission. L-Valine is used in the food and pharmaceutical industries, medicine
and cosmetics, but primarily as an animal feed additive. Adding L-valine to feed, alone or mixed with other essential
amino acids, allows for feeds with lower crude protein content, increases the quality and quantity of pig meat and
broiler chicken meat, as well as improves reproductive functions of farm animals. Despite the fact that the market for
L-valine is constantly growing, this amino acid is not yet produced in our country. In modern conditions, the creation
of strains-producers and organization of L-valine production are especially relevant for Russia. One of the basic micro-
organisms most commonly used for the creation of amino acid producers, along with Escherichia coli, is the soil bacte-
rium Corynebacterium glutamicum. This review is devoted to the analysis of the main strategies for the development
of L-valine producers based on C. glutamicum. Various aspects of L-valine biosynthesis in C. glutamicum are reviewed:
process biochemistry, stoichiometry and regulation, enzymes and their corresponding genes, export and import sys-
tems, and the relationship of L-valine biosynthesis with central cell metabolism. Key genetic elements for the creation
of C. glutamicum-based strains-producers are identified. The use of metabolic engineering to enhance L-valine biosyn-
thesis reactions and to reduce the formation of byproducts is described. The prospects for improving strains in terms
of their productivity and technological characteristics are shown. The information presented in the review can be used
in the production of producers of other amino acids with a branched side chain, namely L-leucine and L-isoleucine, as
well as D-pantothenate.
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AHHoTauuA. L-BanvH — ogHa 13 [eBATM aMVHOKUCIIOT, KOTOpble He MOTYT OblTb CUHTE3VPOBaHbI de NOoVO BbICLIMMU
OpraH1M3MamMm 1 AOMKHbI MOCTYNAaTh C NMLLEN. 9Ta aMUHOKUCIOTA He TONbKO CITYXKUT CTPOUTENbHBIM MaTepuanom ans
6efkoB, HO TaKXe perynnpyeT 6enKoBbIii U SHepreTUYecknii OBMeH 1 yyacTBYeT B HellpoTpaHcMuccun. L-BanvH uc-
nonb3yeTca B NuLeBoi 1 GapmMaLeBTUYECKON NPOMbILAEHHOCTU, MeAULMNHE Y KOCMETHKE, HO B MepByto ouepefb B
KayecTBe KOpMOBOW [00aBKM ANA XKMBOTHbIX. [lobaBneHne L-BanMHa B KOPM OTAENBbHO WY B CMECU C APYrMMM He3a-
MEHVIMbIMA aMUHOKMCIIOTaMM NMO3BOIAET NCMOJIb30BaTb KOPMa C MEHbLUVIM COAEPKAHMEM CbipOro 6enka, NoBbllaeT
KauyecTBO 1 KONIMYECTBO MACA CBMHEN U LbINAAT-0pONepoB, a TakxKe yydlaeT penpoayKTuBHbIe QYHKLUN CENbCKOXO-
3ANCTBEHHbIX >KMBOTHbIX. HECMOTpPA Ha TO YTO PLIHOK L-BannHa NOCTOAHHO pacTeT, B Hallen CTpaHe 3Ta aMUHOKMC/oTa
noka He NPOM3BOANUTCA. B cOBpeMeHHbIX yCNoBUAX CO3AaHMNe LWUTaMMOB-NPOAYLIEHTOB 1 OpraHu3aLma Npou3BoACTBa
L-BanuHa ana Poccrm ocobeHHo akTyanbHbl. OfWH 13 Hanbosee YacTo NCMosib3yeMblx 6a30BbIX MUKPOOPraH3MOB Ans
CO3AaHMA NPOAYLEHTOB aMUHOKNCIOT HapAady ¢ Escherichia coli - nouseHHasa 6aktepua Corynebacterium glutamicum.
0630p NOCBALLEH aHaNM3y OCHOBHbIX CTpaTernii pa3paboTkn npoayLeHToB L-BanvHa Ha 6a3e C. glutamicum. Paccmort-
peHbl pa3nnyHble acnekTbl GUOCKMHTE3a L-BannHa y KOprHebaKTepuii: GoXummns, CTEXMOMETPUA 1N perynauma npoec-
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ca, bepMeHTbl 1 COOTBETCTBYIOLLNE UM FeHbl, CUCTEMbI SKCMOPTa Y MMMOPTA, CBA3b OMOCKHTe3a L-BannHa C LeHTpanb-
HbIM METabONN3MOM KNETKN. BbiBNEHbI K/TIOUEBbIE FTEHETUYECKUE SNIEMEHTbI /1A CO3faHNA WTaMMOB-MPOLYLIEHTOB Ha
ocHoBe C. glutamicum. ONncaHo NCNONb30BaHNE MeTaboNMUECKOW MHXKXEHepUX AN YCUNEHNA peakumin brocrHTesa
L-BanuHa 1 ymeHbLUeHnsA 06pa3oBaHNA NOOOUHbIX NPOAYKTOB. [oKa3aHbl MEPCNEeKTUBbI YCOBEPLIEHCTBOBAHUA LWTaM-
MOB C TOYKM 3PEHNA NOBbILEHUA UX MPOAYKTUBHOCTY W YNyYLLEHNA TEXHONOMMYECKMX XapaKTepucTuk. Mupopmaums,
npencTaBneHHasa B 063ope, MOXeT ObiTb MCNONb30BaHa NPV MNosTlyYeHUN NPOAYLIEHTOB APYTMX aMUHOKMCIIOT C pa3BeT-
BJIEHHOW GOKOBOW Lienbio — L-nenuuHa v L-nsonenumHa, a Takke D-naHToTeHaTa.

Kntouesble cnosa: Corynebacterium glutamicum; L-Banux; meTabonunueckasn MHXeHepus; LTaMM-NPOAYLIEHT.

Introduction

L-Valine is a proteinogenic branched-chain amino acid (BCAA),
which also include L-leucine and L-isoleucine (hereinafter re-
ferred to as valine, leucine, isoleucine). These are essential
amino acids that are not synthesized in humans or animals
and must be present in the diet. Therefore, these amino acids
are mainly used in the animal feed industry and as a dietary
supplement for humans (Karau, Grayson, 2014). The former
is particularly relevant to the global task of intensifying
livestock production. Adding valine to feeds, either alone
or mixed with other BCAAs, leads to improved meat qual-
ity and quantity in pigs and broiler chickens, increased egg
production in chickens, increased lactation, milk fat content
and appetite in pigs (Zheng et al., 2017; Che et al., 2021; Jian
et al., 2021). A balance between different BCAAs, however,
must be maintained, as its disruption can reduce the observed
beneficial effects (Holen et al., 2022).

In addition to the livestock and food industries, BCAAs
find their application in pharmacology and medicine. BCAAs
not only serve as building blocks for proteins, but also par-
ticipate in the regulation of protein and energy metabolism,
their consumption increases exercise tolerance and accele-
rates fatty acid oxidation (Kainulainen et al., 2013). They are
useful as supplements for chronic liver disease (Kawaguchi
etal., 2011) and for stimulating macrophage phagocytosis of
multidrug-resistant bacterial pathogens (Chen et al., 2017).
As with feed additives, when using BCAAs for food and drug
production their concentration should be chosen carefully.
Excess BCAA in human plasma increases the risk of several
diseases, including type 2 diabetes, metabolic syndrome,
obesity, hypertension, and cardiovascular disease (Holecek,
2018; Dimou et al., 2022), but has little effect on athletes who
are characterized by high physical activity (Shou et al., 2019).

Amino acids account for 62.3 % of the global feed supple-
ment market, which is projected to be $34.2 billion in 2022.
L-lysine and L-methionine (hereinafter referred to as lysine,
methionine) are the most in demand; the valine market is one
of the fastest growing, along with L-threonine (hereinafter
referred to as threonine) and L-tryptophan. Consumption of
feed amino acids is concentrated in Europe, USA and China;
Russia’s share is less than 2 %, but shows a growing trend:
from 2016 to 2017 the increase was 2.9 % (https://agri-news.
ru/zhurnal/2018/32018/ekonomika-menedzhment-ryinki/
ryinok-kormovyix-aminokislot.html). Currently, all valine on
the Russian market is imported from China, one of the main
producers of this amino acid.

Amino acids can be isolated from natural protein sources,
obtained by chemical synthesis, as well as by a microbiologi-
cal method based on the use of strain-producers. The latter
option has important advantages: it allows to use renewable
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raw material resources and to produce biologically active
L-enantiomers of amino acids separately, rather than mixed
with D-enantiomers, and is therefore used by leading valine
producers (D’Este et al., 2017).

Amino acid producers are developed from Escherichia
coli and Corynebacterium glutamicum. E. coli is a thoroughly
studied bacterium for which an extensive toolkit of genetic
modification is available. Due to that fact producer strains were
previously derived mainly from E. coli. However, strains of
C. glutamicum created by selection were also used. The his-
tory of their use for amino acid production goes back more
than 60 years (Leuchtenberger et al., 2005). In recent decades,
having made considerable progress both in understanding the
metabolism of C. glutamicum and in improving methods for
modifying their genome, developers of producer strains have
increasingly begun to favor Corynebacteria.

Corynebacteria are nonpathogenic, GC-rich gram-positive
bacteria, which, unlike E. coli, do not form endotoxins that
cause allergic reactions in higher organisms. They are also
characterized by flexible cellular metabolism, genetic stability,
stress tolerance, including resistance to high concentrations of
carbon sources and metabolites, and the ability to synthesize
the target product when growth stops (Baritugo et al., 2018).
Valine produced by fermentation using C. glutamicum strains
is now recognized as safe (non-toxic and non-carcinogenic)
for use as a food and feed additive and for other biological
purposes (Kang et al., 2020).

This review presents the main strategies for increasing
valine production by C. glutamicum cells. It also summarizes
the achievements in the creation of valine-producing strains.
In addition to obtaining valine, some aspects of obtaining
isoleucine, leucine, and D-pantothenate (hereinafter, panto-
thenate) are also discussed because the biosynthesis of these
compounds involves the same metabolic precursors, cofactors,
and enzymes as does valine biosynthesis.

Valine biosynthesis in C. glutamicum

and mechanisms of regulation of this process
Valine (2-amino-3-methylbutyric acid) is synthesized from
pyruvate (pyruvic acid) through four consecutive reactions
involving (Fig. 1): 1) condensation of two pyruvate molecu-
les to form acetolactate, catalyzed by acetolactate synthase
(AHAS); 2) NADPH-dependent conversion of acetolactate
to 2,3-dihydroxyketoisovalerate, catalyzed by acetolactate re-
ductoisomerase (AHAIR); 3) conversion of 2,3-dihydroxyke-
toisovalerate to 2-ketoisovalerate catalyzed by dihydroxyacid
dehydratase (DHAD); 4) NADPH-dependent formation of
valine from 2-ketoisovalerate catalyzed by BCAA transami-
nase (BCAT) and several other transaminases (Yamamoto et
al., 2017).
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Fig. 1. Biosynthesis of valine and related metabolic pathways in C. glutamicum cells.

The genes whose increased expression leads to an increase (green) or decrease (red) in valine production are highlighted. A detailed description and transcript
of the abbreviations are given in the text. An asterisk marks the reaction in which NADPH is used indirectly (see explanations in the text).

During synthesis, 2 mol of pyruvate and 2 mol of reducing
equivalents in the form of reduced nicotinamide dinucleo-
tide phosphate (NADPH) are consumed to produce 1 mol of
valine. Pyruvate is formed from phosphoenolpyruvate (PEP)
in glycolysis, which converts 1 mol of glucose to 2 mol of
pyruvate. The main source of NADPH in Corynebacteria is
the pentose-phosphate pathway (PPP) (Marx et al., 1997).

2-Ketoisovalerate is also a precursor of leucine and panto-
thenate (Park, Lee, 2010). In most microorganisms, including
C. glutamicum, the same four enzymes catalyze isoleucine
biosynthesis from pyruvate and 2-ketobutyrate. The latter is
formed from threonine by threonine dehydratase (TD). Thus,
the processes of biosynthesis of all three BCAAs (valine,
leucine, and isoleucine) are closely linked. The synthesized
BCAAs are removed from the cell by one export system,
BmFE (Lange et al., 2012).

A schematic of valine biosynthesis and related metabolic
pathways in C. glutamicum is shown in Fig. 1. The key enzyme
in the biosynthesis pathway of valine and other BCAAs is
acetolactate synthase AHAS, which catalyzes the formation

CUCTEMHAA KOMIMbIOTEPHAA BUOJTIOTUA / SYSTEMS COMPUTATIONAL BIOLOGY

of either acetolactate from two pyruvate molecules (in valine
and leucine biosynthesis) or 2-aceto-2-hydroxybutyrate from
pyruvate and 2-ketobutyrate (in isoleucine biosynthesis). In
contrast to E. coli, only one form of the AHAS enzyme was
found in C. glutamicum (Keilhauer et al., 1993), a tetramer
consisting of two catalytic and two regulatory subunits (Liu
et al., 2016). The catalytic and regulatory subunits of AHAS
are encoded by the i/vB and ilvN genes, respectively. Together
with the ilvC gene encoding the acetolactate reductoisomerase
AHAIR, these two genes form the operon i/vBNC with two
additional promoters within it. Expression from the three pro-
moters leads to the formation of transcripts of different lengths
(Fig. 2). The ilvC gene is transcribed as part of all mRNAs;
its expression efficiency is the highest among the three genes
(Keilhauer et al., 1993; Morbach et al., 2000).

The expression of the operon i/lvBNC is thought to be con-
trolled by the mechanism of transcription attenuation, which
is realized through the formation of secondary RNA structures
(hairpins) on the transcript, i.e., transcription terminators
that arise in the regulatory region in the presence of high
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Fig. 2. Organization of the ilvBNC operon in C. glutamicum and regulation of its expression (adapted from the review (Wang et al., 2018)).

concentrations of BCAA (see Fig. 2). The regulatory region
is upstream of the i/lvB gene; in addition to the sites respon-
sible for hairpin formation, it also encodes a leader peptide
(25 amino acids) enriched with isoleucine (2), valine (3), and
leucine (2) residues. It is assumed that this peptide is a sensor
element of the regulatory system: when the concentration of
any of the BCAAs in the cells is low, its translation is slowed
down, resulting in no formation of terminator hairpin.

When one or more BCAA were lacking, the expression of
operon ilvBNC doubled; replacement of valine residues in the
leader peptide with alanine residues led to loss of valine effect
on expression (Morbach et al., 2000). A significant increase
in the expression of the operon i/lvBNC in the presence of
2-ketobutyrate was observed (Eggeling et al., 1987; Keilhauer
et al., 1993; Morbach et al., 2000). The mechanism of this
regulation has not been investigated.

AHAS activity is strictly inhibited by valine (K; = 0.9 mM)
as well as leucine (K; = 6.0 mM) and isoleucine (K;=3.1 mM)
by a feedback mechanism through amino acid attachment to
the regulatory subunit of the enzyme (Eggeling et al., 1987,
Morbach et al., 2000; Leyval et al., 2003; Elisakova et al.,
2005) and is also competitively inhibited by 2-ketoisova-
lerate (Krause et al., 2010a). Regardless of the number of
BCAAs present (one, two, or all three), the degree of inhibi-
tion of AHAS activity does not exceed 57 % (EliSdkova et
al., 2005).

It should be noted that AHAS has lower substrate specifi-
city towards pyruvate (K, = 8.3 mM) (Leyval et al., 2003)
than towards 2-ketobutyrate (K, = 4.8 mM) (Eggeling et al.,
1987), therefore, all other conditions being equal, the reac-
tion of pyruvate condensation with 2-ketobutyrate leading to
isoleucine synthesis is preferred.

As for AHAIR (product of the i/vC gene), which catalyzes
the isomerization step and the conversion of acetolactate to
2,3-dihydroxyketoisovalerate and 2-aceto-2-hydroxybutyrate
to 2,3-dihydoxy-3-methylvalerate in the isoleucine synthesis
pathway, its activity depends on the presence of NADPH and
is inhibited by the feedback mechanism of valine and leucine,
but not isoleucine (Leyval et al., 2003; Lee et al., 2019).

There is little information about the regulation of the ac-
tivity of the enzymes controlling the third and fourth, final,

746

steps of valine synthesis in C. glutamicum, as well as about
the regulation of the genes encoding their structure. It is only
known that the activity of dihydroxyacid dehydratase DHAD
(product of the ilvD gene) is weakly inhibited by valine and
leucine and not inhibited by isoleucine (Leyval et al., 2003),
and the activity of transaminase BCAT (product of the ilvE
gene) depends on NADPH availability. The donor amino
group in the transamination reaction is L-glutamate (hereafter
referred to as glutamate), which is converted to 2-ketoglutarat;
NADPH is required for glutamate regeneration by glutamate
dehydrogenase. It has been shown that the reaction cata-
lyzed by glutamate dehydrogenase is the main reaction of
nitrogen assimilation under conditions of ammonia excess,
which usually take place in amino acid production processes
(Burkovski, 2003).

It has also been shown that alanine/valintransaminase
(a product of the avt4 gene) is involved in valine biosynthesis.
Alanine/valintransaminase uses L-alanine (hereafter referred
to as alanine) or a-aminobutyrate as an amino group donor
instead of glutamate (Leyval et al., 2003).

Analysis of the dynamics of changes in the concentra-
tions of the metabolites of valine biosynthesis using a kinetic
model in C. glutamicum strain ATCC 13032 ApanBC AilvA
pJC1ilvBNCD showed that the rate-limiting sites in this chain
are 1) reactions catalyzed by the AHAS and BCAT enzymes
and 2) transport of valine from cells by BrnFE (Magnus et
al., 2009).

Creation of valine-producing strains

based on C. glutamicum

The information obtained so far on the biochemical, genetic,

and regulatory aspects of valine biosynthesis in C. glutamicum

suggests that the barriers to increasing valine production in

this microorganism are:

— negative regulation of AHAS activity by valine, leucine,
isoleucine, and 2-ketoisovalerate (retroinhibition);

— low substrate specificity of AHAS to pyruvate;

— negative regulation of i/lvBNC operon expression by BCAA;

— consumption of pyruvate for synthesis of isoleucine, leu-
cine, and pantothenate; and consumption of 2-ketoisova-
lerate for synthesis of the latter two compounds;
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— expenditure of pyruvate and its precursor FEP, key me-
tabolites of glycolytic processes, in cell energy metabolism
and carboxylic acid synthesis, as well as in alanine for-
mation;

— necessity of NADPH for the second and fourth reactions
of valine biosynthesis;

— low efficiency of the BCAA BrnFE export system with
respect to valine.

In the following, we will review the approaches to over-
come these obstacles used in the creation of valine-producing
strains based on C. glutamicum (information on the strains is
presented in the Table).

Enhancement of valine biosynthesis reactions
Increase in AHAS activity. There are several approaches to
increasing AHAS activity when creating valine-producing
strains. The key one is modification of the i/vN gene, which
eliminates retroinhibition of the enzyme. A number of muta-
tions in the sequence of the i/vN gene have been found to
weaken the effect of BCAA on AHAS activity. These muta-
tions include substitutions of three amino acids, Gly20Asp,
Ile21Asp, and Ile22Phe, in the /IvN regulatory subunit
(Elisakova et al., 2005). The Ile22Phe substitution showed the
best effect in this series, which was later used in other studies
(Hou et al., 2012a, b). Similar effects were demonstrated for
mutations leading to Ala42Val, Ala89Val, and Lys136Glu sub-
stitutions in the small subunit. The double Ala42Val-Ala89Val
mutation resulted in almost complete resistance of the enzyme
to inhibition by all three BCAAs (Guo et al., 2014).

Enhancement of AHAS substrate specificity with re-
spect to pyruvate. This approach is related to the possibility
of modifications of the catalytic subunit //vB of AHAS that
increase the affinity of the enzyme for pyruvate. Reliable data
on suitable mutations are scarce. A mutation was found in the
ilvB gene that leads to a replacement of alanine for valine at
position 138 of the large AHAS subunit. This mutation has
made possible a 2.5-fold increase in valine production (Liu
et al., 2019). It is assumed that this substitution leads to a
change in the substrate specificity of AHAS with respect to
pyruvate. The molecular mechanism of action of the mutation
remains unclear.

Other mutations in the i/vB gene of the catalytic subunit of
AHAS leading to an increase in the enzyme activity toward
valine production are also known (Chen et al., 2015; Guo et
al.,2015). These other mutations have not yet found practical
application.

The modified AHAS enzyme can be introduced into C. glu-
tamicum cells in two ways: either the cells are transformed
with a plasmid carrying a mutant gene (Hasegawa et al.,
2012; Hou et al., 2012b; Buchholz et al., 2013) or appropriate
changes are made in chromosomal DNA (Bartek et al., 2010;
Hasegawa et al., 2013). Such manipulations result in a 2—3-
fold increase in valine production. The use of autonomous
expression plasmids also makes it possible to increase AHAS
activity by introducing additional copies of the i[vBN genes
or the entire i//vBNC operon into cells. The latter leads to an
increase in the activity of not only AHAS, but also AHAIR.

Overcoming the negative effect of BCCA on the expres-
sion of the ilvBNC operon. The most rational approach to
solve this problem is overexpression of the i/vBNC operon
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using expression plasmids. At present, overexpression of the
ilvBNCDE genes, in various combinations, is performed using
constructs with strong constitutive promoters. These include,
for example, promoters of superoxide dismutase (Psod) and
elongation factor Tu (Pfuf’) genes and a synthetic construct
based on #rp and lac operon promoters (Pfac) (Tarutina et al.,
2016; Wei et al., 2018; Li et al., 2020b; Wang et al., 2020;
Zhang et al., 2021). Other efficient promoters have also been
described (Tarutina et al., 2016; Wei et al., 2018; Li et al.,
2020b). Modifications of this type lead to an increase in valine
production by about 60 % (Wei et al., 2018).

Optimization of the activity of DHAD and BCAT, which
catalyze the last steps of valine biosynthesis, is provided by
overexpression of the genes encoding these enzymes (i/lvD
and ilvE, respectively), which is usually achieved by gene
amplification on plasmids (see Table). For valine production,
it is especially important to increase BCAT activity because
this enzyme catalyzes the rate-limiting step of biosynthesis
(Magnus et al., 2009).

Minimizing the formation of byproducts

Enzymes of the valine biosynthesis pathway are involved in
the formation of other metabolites such as isoleucine, leucine,
and pantothenate (see Fig. 1). Consequently, activation of
these enzymes and increased expression of the genes encoding
them increase the yield of all the above compounds. This leads
to contamination of the target product as well as a decrease in
the availability of cofactors, intermediates, and the enzymes
themselves for valine production. As a result, it also leads to
a lower yield. Minimizing the formation of byproducts when
creating strain-producers requires suppression of the relevant
metabolic pathways while preserving the strains’ ability to
grow on poor media.

Minimization of isoleucine formation. As noted above,
the synthesis of isoleucine (2-amino-3-methylpentanoic acid)
is catalyzed by the same enzymes that are involved in valine
biosynthesis and begins with the condensation of pyruvate
and 2-ketobutyrate (see Fig. 1). The obvious way to mini-
mize isoleucine formation is to decrease the concentration of
2-ketobutyrate in cells, the interaction of which with pyruvate
determines the direction of further reactions. 2-ketobutyrate
is formed from threonine by the threonine dehydratase TD,
which is encoded by the i/lv4 gene (Cordes et al., 1992). The
threonine dehydratase is negatively allosterically regulated
by isoleucine and positively regulated by valine (Mdckel et
al., 1992).

The most common modification of this gene in the creation
of valine-producing strains is its inactivation by deletion
(AilvA). Most strains were obtained using this modification
(see Table). It results in the appearance of the strains’ ability to
produce valine or a significant increase in the existing produc-
tion. In this case, isoleucine auxotrophy occurs, requiring the
addition of isoleucine to the cultivation medium, which com-
plicates the production process and may increase the cost of
production. In a number of studies to create valine-producing
strains, instead of complete inactivation of the i/lvA gene, a
directed modification of its promoter was performed. This has
resulted in a decrease in gene expression, isoleucine brady-
trophy, and, as a consequence, increased production of valine
(Holatko et al., 2009; Hou et al., 2012a).
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Valine-producing strains engineered from C. glutamicum

Strain L-Valine, Yield, References

AilvA ApanBC (pJC1-ilvBNCD) 92 NA 10.7 - Radmacher et al., 2002

AVIA DpanBCIVNMI3 (PECKA-NBNG 52 - Bisskovaetal, 2005
DpanBibNMI3 (P-IVAMICG P-VDM7 P-ivEMS) 59 - Holatkoetal, 2000
daceE (piCadlBNCE u6 060 | Blombachetal, 2007
daceEdpgo(piCA-bENCE) 64 052 Blombachetal,2008
AaceEquoApg,(pJC4,IvBNCE)482 ........................... 0 75 .............................. ) ) ...........................................................
AaceEquoApg, Apyc (pJC4,,V3NCE) ............................................... 2 8 1 ........................... 0 86 ............................. \ ) ...........................................................
daceEdpgo(piCaivBNCE us 023 Blombachetal, 2000
AaceE quOAsu gR (pJC4, /vBNCE) ..................................................... 3 5 2 ........................... 0 20 ............................. ) ) ...........................................................
DaceEDpqo (pICA-INBNCE) (pBB1pntAB) 6 092 Barteketal, 2011
(PANAMICG) AaviA pDXW-B-WEBNOC w2 o7 Houetal, 20122
VA BpanBINMI3 (GECKAGIWBNG s - Deninaetal, 2010
A,/VA Apa nBA,e, ,IVNM 13(pECKA,,vBNQ ........................................ ”5 ........................... _ ................................... ) ) ...........................................................
MIADpanBCBaviA (pICA-NENCE 88 - Marienhagen, Eqgeling, 2008
aceEM16 Dpqo Mppc (pICA-IBNCE) 865 0% Buchholzetal, 2013
Dppcdpycicd R picaiveNG) 80 020 Schwentneretal,2018
AppcApyCchGly4O7Ser (pJC4IIVBNCE) ................................................. 8 9 ............................. O 22 .............................. ) ) ...........................................................
dponAdiNAPIESTA 56 - Ryabchenkoetal, 2021

AldhA Appc Apta AackA ActfA AavtA ilvNCEC™ + 149.9%%% 0.88 Hasegawa et al., 2013
gapA+pyk+pfkA+pgi+tpi (pCRB-BN®EC™) (pCRB-DLD)

pDXW-8-ilvEBN(r) 38.1 0.24 Houetal, 2012b
o e e — e
i e — e —
* Aalr Bace BilvA DleuA (PN WA-IVB S8 a iNCE) %9 040 .
............................................................................................................ i
v (pDXWEESNK) e 02 Houetal, 2012
............................................................................................................ JUo T R
S e — e

* Concentration of valine in the culture liquid.
**Yield of target product (valine) from substrate (glucose).
*** Data were obtained using concentrated cell suspension.
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Another target for modifications aimed at reducing iso-
leucine biosynthesis is AHAS. A variant modification of the
enzyme’s catalytic subunit that increases its specificity toward
pyruvate and redirects cellular resources toward valine pro-
duction (Liu et al., 2019) is described above.

Minimization of leucine and pantothenate formation.
2-ketoisovalerate is a precursor not only to valine but also to
leucine and pantothenate (see Fig. 1). The synthesis of leucine
(2-amino-4-methylpentanoic acid) from 2-ketoisovalerate is
controlled by the leud, leuB, and leuCD genes localized in
different regions of the chromosome. It is known that leuB and
leuCD are subject to the control of the LtbR transcriptional re-
pressor, while leuA regulation seems to involve the mechanism
of attenuation of transcription (Wang et al., 2019a). A modifi-
cation to preserve 2-oxoisovalerate for valine biosynthesis at
the expense of decreased leucine biosynthesis was carried out
by J. Holatko and colleagues (2009) by reducing the expres-
sion of the leud gene by replacing the native promoter with
a weaker one. The result was a 50-70 % increase in valine
production, which is comparable to the effect observed when
the expression of the ilvA4 gene is weakened.

The synthesis of pantothenate (amide of f-alanine and pan-
toic acid) from 2-ketoisovalerate is controlled by the panB
and panC genes, which form one operon (Sahm, Eggeling,
1999), and the panD gene which is located separately in the
genome (Dusch et al., 1999). It was noted that the carbon flux
going to valine biosynthesis is 10 times higher than the flux
going to pantothenate biosynthesis, even in the strain with
enhanced expression of panBC (Chassagnole et al., 2002).
However, inactivation of the panB gene or the entire panBC
operon has a favorable effect on valine production, even
though it leads to pantothenate auxotrophy in strains. This
inactivation allows valine production to appear in wild-type
strains and to increase valine production in valine-producing
strains by more than 30 % or even 50 % (Radmacher et al.,
2002; Holatko et al., 2009).

Increasing availability of precursors and cofactors
Increasing availability of pyruvate. Pyruvate, the center-
piece of carbon and energy metabolism in all organisms, is
a precursor not only to BCAA and pantothenate, but also to
many other compounds, including components of the tricar-
boxylic acid cycle (TCA cycle) as well as lactate and alanine
(see Fig. 1). Efficient production of valine requires maintain-
ing a pool of pyruvate in the cells and, therefore, enhancing
pyruvate formation reactions and/or reducing its “off-target”
consumption. Pyruvate, which synthesizes 2 mol of reduced
nicotinamide dinucleotide (NADH), is a product of glycolysis
(Wieschalka et al., 2012). However, glycolytic enzyme acti-
vity is generally not increased in the development of valine
producers, except for the microaerobic process (see below).
The main approach is to reduce the outflow of pyruvate, and
its precursor PEP, into other pathways.

One of the main pathways of pyruvate outflow is the TCA
cycle. This process becomes less active in the late stages of
growth, which could be used to create favorable conditions
for valine production. Indeed, a decrease in the growth rate
of C. glutamicum is accompanied by an increase in pyru-
vate levels in cells and an increase in valine (Ruklisha et
al., 2007). In valine-producing strains that are auxotrophic
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for isoleucine and pantothenate, growth of cultures can be
controlled by changing the amount of supplementation with
these substances. Growth restriction also leads to increased
productivity (Bartek et al., 2008).

Involvement of pyruvate and PEP in the TCA cycle occurs
both through conversion of both compounds to oxaloacetate
(OA) and of pyruvate to acetyl-CoA directly or through acetate
and acetyl-phosphate (see Fig. 1). As a rule, increasing the
production of valine as well as pyruvate itself is attempted
through reducing the activity of the pyruvate dehydrogenase
complex (PDHC), which catalyzes the oxidative decarboxy-
lation of pyruvate to acetyl-CoA. In C. glutamicum, this com-
plex consists of three subunits, E1, E2, and E3, encoded by the
aceE, aceF, and Ipd genes, respectively (Eikmanns, Blombach,
2014). Inactivation of the aceE gene by deletion (AaceE) is one
of the most frequent steps in creating a valine producer (see
Table). The resulting strains require the addition of acetate in
minimal medium, but the level of valine production increases
manifold. Metabolomic analysis showed that inactivation of
aceFE in wild-type C. glutamicum leads to a 13-fold increase
in the pyruvate pool in cells (Blombach et al., 2007).

A characteristic feature of C. glutamicum strains devoid
of PDHC is the production of valine in the absence of cell
growth. Increased glucose utilization rate was achieved by
adding maltose instead of glucose, using ethanol instead of
acetate, or inactivating the transcriptional regulator SugR
(Blombach et al., 2009; Krause et al., 2010b). SugR in
C. glutamicum is responsible for acetate-mediated repression
of the ptsG, ptsl, and ptsH genes encoding the enzymes of
the phosphotransferase system (PTS). PTS ensures the con-
jugated processes of sugars transport into the cell and their
phosphorylation (Engels, Wendisch, 2007). However, because
of PDHC deficiency, all strains still needed acetate or etha-
nol, which is then also converted to acetate as an additional
carbon source.

To overcome this need, the native aceE gene promoter was
replaced with mutant variants from a previously established
promoter library based on the dapA gene promoter (Vasicova
et al., 1999). This allowed to obtain a series of C. glutami-
cum strains with gradually decreased PDHC activity as well
as gradually decreased growth rate on medium containing
glucose as the only carbon source. Transformed with the
pJC4-ilvBNCE plasmid, these strains produced valine and did
not require acetate as an additional carbon source (Buchholz
et al., 2013). A growth-dependent promoter of the aldehyde
dehydrogenase gene from C. glutamicum CP (Pcp 1536) has
been used for the same purposes. This has led to a threefold
decrease in aceF transcription levels compared to the native
promoter, as well as has had positive effects on both cell
growth and valine production (Ma et al., 2018b).

It is also possible to reduce pyruvate consumption in the
TCA cycle by decreasing the activity of the cycle itself. For
example, suppression of the gene of the transcription factor
RamA responsible for the TCA cycle activation has been
shown to contribute to efficient pyruvate production (Katao-
ka et al., 2019).

The conversion of pyruvate to acetate is catalyzed by
pyruvate:quinoxidoreductase (product of the pgo gene), the
inactivation of which (Apgo) leads to increased valine produc-
tion (see Table), but also to impaired growth characteristics of
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strains. The combination of this modification with inactivation
of PEP carboxylase (product of the ppc gene), which cata-
lyzes formation of OA from PEP, resulted in a slight increase
in valine production, however, the yield increased by 14 %
(Buchholz et al., 2013). It was noted that the valine-producing
strain with inactivated aceE and pgo genes grew better and
produced more valine on maltose-enriched medium (Krause
et al., 2010b).

Another pathway for the outflow of pyruvate is the forma-
tion of OA from it under the action of pyruvate carboxylase
(product of the pyc gene). Inactivation of pyc in the creation
of a valine-producing strain leads to an increase in yield to
0.86 mol of valine per 1 mol of glucose (Blombach et al.,
2008). When developing a leucine-producing strain, it was
found that, in order to minimize pyruvate outflow, inactivation
of pyruvate carboxylase is more beneficial than inactivation
of PEP carboxylase (Wang et al., 2020).

Two other pathways of pyruvate consumption in C. glutami-
cum cells are the processes of lactate and alanine biosynthesis
(see Fig. 1). Lactate formation catalyzed by lactate dehydro-
genase (a product of the /dhA gene) becomes important in
terms of valine production under oxygen deficiency conditions
(Hasegawa et al., 2012) and will be discussed further.

Minimization of alanine synthesis is required under all
conditions because this process leads not only to untargeted
consumption of pyruvate but also to loss of NADPH in the
amino group transfer reaction and to unwanted impurities in
the final product.

Alanine formation in Corynebacteria is catalyzed by the
transaminases AlaT and AvtA, which use glutamate and valine
as amino group donors, respectively (Marienhagen et al., 2005;
Marienhagen, Eggeling, 2008). It was noted above that AvtA
is one of the transaminases involved in valine biosynthesis,
but its role, compared with BCAT, is minor.

The question of the participation of these transaminases in
alanine biosynthesis in C. glutamicum remains open due to
the inconsistency of existing data. On the one hand, inactiva-
tion of alaT and avtA in the valine-producing strain has been
shown to reduce alanine formation by about 80 and 20 %,
respectively (Marienhagen, Eggeling, 2008). A significant
decrease in alanine synthesis (to less than 0.2 g/L) is observed
as aresult of the inactivation of both genes (Hou et al., 2012a).
These data suggest that the AlaT aminotransferase is the major
one, but both enzymes are involved in alanine synthesis. On
the other hand, in the proline producer, inactivation of alaT
has no effect on alanine levels, whereas inactivation of avt4
reduces this level by 48 % (Zhang et al., 2020). Moreover,
analysis of the transcriptome of the industrial valine producer
line VWB-1 showed that its low level of L-alanine synthesis is
not associated with the alaT gene, the transcriptional level of
which in this strain is 5.1-fold higher than that in the wild-type
strain. It is assumed that a lower level of L-alanine synthesis is
due to the lower expression of the gene a/r encoding alanine
racemase that converts L-alanine to D-alanine (Zhang H. et
al., 2018). Thus, it is also impossible to give an unequivocal
answer to the question of whether inactivation of one or the
other of these two transaminases is more advantageous in
terms of valine production.

Increasing availability of NADPH. In C. glutamicum, the
main supplier of NADPH is PPP, in which the reduction of
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NADP* to NADPH is provided by glucose-6-phosphate de-
hydrogenase (a heteromultimeric complex wherein one of the
subunits is encoded by the zwf'gene) and 6-phosphogluconate
dehydrogenase (a product of the gnd gene). The activity of
both enzymes is negatively regulated by ATP, NADPH, and
other metabolites (Moritz et al., 2000). NADPH-dependent
decarboxylating malate dehydrogenase (malic enzyme) and
isocitrate dehydrogenase play a minor role in the synthesis
of NADPH from NADP* (Bartek et al., 2010; Siedler et
al., 2013). The source of NADP* and, hence, the source
of NADPH in C. glutamicum can also be NAD™, which is
phosphorylated by NAD kinase (product of the ppnK gene)
to form NADP™*. This enzyme has been characterized as a
polyphosphate-ATP-dependent NAD kinase that uses ATP to
phosphorylate NAD" (Shi et al., 2013).

Theoretical analysis showed that the level of substrate
conversion to valine (the yield) significantly depends on the
reactions used for NADPH regeneration. The maximum yield,
equal to 1 mol of valine per 1 mol of glucose, is obtained
without the expenditure of carbon for growth and synthesis of
NADPH. If NADPH is provided by isocitrate dehydrogenase
activity, the yield is 0.5 mol of valine per 1 mol of glucose.
Directing the entire carbon flux into the NADPH-generating
PPP results in a much higher yield of 0.86. In this analysis, the
main target for the redirection of carbon flux from the TCA
cycle to valine biosynthesis appeared to be PDHC. A scenario
in which carbon is not consumed for NADPH synthesis at
all can be realized by the combined activity of pyruvate car-
boxylase (or PEP carboxylase), malate dehydrogenase, and
malic enzyme, theoretically capable of transferring hydro-
gen from NADH to NADP* (Bartek et al., 2010). Such a path-
way, designated a transhydrogenase-like shunt, is involved
in NADPH formation for anaerobic isobutanol production in
C. glutamicum (Blombach, Eikmanns, 2011). Thus, enhance-
ment of PPP and NAD kinase activity are the most obvious
ways to increase the NADPH pool in the cell.

From the point of view of the efficiency of the valine bio-
synthesis process, it is advantageous to combine the enhance-
ment of PPP with some weakening of glycolysis. Indeed,
inactivation of the glucose-6-phosphatisomerase gene pgi
(this inactivation directs carbon flux from glycolysis to PFP)
resulted in more efficient valine production in the C. glu-
tamicum strain AaceE Apqo Apgi (pilvBNCE), producing
48.0 g/L with a yield of 0.75 mol of valine per 1 mol of
glucose (Blombach et al., 2008). Further analysis of this
strain showed that inactivation of pgi results in increased
intracellular NADPH concentrations and decreased byproduct
formation (Bartek et al., 2010). Monitoring cellular NADPH
content using NADPH-dependent fluorescence also showed
that the C. glutamicum strain carrying Apgi does accumulate
NADPH (Goldbeck et al., 2018).

The growth deterioration observed in Apgi-strains on me-
dium with glucose has been attributed to a decrease in PTS
activity and suggested to be overcome by overexpression of
the gene ptsG, which encodes a glucose-specific compo-
nent of this system (Lindner et al., 2013). For pgi-mutants,
enhancement of the alternative glucose transport system by
inositol permeases IolT1, IolT2, and the glucokinase PpgK,
which was used to produce lysine producer, is also effective
(Xu J.Z. etal., 2019).
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Another approach to increase the NADPH pool is related
to the possibility of changing the specificity of glycolytic
enzymes from NAD" to NADP™. It has been implemented to
improve lysine production. Point mutations in the glyceral-
dehyde-3-phosphate dehydrogenase gapA gene that changed
enzyme specificity resulted in a 35-60 % increase in lysine
production (Bommareddy et al., 2014; Xu et al., 2014).

It was noted above that enzymes that synthesize NADPH
are susceptible to negative regulation by various metabolites.
Therefore, one approach to PPP activation is to introduce
into the corresponding genes mutations that increase enzyme
activity. Such an approach has been implemented for the zwf’
and gnd genes in works on methionine, proline, and riboflavin
producers. It has indeed led to an increase in the NADPH
pool and production levels in cells (Wang et al., 2011; Li et
al., 2016; Zhang et al., 2020).

As for NAD-kinase, the studies published to date on en-
hancing its activity target isoleucine production. These studies
indicate that modifications that increase the enzyme activity
(point mutations in the ppnK gene, overexpression of the ppnK
gene) lead to increased intracellular concentration of NADP™*
and NADPH and contribute to enhanced biosynthesis of the
target product (Yin et al., 2014; Zhang et al., 2020).

Another attractive possibility for increasing NADPH avail-
ability for valine biosynthesis is heterologous expression of
transhydrogenase genes, such as pnt4B from E. coli, that
catalyze NADP™ reduction involving NADH. This possibi-
lity was previously used to improve lysine production with
C. glutamicum (Kabus et al., 2007). A significant increase
in intracellular NADPH concentration was observed when
pntAB expression was combined with overexpression of the
ppnK gene (Zhan et al., 2019). Introduction of PntAB from
E. coli into the valine-producing strain C. glutamicum AaceE
Apgo (pJC4ilvBNCE) resulted in a significant decrease in
carbon flux in PPP and, consequently, an increase in yield to
0.92. This is the highest yield (Bartek et al., 2011), which is
only 8 % below the theoretical maximum of 1 mol of valine
per 1 mol of glucose (Bartek et al., 2010).

Engineering the microaerobic process

of valine production

Under oxygen deprivation, C. glutamicum cultures show very
poor growth capacity but metabolize sugars to organic acids
(Michel et al., 2015; Lange et al., 2018). When byproduct
synthesis is suppressed, producer strains adapted to such con-
ditions show higher productivity than strains requiring aera-
tion (Okino et al., 2008; Jojima et al., 2010, 2015; Yamamoto
et al., 2013). Valine biosynthesis under normal conditions is
an aerobic process because it is carried out by growing cul-
tures actively generating NADPH. For efficient production of
valine under oxygen deprivation, strains require a complex
modification involving both valine biosynthesis enzymes and
glycolysis enzymes. Such a modification was performed by
S. Hasegawa and colleagues (2012, 2013).

The C. glutamicum R strain with inactivated lactate dehyd-
rogenase (AldhA) and overexpression of the i/vBNCE genes
encoding the enzymes of valine biosynthesis was used as the
basis for creating strains producing valine under microaerobic
conditions. This strain is incapable of producing valine under
oxygen deficiency because it has an imbalance of cofactors:
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2 mol of NADPH are consumed while 2 mol of NADH are
synthesized to produce 1 mole of valine.

The appearance of valine production was achieved by
using two approaches. The first approach was to change the
specificity of AHAIR from NADPH to NADH by site-directed
mutagenesis of the i/vC gene (constructing the ilvC™ gene).
The second approach was to replace the NADPH-dependent
transaminase BCAT with NAD-dependent leucine dehydro-
genase (LeuDH) from Lysinibacillus sphaericus (Hasegawa
et al., 2012). The additional introduction of the i//vN gene en-
coding a mutant AHAS regulatory subunit (i/vN F) resistant
to BCAA inhibition has allowed to produce a C. glutami-
cum strain (pCRB-BNSEC™)(pDLD)/ALDH) that produced
172.2 g/L of valine for 24 h under microaerobic conditions
with periodic fermentation, which was more than 20-fold
higher than baseline. The yield was 0.63 mol of valine per
mol of glucose (Hasegawa et al., 2012).

However, in addition to valine, the cells of this strain accu-
mulated significant amounts of alanine, acetate, and succinate
as byproducts. To eliminate their formation and increase the
valine yield, additional modifications were introduced into the
strain (Hasegawa et al., 2013). Succinate formation via PEP
and OA was suppressed by inactivation of the ppc gene, but
this resulted in reduced valine synthesis and glucose uptake,
as the intracellular NADH/NAD" ratio increased markedly.
To restore the ratio to a level favorable for valine production,
three genes involved in acetate synthesis (pta, ackA, ctfA)
were inactivated and the expression of five genes (gapA, pyk,
pfkA, pgi, tpi) encoding glycolysis enzymes was increased. As
a result, valine production increased 9-fold and glucose up-
take, 7.6-fold. Since valine biosynthesis became an NADH-
dependent process, increasing the activity of glycolytic en-
zymes turned out to be beneficial in terms of accumulating
both pyruvate and reducing equivalents.

Decrease in alanine formation was achieved by inactiva-
tion of the avtd gene. In addition, the ilvNOF and ilvC™ ge-
nes, which were previously expressed on the plasmid, were
placed in the chromosome. The valine productivity of the new
strain was 149.9 g/L in 24 h of cultivation. The yield reached
0.88 mol of valine per mol of glucose, which was significantly
higher than that obtained in the first step (Hasegawa et al.,
2013).

It should be noted that in both works, valine synthesis under
microaerobic conditions was studied using non-growing cells
preconcentrated by centrifugation by a factor of 2 to 3. In this
case, the measured valine concentration reached very high
values, but the productivity per cell was comparable with that
demonstrated in other studies.

Replacement of enzyme specificity from NADPH to NADH
to adapt the amino acid production process to microaerobic
conditions has also been done in the development of E. coli-
based valine producer (Savrasova, Stoynova, 2019) and C. glu-
tamicum-based leucine and L-ornithine producers (Jiang et
al., 2013; Wang et al., 2019b). In all cases, this resulted in an
increased yield of the target product.

The engineering of valine transport

Microorganisms have multiple transport systems that ensure
the uptake of desired environmental components by cells
and release of metabolites, the excess of which can be toxic
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Fig. 3. Organization of the brnFE operon in C. glutamicum and regulation of its expression (from the review (Wang et al., 2018)).

(Pérez-Garcia, Wendisch, 2018). The activity of such systems
depends on the concentration of the transported substances, so
it has long been thought that producing strains’ own regulatory
mechanisms are sufficient for excreting the target products
effectively (Jones et al., 2015). Transport engineering is com-
plicated by the complexity of its quantification and the fact
that specific transporters are not known for each biotechno-
logically relevant substance. In recent years, however, there
have been a growing number of studies showing the effect of
directional changes in export and import of the target product
on strain productivity (Eggeling, 2016). Valine transporters
in Corynebacteria have been detected and characterized, and
thus are promising targets for modifications in the creation
of producing strains.

Valine import. The uptake of valine, leucine, and isoleu-
cine in Corynebacteria occurs through a secondary Na*-de-
pendent symport carried out by the only known importer,
BrnQ (Ebbighausen et al., 1989). BrnQ exhibits the highest
affinity for isoleucine. For valine and leucine, the affinity is
1.7 times lower (Ebbighausen et al., 1989; Tauch et al., 1998).
Data on the regulation of BrnQ and the corresponding gene
in corynebacteria are extremely scarce. It is known that BrnQ
is activated when the intracellular concentration of BCAA
is increased (Boles et al., 1993) and that inactivation of the
brnQ gene increases isoleucine export from C. glutamicum
cells and its production (Xie et al., 2012). It has been noted
that a similar modification favors growth and productivity of
the isoleucine-producing strain WMOO1 in the early stages
of fermentation (Zhang et al., 2020). The importance of the
importer for valine production is confirmed by transcriptome
analysis of the industrial producer VWB-1, which showed
that the transcription level of the brnQ gene in this strain is
lower than that of the wild-type strain (Zhang H. et al., 2018).

Valine export. The BrnFE transport system is responsible
for BCAA export from C. glutamicum cells (Eggeling, Sahm,
2003). Amino acids are exported through a secondary H*-de-
pendent process controlled by membrane potential (Hermann,
Kramer, 1996). The brnF'E transport system is the only known
exporter of valine, leucine, and isoleucine in C. glutamicum.
It also transports methionine and homoserine, a precursor
of methionine, isoleucine, and threonine (Kennerknecht et
al., 2002; Trotschel et al., 2005; Yin et al., 2013; Qin et al.,
2015; Li et al., 2020a). The brnF and brnE genes encoding,

respectively, the large and small subunits of the transport
system, are organized into a single operon controlled by the
transcriptional regulator Lrp (leucine responsive protein)
(Kennerknecht et al., 2002; Lange et al., 2012). Homologues
of Lrp, first discovered and characterized in E. coli, are pre-
sent in the genomes of various prokaryotes and regulate genes
involved in amino acid metabolism (Brinkman et al., 2003). In
C. glutamicum, the Irp gene is located divergently upstream of
the brnFE operon. By binding to BCAA or methionine, Lrp
becomes active and, in turn, activates the brnFE promoter
(Kennerknecht et al., 2002; Lange et al., 2012) (Fig. 3). The
effect of cellular amino acid concentration on Lrp activity de-
creases in the series leucine >methionine >isoleucine > valine
(Lange et al., 2012).

A study of industrial leucine and valine producers confirms
that a high level of amino acid production either correlates with
a high level of operon brnFE expression (Vogt et al., 2014;
Zhang H. et al., 2018) or is associated with an increased /rp
and brnFE gene copy number (Ma et al., 2018a).

Analysis of the effect of operon brnFE on valine produc-
tion showed that its overexpression does not affect the growth
of C. glutamicum cells and increases valine production by
about 23 times (Chen et al., 2015). Overexpression of brnFE
has a similar effect on the production of isoleucine, methio-
nine, and homoserine (Qin et al., 2015; Li et al., 2020a; Zhang
et al., 2021). The maximum effect on isoleucine production
was obtained when /rp and brnFE expression were simultane-
ously enhanced (Yin et al., 2013).

However, it was found that, unlike brnFE, overexpression
of the /rp gene suppresses cell growth (Chen et al., 2015),
although it also significantly increases valine production. The
negative effect was counterbalanced by the use of a weakened
mutant form of this /rp, gene found in the VWB-1 strain.
Overexpression of /rp, in the wild-type C. glutamicum strain
resulted in a 16-fold increase in valine production, from 1.9
to 30.2 mmol/L per 96 h of cultivation. The combination of /rp,
and brnF'E overexpression enhanced the effect. Isoleucine pro-
duction was not significantly affected by such manipulations,
from which the authors concluded that isoleucine is a less
suitable substrate for brnFE than valine (Chen et al., 2015).
Simultaneous amplification of the expression of both genes,
Irp and brnFE, combined with overexpression of the ilvBNC
genes and inactivation of aceF, alaT, and ilvA, resulted in a
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strain that produced 437 mM (51 g/L) valine when fermented
with feeding (Chen et al., 2015).

Thus, modifications of BCAA transport systems aimed at
reducing the influx of amino acids into the cell and increas-
ing their secretion from the cell have a positive effect on the
production of the amino acids (Xie et al., 2012).

Conclusion

In recent years, interest in the use of valine as a feed additive
has increased significantly. In the Russian Federation alone,
the consumption of valine has increased almost 10-fold over
the past five years, reaching 5,000 tons per year. Modern
industrial production of valine is based on microbiological
synthesis using renewable plant raw materials and producing
strains with a modified genetic program. The efficiency of
amino acid production largely depends on the productivity
of the producer strains, which are a key element of the entire
process chain. Although significant progress has been made
in the creation of producing strains (see Table), the creation
of new strains with unique characteristics is still relevant.

It is worth noting that the recently developed processes
with reduced aeration have a higher potential compared to the
traditional aerobic processes of valine production. However,
it should be noted that such processes are biphasic: in the first
phase, biomass is produced aerobically, while in the second
phase, valine biosynthesis occurs under microaerobic condi-
tions. Currently, the two-phase processes show low efficiency,
and more research in this area is required.

Nowadays, the main approach to creating valine-producing
strains, which has replaced random mutagenesis, is rational
metabolic engineering aimed at enhancing the valine biosyn-
thesis process and minimizing the formation of byproducts.
In recent years, this approach has been actively enriched by
the application of systems engineering and synthetic biology
methods. The combined analysis of “omics” data expands
our knowledge of the metabolic and regulatory processes of
C. glutamicum and allows us to develop new strategies for
creating producers of valine and other amino acids. The recent
emergence of rapid genome editing systems that speed up the
process of obtaining new strains should help to implement
these strategies.

Further progress in the creation of producer strains will
involve a shift from studying the properties of a cell popula-
tion to studying the properties of individual cells (Harst et al.,
2017; Hemmerich et al., 2018; Pérez-Garcia et al., 2018), as
well as extensive application of computer modeling (Koduru
etal.,2018) and using new knowledge about gene expression
regulation (Dostalova et al., 2017; Shi et al., 2018; Zhang S.
etal., 2018; Xu N. et al., 2019).

The approaches perfected in the creation and improvement
of valine producers can be used to create producers of other
BCAA and pantothenate, the substances that also have a sig-
nificant market potential.
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